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Abstract: This paper addresses the challenges in evaluating the structural performance of built
structures using non-destructive methods and in situ tests. Such an examination of structural
properties, without their sampling, is a diagnostic improvement, especially for historical heritage
buildings, where it is not allowed to violate their physical integrity. Therefore, the research proposes a
non-destructive testing method based on the equalization of the mechanically and non-destructively
determined parameters of the strength of built-in timber. The research included three phases: (1) a
preliminary examination; (2) a calibration procedure of the non-destructive method, and (3) in
situ application of the established non-destructive method. The preliminary examination involved
testing specimens using X-rays and ultrasonic waves by directing them, analogous to mechanical
testing, in the fibers’ longitudinal, radial, and tangential directions. In the second phase, it was
shown that equalizing the parameters of mechanical and non-destructive testing using ultrasound
and X-rays of timber was feasible. Furthermore, mechanical calibration was conducted to establish
an applicable non-destructive in situ method. Finally, in the third phase, an in situ assessment of
timber architectural elements confirms the effectiveness of the suggested non-destructive approach
in diagnosing architectural structures.

Keywords: building diagnostics; in situ testing; non-destructive testing (NDT); ultrasonic testing
(UT); X-ray imaging; structural performances; timber structures; physical and mechanical properties

1. Introduction

Preserving existing structures and protecting architectural heritage has received signifi-
cant attention as part of the worldwide goal of sustainable development. In situ diagnostics
of heritage buildings require special care and consideration due to their cultural and histor-
ical significance. Consideration of diverse approaches to evaluating the performances of
these buildings represents the focus of various papers [1–6], which provide insight into the
different in situ diagnostics methods. When performing diagnostics on historical heritage
buildings, it is essential to use non-destructive testing (NDT) methods [7] that do not cause
damage to the building’s original materials. It is also essential to work with experts in
conservation and restoration to ensure that any necessary repairs are made with sensitivity
to the building’s original character.

Generally, in situ building diagnostics refer to the process of evaluating the condition
and performance of a building using NDT methods. The diverse methods used in building
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inspection (including thermography, air tightness testing, acoustic testing, electrical testing,
and water testing) can provide valuable information about the condition and performance
of a building and can be used to identify areas for improvement and optimize efficiency.

In situ examination of the structural performances of timber architectural elements
without their sampling, focused on by this paper, represents a diagnostic improvement,
especially when it is not allowed to damage the physical integrity of buildings, such as in
the case of historical heritage buildings [8]. Application of NDT for evaluating structural
integrity and properties of timber buildings without causing damage includes diverse
methods such as:

• Visual Inspection (VI)—a method that involves a thorough visual examination of the
timber to identify any visible defects or damage. VI can include using magnifying
lenses, borescopes, endoscopes, and other specialized equipment to access hard-to-
reach areas.

• Impact Echo Tests (IET)—a method that involves striking timber with a hammer and
measuring the resulting vibrations. The data can be used to evaluate the thickness and
stiffness of the wood, as well as identify any internal decay or insect damage.

• Drill Resistance Tests (DRT) involve drilling a small-diameter hole into the timber
and measuring the resistance to drilling. DRT can be used to evaluate the internal
condition of the wood, including density and moisture content, as well as identify any
decay or insect damage.

• Infrared Thermography (IRT)—a method that uses infrared cameras to detect differ-
ences in temperature on a building’s surface. IRT can be used to identify areas of heat
loss, air leakage, and moisture intrusion.

• Ultrasonic Tests (UT)—a method that uses high-frequency sound waves to detect
cracks, voids, and other flaws in timber. UT can be used to evaluate the stiffness and
density of the wood, as well as identify any internal decay or damage.

• X-ray Imaging—a method that uses X-rays to create an image of the internal structure
of timber. X-ray imaging can be used to identify the presence of knots, cracks, and
decay in the wood.

NDT methods, further discussed in [9], can effectively evaluate the condition of
timber buildings without causing damage. However, it requires specialized training and
equipment to be performed accurately.

The relevance of condition evaluation and ongoing monitoring of the existing timber
structures has been discussed by various authors. For example, Cruz et al. [10] present
guidelines for the on-site assessment of historic timber structures covering principles and
possible approaches for the safety assessment of old timber structures of historical relevance
that could be used as the basis for possible European Standards. On the other hand, Nowak
et al. [11] present a survey of the state of the art of applying DRT methods as diagnostics
techniques for testing timber structures and examples of their applications. Moreover, the
paper by Gomes et al. [12] presents the assessment and diagnosis of two collar timber
trusses using visual grading and NDT.

Furthermore, Stepinac et al. [13] present various methods for assessing the condition
of the existing timber structures through the example of condition assessment of the Nikola
Tesla Technical Museum in Zagreb. Conversely, De Matteis et al. [14] propose a design
procedure for the structural assessment of ancient timber structures using resistographic
NDT and apply this procedure to the case study of the Croce di Lucca Church in Naples.
Significant structural flaws in the system are discovered when the roof structure’s carrying
capability is assessed using the suggested experimental methods, particularly regarding
the bottom tie beam.

