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Abstract. Variations in environmental conditions can affect the structural performance of
timber components and constructions. Especially in case of historic masonry buildings, where
timber elements can be found either in roof or floor structures, intrinsic defects (e.g., knots,
cracks, degradation), as well as the surrounding environmental conditions (e.g., temperature
and moisture) can play an important role in the assessment of the mechanical response of the
elements. In this connection, non-destructive (ND) and minor-destructive (MD) procedures are
used to investigate the onsite conditions of wood, which are commonly based on either tool
penetration resistance or wave transmission devices. In the paper, the influence of moisture
content (MC) measured with various devices on a series of both old and new timber elements
was compared. The elements made of various wood species (mainly red fir, but also white fir,
pine and larch) were subjected to laboratory ND and MD testing by three research groups.
Results showed the low influence of the MC on MD tests (i.e., resistance drilling and pin
penetration) in comparison to the ND (i.e., sonic/ultrasonic) ones. Correlation relationships
are provided, which illustrate and approximatively quantify the effect of MC for the
experimentally investigated conditions and test equipment.

1 INTRODUCTION

Investigation of timber structures relies on both visual and instrumental inspections, the latter
based on both non-destructive (ND) and minor-destructive (MD) test procedures [1] [2]. ND
and MD tests are basically local tests which can qualify a parameter in a small portion of the
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material but whose results are not representative over an overall element. Moreover, as well
known, outcomes are affected by many aspects, among which moisture content (MC) is one of
the most sensitive for wood [3] from the site condition viewpoint. The ‘oven dry’ procedure [1]
is recognized as the most effective way to measure the MC in wood. Nevertheless, being it a
destructive method, usually moisture meters are used onsite to manually check that parameter.

The paper compares the results obtained by the application of various ND and MD methods
to a series of deteriorated timber beam elements retrieved from existing structures (19
components over 21, made of fir, oak, elm, and pine) and 12 new ones (made of fir and larch).

Experimental tests were performed by research groups of the University of Padova (UNIPD),
Italy and the UNIPD’s spin-off Expin srl, and the Institute of Theoretical and Applied
Mechanics of Prague, Czech Republic (ITAM).

Results were compared by grouping similar methods, i.e.: resistance drilling (two types of
Resistograph®, one for each group), pin penetration (Novatester device for UNIPD and the pin
pushing device for ITAM), wave velocity-based methods (ultrasonic for UNIPD and stress
wave for ITAM) [4]. Pin pushing is an in-house new MD device provided patented by ITAM,
which is able to gradually apply, monitor and record the force occurring for the pin penetration
into the wood [5]. Three types of moisture measurement devices were used (two electric and
one electromagnetic).

The research aims are: 1) to contribute on the quantification of the influence of MC according
to different devices applied to various species in different conditions, and ii) to evaluate the
possible MC effect on the results provided by the application of common ND/MD testing
methods for the onsite investigation in existing/historical structures.

The problem has already been partially studied in laboratory conditions typically on clear
wood specimens — spruce boards. Thus using well defined moisture content conditions the pin
pushing [6] and the mini-jack [7] behavior has been investigated. Experimental measurements
were carried out using 30 spruce boards at moisture contents of 12, 18 and 24%. The effect of
the wood moisture on the measurement by means of the both devices was confirmed. In the
case of the mini-jack the assessed relationship was linear while for the pin pushing non-linear.
The impact of the MC on ultrasonic measurements was studied in [8] mostly at high MC in
artificial climate chamber environment. It has been found that velocity decreases sharply as the
moisture content increases from 0% to the fiber saturation point of 30%, and then decreases at
a much slower rate as the MC increases further.

However, the effect of the moisture content at ND/MD measurements has not been so
frequently studied because these methods are mostly applied for investigation of built-in timber
in buildings where the MC does not vary significantly and the other wood parameters (e.g.
species, structure, defects etc.) influence much more the measurement results.

2 EXPERIMENTAL CAMPAIGN

Several experimental procedures were applied to either new or old timber elements. The
former all had rectangular cross-section of 160x160 mm?, length of about 5 m and were equally
distributed between larch and red fir woods (six elements for each wood type), whereas the
latter were retrieved from a roof dismantled from an existing masonry buildings and were
therefore suffering decay conditions. These old elements had not homogeneous dimensions for
cross-sections (mostly larger than the new elements) and lengths (from about 3 to 5 m) and



M.R Valluzzi, F. Casarin, L. Scancelli, M. Drdacky, M. Kloiber, H. Hrivnak

belonged to various species (mainly red fir, but also few elements were made of pine, white fir,
oak and elm).