Moreover, Wang et al. [15] propose a comprehensive evaluation method for historical
timber structures and apply it to assess a typical historical Chinese timber structural
building named the Fujiu Zhou house. Furthermore, Cruz et al. [16] propose joint use
of non-destructive techniques, including acoustic emission, the elastic weave technique,
and finite element numerical modeling, to make multi-feature decisions about repairing or
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replacing elements. They evaluate the effectiveness of the proposed approach on an old
beam floor from a historic building in the center of Granada, Spain.

On the other hand, Martinez and Martinez [17] describe the use of infrared thermogra-
phy (IRT) for the NDT assessment of a historic timber-roofed building in Madrid, Spain.
Moreover, Nasir et al. [18] critically review diverse NDT methods, including spectroscopy,
stress waves, guided wave propagation, X-ray computed tomography, and thermography,
and introduce the concept of acoustic emission (AE) and its experimentation and analyze
its possible application. Finally, Xin et al. [19] present an approach for evaluating ancient
timber members’ density and mechanical properties that combines NDT, color parameters,
and machine learning (ML).

A significant portion of historical architecture comprises timber floors and roofs, which
must withstand vertical loads and adhere to safety regulations set forth by modern building
codes. However, because it is biodegradable, wood is highly prone to harmful environmen-
tal factors, including xylophage attacks and persistently high humidity. Therefore, periodic
assessments, preferably non- or minimally invasive, are required to protect old timber
structures. Evaluating material properties is one of the critical steps in these assessments.
Unfortunately, the previous task is not a simple one since (1) timber is a complex inho-
mogeneous material, (2) defects have a significant impact on a structural element’s total
bearing capacity, and (3) in most cases, it may not be possible to perform comprehensive
destructive testing.

Starting from the premise that it is possible to equalize the mechanical and non-
destructive parameters of wood testing, the paper investigates whether the mechanical
potentials of load-bearing timber beams may be immediately evaluated in situ with the
stress-sound test techniques and their stability determined. The research aims to propose a
reliable, non-destructive method based on equalizing the mechanical parameters of static
resistance to pressure [20] and its extrapolation of the derived resistance to bending [21],
the most common and most pronounced in timber structures in general [22], with the
parameters of non-destructive methods, on the same standard profiled test samples. An
in situ assessment of timber architectural elements of the roof structure of the Technical
Faculties Building in Belgrade, Serbia, confirmed the proposed method’s effectiveness.

2. Methodologies

The research was planned and carried out in three phases (Figure 1), through a
preliminary examination, calibration procedure of the non-destructive method and, finally,
the immediate in situ application of the established non-destructive method.

2.1. Preliminary Examination

As wood is a heterotopic and orthotropic material [23], preliminary research was
carried out using X-rays and ultrasonic waves. Analogous to mechanical testing, X-rays
and ultrasonic waves were directed in the longitudinal, radial, and tangential directions of
the mechanical fibers of the test samples.

The preliminary examinations showed that the achieved equalization of the mechanical
parameters of static resistance to pressure and its extrapolation in the bending resistance of
wood, with the parameters of ultrasound propagation speed and X-ray image brightness
intensity, reflected the mechanical characteristics of a certain type of wood with identical
regularity in relation to the standard anatomical directions of examination [24]. That the
equalization of the parameters of mechanical and non-destructive testing of wood is a
realistically feasible procedure is also confirmed by the fact that the results of research,
obtained by approximating the mechanical parameters of the tested wood samples, by
taking the highest mean table values, exhibit static resistance to pressure and bending, of
samples of diffuse porous hardwoods, ring porous hardwoods and softwoods [25].



Buildings 2023, 13, 1405 4 of 16Buildings 2023, 13, 1405  4  of  18 
 

 

Figure 1. Flowchart of the in situ evaluation of timber structures. 

2.1. Preliminary Examination 

As wood  is a heterotopic and orthotropic material  [23], preliminary  research was 

carried out using X‐rays and ultrasonic waves. Analogous to mechanical testing, X‐rays 

and ultrasonic waves were directed in the longitudinal, radial, and tangential directions 

of the mechanical fibers of the test samples. 

The  preliminary  examinations  showed  that  the  achieved  equalization  of  the 

mechanical parameters of static resistance to pressure and its extrapolation in the bending 

resistance  of wood, with  the  parameters  of  ultrasound  propagation  speed  and  X‐ray 

image brightness  intensity,  reflected  the mechanical characteristics of a certain  type of 

wood  with  identical  regularity  in  relation  to  the  standard  anatomical  directions  of 

examination  [24].  That  the  equalization  of  the  parameters  of  mechanical  and  non‐

destructive testing of wood is a realistically feasible procedure is also confirmed by the 

fact that the results of research, obtained by approximating the mechanical parameters of 

the tested wood samples, by taking the highest mean table values, exhibit static resistance 

to  pressure  and  bending,  of  samples  of  diffuse  porous  hardwoods,  ring  porous 

hardwoods and softwoods [25]. 

The fastest propagation of ultrasonic waves and the highest brightness of the X‐ray 

image,  completely  analogous  to  the  results of  the  static pressure  resistance  test, were 

obtained by directing the waves in the longitudinal direction of the flow of the mechanical 

fibers  of  the  test  samples, with  their  gradual  reduction  in  the  radial  and  tangential 

directions [26]. A similar regularity was also manifested for certain tree species, where the 

velocity of propagation of ultrasonic waves and  the brightness of  the X‐ray  image,  in 

proportion  to  the  table values of static  resistance  to pressure  [27], were  the highest  in 

diffusely porous hardwood, and proportionally lower in annular porous hardwood and 

softwood [28] (p. 32). 

Figure 1. Flowchart of the in situ evaluation of timber structures.

The fastest propagation of ultrasonic waves and the highest brightness of the X-ray
image, completely analogous to the results of the static pressure resistance test, were obtained
by directing the waves in the longitudinal direction of the flow of the mechanical fibers of
the test samples, with their gradual reduction in the radial and tangential directions [26].
A similar regularity was also manifested for certain tree species, where the velocity of
propagation of ultrasonic waves and the brightness of the X-ray image, in proportion to
the table values of static resistance to pressure [27], were the highest in diffusely porous
hardwood, and proportionally lower in annular porous hardwood and softwood [28] (p. 32).

Preliminary studies were carried out on standardized laboratory samples for testing
the static resistance of wood to pressure, which are small in size, which enabled the
principal confirmation of the functioning of the method, but due to the physical properties
of scattering and weakening of ultrasonic and X-ray waves, proportional to the length of the
path, their application in the third phase of testing structural elements, such as supporting
wooden beams, was practically unfeasible. Taking into account the physical properties of
rectilinear oscillatory sound wave propagation [27], and its negligible attenuation along
the traveled path, the analogy with the methodology of conducting preliminary research
could be fully achieved, with the fact that for the establishment of a non-destructive in situ
method and its application, it was necessary to carry out its proper mechanical calibration.

The process of calibrating the method of applying stress sound waves should therefore
be performed by directing the sound waves at right angles, analogous to the direction of
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static pressure forces on standard laboratory test tubes, in the longitudinal, radial, and
tangential direction of the flow of mechanical fibers and compare the bending resistance
values obtained by calculation [29] and by applying mechanical compression force. In
this phase of the test, it was necessary to make a certain modification of the calibration
procedure, because the application of stress sound waves on small test tubes for mechanical
tests, as was done with X-ray and ultrasound waves in preliminary research, was not
technically feasible.

2.2. Calibration of Non-Destructive Method

Calibration of the stress-sound method was performed by mechanical testing of static
bending and compression stress, on standard hardwood and softwood test samples, cut
from boards which were previously tested with stress-sound waves. To additionally check
the correctness of the procedure, the same set of test samples from the preliminary research
was not used in this test. The test samples were cut exactly from those parts of the boards
through which the stress-sound wave was previously directed, so that the mechanical
calibration of the method was performed on the same structure through which the sound
wave went.

To equalize the test conditions on the test samples, before measuring the compressive
stress, the equilibrium moisture content (EMC) and density were determined [28] (p. 190).
Before the sound testing, the moisture level of the boards, which had been in the room at
room temperature until that moment, was checked with a hygrometer.

The procedure of stress-sound testing is in principle similar to the one performed
in preliminary research using ultrasonic waves. The values of static compressive stress
obtained by mechanical testing of test samples were close to the above table values for the
given type of wood [29]. Based on these values, the values of the static bending stress were
determined by the relationship established between the complex bending stress and the
resultant compressive and tensile stresses (compressive stress: bending stress: tensile stress;
1:2:2.8—hardwood; 1:1.5:2.5—softwood) [24]. Later, direct examination of the bending
stress yielded values similar to the calculated values, which was also a confirmation of
the validity of the conclusions reached in the premillennial research. The results of the
mechanical calibration of the stress-sound wave method are presented in the given tables.

2.2.1. Determination of Wood Density

In this test, the wood density was calculated according to the given formula [28] (p. 213) in
relation to 12% EMC of previously dried test tubes in the chamber (relative humidity—65 ± 5%;
temperature 21± 2 ◦C). The test samples were previously dried because they are in a relatively
stable relationship within the limits of up to 20% EMC (Kollman) [30]. The mass (m) of the
test sample of each type of wood was formally measured with an electronic scale and was
expressed in grams (g), and its volume was calculated according to the mathematical formula
for a prismatic geometric body. The previous procedure is important for in situ testing, because
within these limits, the mechanical potential of the wood does not change significantly with a
change in moisture content [28] (p. 190).

2.2.2. Determination of Wood Moisture Content (MC)

Although the test samples were previously dried in the chamber, the EMC was checked
immediately before their calibration, so that the stress-sound test and the determination of
the static pressure stress were performed under the same conditions. EMC was determined
only in standard cut test tubes so that these data could also be used as a benchmark when
testing the elements of wooden structures with stress-sound waves, in the third phase of
the research.

The determination of the MC of test samples and elements of wooden constructions
was carried out using an electric hygrometer (SRPS EN 13163-2) because in the standard
static calculations of elements of wooden architectural structures, the degree of hygroscopic
MC is taken in the range of 7–25%, where this device is very reliable (Table 1) [28] (p. 212).
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The use of this hygrometer was also convenient because the decrease in the measuring
electrical resistance of the device, by increasing the level of humidity in the range from
absolutely dry to the point of fiber saturation point and, vice versa, its increase, do not
require the introduction of a correction in relation to the type of wood and its density.