The new elements were already classified as C24, according to UNI EN 338 (2016) [9]. The
retrieved beams were affected by the presence of cracks (e.g., R-RF 4 and R-RF 10 beams)
and quite diffused single and groups of knots, and presented a slope (of about 10%) of grain in
tangential sections. Therefore, they resulted in categories I, II or III (or non-classifiable, in few
cases, due to high deteriorated conditions), according to the onsite increasing grades (form I to
IIT) provided by UNI 11119 (2004) [10]. Just to compare the two sets of components (new and
old) for the fir specie, a new element would have a bending strength of 24 MPa and a parallel
bending modulus of elasticity of 11000 MPa (according to [9]), whereas an old one would refer
to decreasing values for I-II-1I grades of 11,5-10,0-7,5 MPa and 13000-12000-11000 MPa for
the bending strength and modulus of elasticity, respectively (according to [10]).

Figure 1 shows some examples of the types of beams considered in the study.

R-RF 11 R-WF | N-L 1

Figure 1: Example of some typical features of tested elements

After visual inspection, the beams were examined according to the following procedures:

- Moisture content (MC) measurement, applied with three types of devices: two electric,
i.e., LogicaH&S LG43 type for UNIPD and WHT 860 for ITAM, and one
electromagnetic, i.e., Wagner L620 Digital Lumber Moisture Meter for ITAM as well;

- Resistance drilling (RD) tests, applied with two types of Resistograph®: IML RESI
PD400 for UNIPD and Rinntech Resistograph 4453-P for ITAM;

- Pin penetration (PP) tests, applied with two types of devices: Novatest Woodtester for
UNIPD (2.21 Nm of impact energy) and pin-pushing device patented by ITAM;

- Wave velocity-based methods (WV), applied either in direct (D) (crossing section) and
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indirect (I) (longitudinal on the surface) configurations, i.e., ultrasonic wave for UNIPD
(Proceq Pundit Lab+ device) and sonic stress wave for ITAM (Fakopp Microsecond
Timer tool).

Moisture meters are based on the correlation of electric resistance and water content on the
wood: the higher is the electric resistance the lower is the MC. Moisture meters can be either
pin meter (electric) or pinless meter (electromagnetic). The measurements with pin meters are
carried out on two points of about 20 mm spaced. Pinless moisture meters are completely ND:
they use electrical waves at a certain electromagnetic frequency, which are transmitted through
the base pad in contact with the wood. Moisture meters can give reliable results in a range of
humidity of 7-30%, i.e. below the saturation point of the wood [11]. They are calibrated for
non-damaged wood structures, therefore, they provide more precise and coherent data for the
sound wood than for the wood with deteriorated structure of cells by fungi or worms.

Resistance drilling devices measure the energy consumption to allow a thin needle (about
1.5-3 mm in diameter and over 400 mm long) to be driven in the wood [3]. The test outcomes
are the density profiles of the penetrated section of wood, which can indicate the condition of
the material and identify possible inner defects or voids.

Pin penetration tests apply a needle impact from the surface of wood and can investigate the
wood up to few cm in depth [3]. The device used by UNIPD had a needle of 5 mm in diameter;
five consecutive strikes were applied to the element and a displacement transducer measured
the reached depth, which can be correlated to variations of density along the element. Instead,
the pin-pushing tests results were the average forces that allow the pin (about 25 mm in diameter
and 120 mm long) to penetrate into the wood [5].

Test methods based on either sonic or ultrasonic wave velocities measure the time occurring
the wave to be transferred from two points of an element, those points being either on opposite
sides (direct tests) or on the same side (indirect tests) [12]. The former configuration
investigates the cross-section of an element, the latter mainly the surface of it. The higher is the
density of the material the higher is the wave velocity. Usually, due to the cellular structure of
wood, direct tests are characterized by lower velocity then indirect ones [12]. Indirect
(longitudinal) ultrasound tests are more representative of the possible onsite applications in
buildings due to possible problems of accessibility to some sides of the structural elements.

Table 1 shows the characteristics of all the timber elements and the number of tests (i.e.,
measurement points on the beams) carried out for each procedure applied by the research groups
(numbers are shown as UNIPD+ITAM measurement points). Notations for labels: R stands for
‘recovered’, N for ‘new’; RF stands for ‘red fir’, WF for ‘white fir’, L for ‘larch’, P for ‘pine’.