Table 1. Values of hygroscopic humidity and density of test samples determined in the calibration
procedure of the stress sound wave method.

Softwood Hardwood

Ring Porous Diffuse Porous

Spruce 1 Fir 1 Fir 2 Pine 1 Pine 2 Oak 1 Oak 2 Black Locust 1 Black Locust 2 Beech 1 Beech 2

Axial
[mm] 30.19 28.94 28.81 29.24 28.66 28.94 29.32 29.18 28.08 29.42 29.35

Radial
[mm] 19.77 19.82 19.75 20.05 19.99 19.93 19.92 19.74 20.12 19.95 19.75

Tangential
[mm] 19.73 19.78 19.81 20 19.84 19.83 19.94 19.9 20.35 19.94 19.81

Mass
[g] 5.64 4.72 4.82 7.84 6.45 7.73 9.55 8.55 8.67 9.1 8.02

Axial
[mm] 30.08 28.92 28.81 29.18 28.58 28.94 29.24 29.14 28.03 29.35 29.28

Radial
[mm] 19.33 19.39 19.36 19.61 19.77 19.65 19.68 19.37 19.72 19.66 19.49

Tangential
[mm] 18.89 19.31 19.29 19.56 19.53 19.47 19.49 19.33 19.78 19.35 19.41

Mass
[g] 4.92 4.33 4.42 7.19 5.91 7.08 8.81 7.86 8.02 8.4 7.41

MC
[%] 10.9 9.0 9.0 9.0 9.1 9.2 8.4 8.8 8.1 8.3 8.2

Oven-dry
density
[g/cm3]

0.448 0.400 0.411 0.642 0.536 0.639 0.786 0.720 0.734 0.752 0.669

2.2.3. Determination of Compression and Bending Stresses

For this test, all test samples were of the normalized parallelopiped shape and standard
dimensions SRPS ISO 13061. The calibration samples were cut in such a way that their
longest side was parallel to the grain so that the plane that cut the sample longitudinally,
at a right angle, parallel to the lines of the drawing, corresponded to the axial plane.
Sections made by imaginary planes cutting two longitudinal adjacent sides at right angles
corresponded to the radial, i.e., tangential, plane of the test sample. The test samples were
cut in such a way that a corresponding projection of part of the growth ring of the wood
was painted on their sides, which showed the direction of the flow of mechanical fibers, i.e.,
the plane of their cutting.

Calibration of test sample by applying pressure force was performed, as in the pre-
liminary research, by directing it parallel and perpendicular to the direction of the fiber in
the radial and tangential direction, as for the directions of ultrasound waves and X-rays.
For the mechanical test of compressive stress, in parallel with the extension of mechanical
fibers, the surface of the presser, according to the standard method, covered the entire
surface of the upper side of the vertically placed test sample. When testing the compressive
stress perpendicular to the grain, the presser covered the middle third of the longitudinal
side of the test sample in the radial and tangential direction. The increase in the intensity
of the pressure force was set to last a maximum of 5 min, and the strength of the pressure
force, just before the test sample broke, was registered, equivalent to the stress at the limit
of proportionality. The expression of the intensity of the compressive force was standard in
N/cm/min, and the compressive stress in MPa [28] (p. 100) (see Figure 2, Table 2).
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Figure 2. The graph of the ratio of applied force (N/cm2) and stress (MPa), shown on the display of
the control panel of the measuring instrument, during the determination of the compression stress, in
the calibration procedure of the stress-sound wave application method.

Table 2. Values of compressive stresses determined on test sample in the calibration procedure of the
stress-sound wave application method.

Softwood Hardwood

Ring Porous Diffuse Porous

Spruce 1 Fir 1 Fir 2 Pine 1 Pine 2 Oak 1 Oak 2 Black Locust1 Black Locust2 Beech 1 Beech 2

Length (mm) 39.72 40.2 39.13 39.37 39.1 39.04 39.3 39.32 39.3 39.48 39.57
Width (mm) 20.18 20.16 19.96 20.12 19.93 19.92 19.86 19.79 20.27 19.94 19.8
Thickness / / / / / / / / / / /
Compressive
force—transversal
(lateral)

3113 1883 1648 13,129 4979 4149 4621 5839 4736 4624 4760

Compressive
force—axial
(transverse)

/ / / / / / / / / / /

Transversal stress 3.9 2.3 2.1 16.6 6.4 5.3 5.9 7.5 5.9 5.9 6.0
Axial stress / / / / / / / / / / /

Length (mm) / / / / / / / / / / /
Width (mm) 19.75 10.86 19.94 20.08 20.29 19.84 19.84 19.93 20.02 19.82 19.96
Thickness 19.86 19.85 19.89 20.09 20.08 19.77 19.79 19.9 20.12 19.19 19.9
Compressive
force—transversal
(lateral)

/ / / / / / / / / / /

Compressive
force—axial
(transverse)