Station points were distributed along two faces of the elements, as in the examples showed
in Figure 2. MC was measured along with the other ND/MD tests. All the various tests (MC,
RD, PP, SW) were performed on the same points along the elements (see Figure 2). As for SW,
direct tests were carried out from one of the points mentioned above to the corresponding one
on the opposite side (three measures for each pair); indirect tests were performed on three sides
of the elements, i.e., two pairs starting from 1 m from the two ends and one pair from the center
of the element (three measures for each pair spaced of 100, 150, 200, 300, 450 and 600 mm).
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Table 1: Experimental program and description of specimens

Element Cross-section Leneth LAY
Dimensions £ Classification MC RD PP
label ) Type [mm] D I
[mm?] :
R-RF_1  221x185 UIE 4030 Tlgrade 1742 1742 1742 042 042
regular
R-RF 2 175x160 AU 4600 Tgrade 942 912 942 942 1842
- circular
R-RF 3 220x152 regular 4500 I grade 10+2 10+2 10+2 742 1842
R-RF 4  224x171 regular 4810 n.c. 1242 1242 12+2 0+2  0+2
R-RF 5  250x220 regular 4980 I grade 1142 11+2 11+2 8+2  10+2
R-RF 6  223x183 regular 2980 I grade 1142 1142 1142 0+2  0+2
R-RF 7  258x214 regular 4230 I grade 6+2  6+2  6+2  0+2 10+2
R-RF 8  207x162 regular 4625 I grade 6+2 10+2 10+2 3+2  0+2
RRFO 234215 I 4030 Igade 742 T2 #2042 042
- circular
RIE(_IO 199x158 regular 4680 n.c. 18+2 18+2 18+2 18+2 18+2
le'l | 194125 wapezoidal 4530 Igrade 1742 1742 17+2 742 1842
RFR'12 214x175 regular 4670 II grade 1742 1742 1742 0+2  0+2
RIE( _1 3 201x135 regular 4660 I grade 18+2 18+2 18+2 16+2 18+2
ng -1 4 220x178 regular 4510 IT grade 1742 17+2 1742 9+2 18+2
R- quite
RF 15 218x165 regular 4565 I grade 18+2 18+2 18+2 042 0+2
WI;' | 203x178 regular 4715 I grade 18+2 18+2 18+2 9+2  18+2
Wll{:- ) 209x193 regular 4090 I grade 16+2 16+2 16+2 1242 18+2
R-P:l 248x225 regular 5030 I grade 6+2  6+2  6+2 10+2 18+2
R-P 2 225x248 regular 4570 I grade 17+4 17+4 17+4 0+4 18+4
N-RF 1 160x160 regular 5075 C24 20+2 20+2 20+2 20+2  18+2
N-RF 2 160x160 regular 5090 C24 242 2042 2042 2042 1842
N-RF 3 160x160 regular 5085 C24 2+2 2042 2042 20+2  18+2
N-RF 4  160x160 regular 5085 C24 20+2 20+2 20+2 20+2 18+2
N-RF 5 160x160 regular 5085 C24 2+2 2042 2042 20+2  18+2
N-RF 6 160x160 regular 5085 C24 2+2 2042 2042 20+2  18+2
N-L 1 160x160 regular 5090 C24 243 20+2 20+2 20+2 18+2
N-L 2 160x160 regular 5090 C24 2+2 2042 2042 20+2  18+2
N-L 3 160x160 regular 5085 C24 20+3 20+2 20+2 20+2 18+2
N-L 4 160x160 regular 5100 C24 20+3 20+2 20+2 20+2 18+2
N-L 5 160x160 regular 5080 C24 2+3  20+2 20+2 20+2 1842
N-L 6 160x160 regular 5085 C24 243 20+2 20+2 20+2 18+2
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Figure 2: Example of tested elements showing measurement stations (black and red points are stations
used by UNIPD and ITAM, respectively) (dimensions are in cm)