19,550 2116 21,212 34,214 27,739 24,223 27,742 39,241 37,842 31,563 29,053

Transversal stress / / / / / / / / / / /
Axial stress 49.8 53.7 53.5 84.8 60.0 61.8 70.7 98.9 93.9 80.5 73.1

To assess the predictive potential of the stress-sound method, the dynamic flexural
modulus was used (Figure 3, Table 3) as a significant indicator of the acoustic property of
wood, which is calculated according to the formula based on the speed of propagation of
the stress-sound wave [28] (p. 100) (Tables 4 and 5). By correlating it with the parameters
of static compressive strength and static bending strength (Figures 4 and 5), correlation
coefficients r-76 and r-77 were obtained, which, given that wood is an anisotropic material,
can be considered very good. As the speed of sound, when it comes to wood, is not strongly
dependent on the density:

c =
√

E/ρ, (1)

then the dynamic modulus of elasticity (MOEdyn) can be considered a reliable predictor of
the influence of bending and compression force on the wood.
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2.2.4. Stress-Sound Measurement Scheme and Equipment

In this research, the speed of stress-sound waves was measured. In the first part of
the research, the measurement was performed on test samples, parallel to the grain and
perpendicular to the grain in the radial and tangential directions, in a similar way as it was
performed in the preliminary research using ultrasonic waves. The waves were transmitted
from one side to the opposite side of the test tube mechanically, via the emissive transducer,
and were registered via the receiving transducer. At the same time, the transducer func-
tion was performed by microphones, connected via a tuner to a computer program for
signal analysis.

2.2.5. Stress-Sound Measurement Implementation

Waves were produced by the impact of the emission transducer on the surface of
the tested sample, on the opposite side from the one on which the receiving transducer
was located. Considering the small dimensions of the test sample for determining the
static compressive stress, the sound test was performed on larger test tubes to determine
the modulus of elasticity under pressure. The strength of the input signal was adjusted
via the tuner, and the propagation speed of the sound wave was calculated based on the
elapsed time between the two measurement points. The speed was determined in relation
to the time and length of the path, in the same way it was used to determine the speed of
conducting ultrasound:

V = L/T, (2)

as well as to correlate the ratio, wavelength, speed, and frequency of the ultrasound wave:

Λ = V/f, (3)

as proposed in reference [30].

2.2.6. Spectrogram

Spectral analysis of the frequency of stress-sound waves in this research was applied
both in the calibration process of the method and in the in situ examination of the elements
of the wooden structure. Speed and attenuation were important parameters of the calcu-
lation when evaluating the results obtained by this method. The degree of attenuation of
sound wave stress is expressed by the natural logarithm of the decrease in the amplitude of
the sound wave stress per unit of distance traveled using the equation:

α = l/x Ln A0/Ax, (4)

(α attenuation factor, l-length of the wave propagation path, A0-initial wave amplitude,
and Ax-wave amplitude at the end point of the distance), is directly correlated with the
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dynamic modulus of elasticity (MOEdyn), to consider the possibility of such behavior in
situ examination phase.

Since wood is by its nature a heterotrophic and anisotropic material, the calculation of
the dynamic modulus of elasticity required modifying the formula in order to obtain a true
representative of wave propagation in a three-dimensional frame, which, in addition to
wave speed and ρ—the wood density of the wood substance:

MOEdyn = ρ · V2 (5)

according to Newton’s general equation [30]:

V =

√
E
ρ
(

m
s
) (6)

the speed of the propagating sound wave directly depends on the structural properties
of the wood, i.e., from its specific density, and is directly proportional to the square root
of the modulus of elasticity, and thus we had objective parameters for the immediate
assessment of the strength, i.e., the load capacity of wooden structural elements based on
the propagation speed of the stress sound wave.

The assessment was based on the fact that, due to decay or an excessive increase in
humidity, wood loses a percentage of the content of the basic substance in its total mass, and
thus its strength, so it was expected that the propagation of sound waves through damp
or decayed wood (Table 5) would be significantly lower and exhibit irregular oscillation
frequencies compared to the one recorded in healthy and dried wood (Table 4) [26]. These
in situ measurements were made in three standard directions of the tested beam.

Table 4. The speed of propagation of stress sound waves in intact test samples.

No. of
Samples

Type of
Wood

Length
[m]

No. of
Selections

Time
[µs]

Speed
[m/s]

Thickness
[mm]

Width
[cm]

Mass
[kg]

MC
[%]

Softwood

1 Spruce 2.055 131 682.292 3012 47.29 20.2 8.39 10.3
1 Fir 1.9965 153 796.875 2505 46.44 23.9 8.96 9.6
2 Fir 1.795 88 458.333 3916 47.29 20.1 7.99 9.6
1 Pine 2.141 136 708.333 3022 49.44 23.9 14.38 7.9
2 Pine 2.1225 161 838.542 2531 52.39 23.9 15.69 7.7

Hardwood

1 Oak 2.04 108 562.500 3627 27.61 17.25 6.67 10.4
2 Oak 2.02 111 578.125 3494 26.81 21.25 9.03 9.8
1 Black locust 1.543 103 536.458 2876 29.08 12.4 4.11 10
2 Black locust 1.505 65 338.542 4445 28.42 10.6 3.49 9.3
1 Beech 2.066 101 526.042 3927 51.03 15.6 12.46 7.3
2 Beech 2.099 100 520.833 4030 50.09 16.1 11.96 6.4

Table 5. The speed of propagation of stress sound waves in perforated test samples.