3 RESULTS

Figure 3 and Figure 4 show the distribution of MC values according to tests performed on
the old and new timber elements, respectively. Values vary from 8.5% to 22.2% (ITAM) and
from 16.8% to 68.5% (UNIPD), thus denoting high moisture content conditions in the elements.
Many RF old elements were stored outside and were therefore exposed to some rain before
storing them in the laboratory; this affected their integrity and, consequently, the experimental
results. Highest values of MC concerned retrieved elements (68% detected in R-RF_5 from
UNIPD and 22.2% detected in R-P_2 from ITAM), whereas in new elements ranges of 17%-
28% (UNIPD) and 11.2%-18% (ITAM) were detected (highest values refer to N-L_6 for both
research groups). The differences between results obtained by UNIPD and ITAM were
probably due to the different type of moisture meters. The device used by UNIPD was a pin
meter able to measure MC values up to 3 cm in depth from the surface, while both the devices
used by ITAM measured the MC values on the surface of the elements. In fact, the comparison
of the average values (Table 2 and Figure 5) showed a good agreement between the electric and
electromagnetic methods used by ITAM (see also Figure 6). Results also showed MC
measurements in new elements more stable than for the old ones.
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Figure 3: Moisture content measured on old timber elements (values higher than 30% are cut from graph)
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Figure 4: Moisture content measured on new timber elements

Table 2: Moisture content on elements measured with electrical (el) and electromagnetic (em) devices:
average values and CoV (in brackets)

UNIPD (el) ITAM (el) ITAM (em) Average (all)

R-RF 22.17 (0.24) 15.01 (0.14) 12.78 (0.18) 16.65 (0.29)
R-WF 21.25 (0.05) 16.08 (0.18) 12.60 (0.03) 16.64 (0.26)
R-P 28.35 (0.11) 18.65 (0.16) 16.65 (0.18) 21.22 (0.29)
N-RF 18.49 (0.04) 13.94 (0.10) 15.21 (0.04) 15.88 (0.15)
N-L 24.84 (0.15) 15.18 (0.10) 15.41 (0.12) 18.48 (0.30)
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Figure 5: Average values of MC measured on all timber elements
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Figure 6: Correlation of MC values measured with different devices on timber elements (values higher
than 30% are not included in graph)

Results were also compared by taking into consideration the station points (mostly
positioned close to the ends of elements, see Figure 2) used by UNIPD and ITAM according to
the ND/MD test procedures (see Table 1). The high-deteriorated conditions of most of the old
beams also affected the pin penetration tests: when less than five strikes were possible, a
proportion was made to compare the values among the tested elements, taking into
consideration the energy transmitted by the device at each strike. In general, no significant
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influence of MC was detected for both RD and PP test results (Figure 7 and Figure 8). WV tests
were more affected by MC variations, especially in the case of superficial (indirect) tests
(Figure 9 and Figure 10), where a general decreasing trend (for increasing MC) was detected.
Correlation coefficients were negligible for RD and PP tests; for WV, although not high
coefficients were achieved, their values denoted a mutual influence between the transmitted
wave velocities and the humidity rate measured in the elements.
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Figure 7: Comparison of RD results and MC on corresponding pairs of UNIPD and ITAM measurements
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Figure 8: Comparison of PP results and MC on corresponding pairs of UNIPD and ITAM measurements
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CONCLUSIONS

An experimental research was carried out in collaboration among three research groups to
investigate the effect of different devices for the measurements of moisture content on various
species of timber elements in either new or old conditions. Especially retrieved elements had
high MC to take into consideration worse onsite conditions in existing buildings.

Results showed that:

Electrical and electromagnetic devices for surface MC measurements used by ITAM
are comparable methods. Pin meters going more deep from the surface (e.g. device
used by UNIPD) showed an increase of MC ranging from 32% (R-WF elements) to
64% (N-L elements).

Although the large variation of MC values, resistance drilling methods were not
affected by the MC of the tested wood. However, preventive conditioning of wood is
always suggested, when possible, in order to even the current state out.

Pin penetration tests applied in timber elements (UNIPD) with high MC was
problematic (no application following the protocol of five blows was possible in most
cases) and no significant correlations were found.

Pin pushing (ITAM) as well as all other penetration resistance methods are strongly
influenced by the density and the structure of the wood, i.e. by the species and the
condition or the degradation state of wood. This fact suppresses the influence of the
moisture content on the measurements. The results confirm the MC effect discovered
in [6], i.e. a slight increase of the resistance against pushing the needle through the
cross-section with an increase of the MC between the values of 10% to 20%.

The lowest dispersion of data was detected for the combination of MC and the results
of wave velocity-based tests. A decreasing trend of velocity according to increases of
MC was confirmed. especially in the case of indirect wave transmission configuration.

Future developments of the research will extend the dataset to improve relationships among
the variables under study and will be aimed at investigating the possible correlation among
ND/MD and destructive tests on real-scale timber elements to calibrate mechanical
parameters.
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project Corewood POR FESR Veneto 2014-2020.
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