Damage No. of
Samples

TYPE OF
WOOD

Length
[m]

No. of
Selections

Time
[µs]

Speed
[m/s]

Thickness
[mm]

Width
[cm]

Mass
[kg]

MC
[%]

1 1 Fir 1.9965 141 734.375 2718 46.44 23.9 8.96 9.6
1 1 Fir 1.9965 90 468.750 4259 46.44 23.9 8.96 9.6
1 1 Fir 1.9965 94 489.583 4078 46.44 23.9 8.96 9.6

0 1 Oak 2.04 108 562.500 3627 27.61 17.25 6.67 10.4
1 1 Oak 2.04 115 598.958 3406 27.61 17.25 6.67 10.4
2 1 Oak 2.04 109 567.708 3593 27.61 17.25 6.67 10.4

1 + 1 1 Oak 2.02 110 572.917 3560 27.61 17.25 6.67 10.4
2 1 Oak 2.04 107 557.292 3660 27.61 17.25 6.67 10.4
3 1 Oak 2.04 108 562.500 3627 27.61 17.25 6.67 10.4
5 1 Oak 2.04 107 557.292 3660 27.61 17.25 6.67 10.4
5 1 Oak 2.04 117 609.375 3348 27.61 17.25 6.67 10.4

5 + 5 2 Oak 2.04 131 682.292 2990 27.61 17.25 6.67 10.4
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2.2.7. Assessment of Timber Structural Elements

The approach used in this research for the in situ assessment of the structural perfor-
mance of a timber structure is based on the standard allowable loads given according to the
type and quality of wood (SRPS EN 1995-1-1) [31]. For modern truss wooden roof struc-
tures, the values defined by the Eurocode (EN 1991) [32] were used, calculated based on the
weight of the loadbearing element and all the wooden elements of the supporting assembly.

Dimensioning of elements in the calculation of wooden structures is a concept that uses
the values of their limit states, namely: limit state of elasticity—limit of failure; and usability
limit state. The procedure itself is based on knowledge of technical mechanics, as well
as on experimental validations. As, according to this adopted concept, the mechanically
equalized parameter of the speed of sound wave progression, obtained on a wood sample
of the first quality, was used for the assessment of the state of the supporting beam, the
table value for the allowable compressive load, perpendicular to the wood fibers, given for
the first-class wood, was taken for this in situ test.

The Eurocode (EN 1991) [32] prescribes normative values similar to these, so for
trusses with a span of up to 20 m, a load of up to q = 0.25 kN/m2 is predicted, for spans of
20–25 m, that value is q = 0.35 kN/m2 and for spans over 25 m, the value q = 0.45 kN/m2 is
provided. The values of the allowable load of the supporting beams according to the (SRPS
EN 1995-1-1) [31] standard is shown in (Appendix A).

The assessment of the quality of the supporting beams of timber structures in the
third phase of the test was intended to be performed by comparing the directly obtained,
mechanically equalized, stress propagation speed parameter of the sound wave, using the
calculated dynamic modulus of elasticity (MOEdyn) and its correlation with the values ob-
tained by the static compressive and bending stress (Figures 3 and 4), and the corresponding
tabular values of the allowable load in N/cm2 defined by the standard.

2.2.8. Comparative Analysis of Table and Measured Load Values

This part of the research considers the limited state of static equilibrium of timber
structural systems of architectural buildings based on the given values of destabilizing and
stabilizing loads. The values of these loads were indirectly determined (laboratory) during
the static pressure test during the calibration procedure of the experimental test tubes. By
comparison, it is checked whether the measured load (destabilizing load) of the supporting
structural element is excessive, in accordance with the laboratory and standardized values
(stabilizing load) for timber structures (SRPS EN 1995-1-1) [31].

Based on the results of previous research, X-ray and ultrasound equivalents of static
compressive stress were obtained, and by transposing tabular values, tensile, and shear
stresses within the complex bending stress were obtained. According to the same principle,
the parameters of the speed of propagation of stress-sound waves were reduced, with the
fact that, now in this procedure, the mechanical calibration of the experimental test tubes
was preceded, which achieved the establishment of a method by realistically comparing
mechanical and stress-sound parameters.

The basic principle used in the assessment of static equilibrium was that the case
where the result was measured on the element with the largest cross-section was valid [31].
In accordance with the recommendation and considering that the in situ research was
carried out on a building with a timber structure (over 70 years old), it was acceptable that
except for basic loads, other combinations of actions, such as vertical and horizontal loads,
could be abstracted. In accordance with that allowable load of the structure, it would be
acceptable that it is 15% higher than defined for the examined type of wood [28] (p. 170).

In order to somewhat computationally compensate the influence of abstracted addi-
tional loads (friction on bearings, temperature changes, shrinkage and swelling) and special
loads (seismic, fire load), the values of the allowable stresses of the supporting beams were
considered in relation to those values obtained by testing the test tubes, made of the highest
quality wood. Considering the fact that the standardization of permissible stresses was
established in relation to the humidity of the wood and that the test was carried out in
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Belgrade, it is in relation to the climatic conditions [28] in this work. A tabular model of
the installed wood of the first exploitation class of 18% hygroscopic humidity was taken
for calculation.

3. In Situ Measurement of the Strength of Timber Structural Elements

The results of in situ testing of the quality of the supporting beam of the timber roof
structure (Figure 6) indicate that the speed of propagation of stress-sound waves, identically
as in laboratory conditions, was the highest in the direction parallel to the axial axis of the
supporting beam, and proportionally less along its radial and tangential direction. On the
other hand, the directly measured moisture level of the beam was 10%, which meant that
this circumstance, as well as the age of the beam (70 years) and the undoubted rheological
influence [33,34], obtained values of the velocity of the sound wave stress through the beam,
as a representative of its mechanical potential and from those points of view are considered
and interpreted. Finally, due to the relatively small examined sample, it was impossible to
take an absolute position in evaluating the obtained results. However, the primary goal
was to present and confirm the new methodological approach to structural diagnostics.

The in situ test was carried out with an accelerometer (Bruel & Kjaer), which was
used as an impulse hammer to provoke sound waves on one side of the beam, and with
a measuring microphone (NTi), which registered the incoming stress-sound wave on the
other side of the beam. The measuring microphone was positioned on the receiving side
in a very near field, only 2 mm from beam. Both signals were recorded with the audio
interface (Steinberg) with a sampling frequency of fs = 192 kHz. The minimum interval that
can be registered with this device is ∆t = 1/fs = 5.2083 µs. The number of samples (N) that
the microphone signal receives after the provoking impulse is detected by comparing those
signals. The time it takes for sound to pass through the beam was calculated by multiplying
the number of samples N by the value ∆t. The shortest recorded time was 2.6041 ms, and
the longest was 3.1354 ms.

The maximum measured speed of the stress-sound wave along the central axial axis
of the 14.9 m long beam, from the point of intersection of the diagonals of its cross-section
(Figure 5), was 5721 m/s (2.6 ms), which corresponded to the time of sound passing through
healthy wood (3000–5000 m/s)*, which was indicated by recording the propagation, and
a gradual decrease in the wave amplitude (Table 4). By recording the wave propagation
of the axial axis in 4/5* of the cross-section of the supporting beam, a gradual decrease
in its amplitude was recorded, which indicated a healthy tree. That stress-sound wave
velocity coefficient during axial propagation corresponded to MOEdyn of 14,744 MPa,
which was obtained through the Formula (5), where ρ is the value of dense wood in
absolute in a dry state V is the speed of sound passing through wood material, and ν is
Poisson’s coefficient. According to the scatter line of the given graph, this MOEdyn value
corresponded to a static compressive stress value of 6800 N/cm2 (68 MPa) and a static
compressive stress value of 11,400 N/cm2 (114 MPa). If we consider that for our types
of wood the average maximum value of bending pressure is around 100 MPa and that
the limit of proportionality is 60–70% of that value, then according to the standard (SRPS
EN 1995-1-1) [31] these are permissible stresses for class II European conifers, from which,
according to the construction documentation, the roof structure of the building of the
Technical Faculty in Belgrade was built. According to the same standard, the permissible
static compressive stress perpendicular to the flow of mechanical fibers for that category
of construction is 250 N/cm2 (2.5 MPa), which, according to the Eurocode standard (EN
1991) [32], even for lattice girders with a span of up to 20 m in this case, represents a certain
coincidence and a kind of confirmation that the mechanical potential of the tested beam is
within the limits of permissible loads.
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Propagation of sound in the outer part of the upper fifth of the cross-section, along
the line of the axial direction, was recorded at a lower speed (3.31354 ms) compared to the
maximum (2.6 ms), recorded in the central part of the section, which indicated a defect
in the structure on that line wave propagation (Table 5). Upon inspection of the beam,
10 m from the place of propagation, a slightly slanted crack with a length of about thirty
centimetres was observed at the upper surface of the beam. Technically, however, the sound
mapping of the cross-section was not possible on that surface due to limited access. From
the findings of the inspection, the drop in the speed of sound propagation in the range
of normal values, as well as the other results of the sound tests, indicating a negligible
defect and healthy wood, it could be concluded that the mechanical potential of the beam is
within the limits of permissible loads. Certain deviations of directly obtained values, static
compressive stress, and static bending stress by comparing the non-destructive method
and given tabular values could be explained by the fact that tabular average values were
obtained by testing many samples and that the values of our small sample could roughly,
therefore, be classified as extremes. The preservation of a very old supporting element
of the timber architectural structure, with above-average mechanical potential, can be
explained in this case by the rheological influence in conditions of isolation from moisture
and extreme temperatures, as is the case here with the roof structure of the Technical
Faculties Building in Belgrade, Serbia.

4. Discussion and Conclusions

To establish the NDT method for assessment of the quality of timber structural el-
ements of architectural heritage buildings, all the given conditions were met according
to the postulates of scientific research. This claim is based on consistently cited scientific
facts related to the chemical and anatomical structure of wood, as well as the physical and
mechanical properties of wood—therefore also on the laws in the behavior of wood as a
material, on which the plan was conceived, and this research was carried out.

From the aspect of the methodological approach, this in situ method of examination
of timber architectural structures was fully set following the valid conventional postulates
for architectural buildings of cultural and historical importance. Considering that this test
was successfully carried out under such conditions on the roof structure of the Technical
Faculties Building in Belgrade, we can conclude that such an approach to testing guarantees
respect for the given principle of preserving the authenticity and integrity of the protected
object, as well as that it is generally applicable.

The presentation of other conclusions refers to examining the mechanical properties
of wood. It is based on preliminary research results, laboratory establishment of the in
situ method, and its immediate application. The application of X-rays and ultrasonic
waves, analogous to the standard direction of the pressure force along the flow of wood
fibers or perpendicular to them, confirmed the real possibility of equalization, perceptual
gradation of the brightness of the X-ray image, and parameters of the speed of propagation
of ultrasonic waves through the timber structure, with average table values of static stress
parameters on pressure, taken for given, non-destructively tested samples—test tubes, of
certain types of wood.

Based on one such numerical simulation of the mechanical testing of wood, where it
was confirmed that the wood with a tabularly higher strength gave a brighter X-ray image
and passed ultrasonic waves faster [5], it could be said that the mechanical calibration of
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any non-destructive method that can be applied analogously to the standard direction of a
force in the normal stress test is feasible.

The mechanical calibration of the method of applying stress-sound waves for testing
the quality of wood confirmed that this method is related to the ultrasonic method and that
the results obtained by its application can be interpreted according to the same principle as
in the previous reports [2–4]. Previous results meant that in this case, too, according to the
physical laws of wave propagation, wood with a higher density, i.e., a higher value of static
compressive stress (strength) and a higher dynamic modulus of elasticity (MOEdyn), will
transmit stress-sound waves faster.

The calibration of the stress-sound method was carried out in conditions of standard
hygroscopic humidity (12%) of test samples—test tubes, similar to the calibration of the
ultrasonic method based on tabular approximation—a qualitatively new approach to in
situ testing of elements of timber architectural structures was then established. Based on
this, it finally follows that in equal conditions of hygroscopic humidity, the tested wooden
structures will transmit stress-sound waves proportionately to their strength, thus giving a
realistic reflection of their mechanical potential.

The results of the in situ tests were entirely in line with the expectations that, based
on the equalization of the stress-sound wave propagation speed parameters, derived
(MOEdyn) and parameters of static pressure and bending stress, obtained from test tubes
made of healthy wood, can comparatively examine the mechanical potential of supporting
beams of timber architectural structures. At the same time, both methods of comparison
proved to be reliable in relation to the speed of stress-sound waves in healthy wood and
according to the standard permissible compressive stresses for supporting wooden beams.
By confirming the initial hypothetical assumptions about the possibility of equalizing
the mechanical and non-destructive parameters of wood testing, we arrive at the main
answer sought through this research—that the mechanical potential of load-bearing timber
beams can be directly tested in situ with the stress-sound test method, and thus their
structural stability.

The establishment of such a diagnostic approach, based on the equalization of the
dynamic parameter of the speed of sound propagation, i.e., MOEdyn, and the parameter
of static pressure and bending stress, opens the possibility of further improvement of
the method. The preliminary research of this paper also shows that the principle of
equalization can be applied to other NDT methods, where the diagnostic procedure is
carried out analogously to the direction of the pressure force during the static pressure test.
The development perspective of X-ray diagnostics is certainly of particular interest due to
the possibility of direct visualization of the wood structure.

Another aspect of improving the methodology of the in situ diagnostic approach to
testing the quality of wooden structures refers to introducing the degree of hygroscopic
humidity as an exponential factor in the function of wave propagation speed through the
wooden material. This reduces the parameters of non-destructive and mechanical testing
of timber to a common denominator, which increases the precision of measurements, and,
thus, the reliability of assessing the quality of built-in timber elements.

The practical application of the mechanically calibrated method of stress-sound waves
could improve the process of restoration and renovation of architectural buildings of
cultural and historical importance, as well as the construction process itself, primarily
because of the method of application and because of a simpler choice of the suitable timber
material for such purposes.

Author Contributions: Conceptualization, A.J., N.T. and J.M.; methodology, A.J., N.T. and J.M.;
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Appendix A

Table A1. Basic allowable stresses for wood moisture content of 18 and 15% in daN/cm2 for structures
made of solid wood and glued laminated wood (SRPS EN 1995-1-1:2012) [31].

Permissible Stress Solid Wood w = 18% Glued Laminated Wood

Stress Type Label

Softwood Oak, Beach Softwood Oak, Beach

Class Class Class Class

I II III I II I II I II

Bending σmd 1300 1000 700 1400 1200 1400 1100 1620 1370
Tension σt‖d 1050 850 0 1150 1000 1050 850 1800 1080

Compression σc‖d 1100 850 600 1200 1000 1100 850 1500 1200

Compression perpendicular to fibers σc
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