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Combination of non-destructive tests for assessing decay in existing

timber elements

Abstract: Existing timber structures often present elements with different levels of
decay and the choice to maintain them comes from the structural assessment, made
by a civil engineer on the basis of the results coming from the on-site survey . The
choice may also rely on visual inspection combined non-destructive tests. In that
case, the choice to maintain an element will greatly depend on the accuracy and
reliability of the results obtained through these tests. This work aims to assess the
properties of timber elements through non-destructive tests, using resistance
drilling, pin penetration, ultrasound, and acoustic emission tests. The tests were
carried out on three timber elements from two old timber roof trusses. The results
are analysed regarding the specimen size and the use of multiple non-destructive
test parameters. Decay was initially identified by means of visual inspection and
different levels of decay were identified taking into account their influence on the
non-destructive test results and on the predictability of models based on single and
multiple regression analysis. Moreover, the obtained classification was found to

increase the reliability on the prediction of density.

Keywords: Timber structures, non-destructive test, decay, correlation,

experimental evaluation

1. Introduction

Timber constructions have an important significance in the cultural, architectural and
historical heritage in different civilizations, with numerous examples of structures still
standing. As the first step for their safety assessment and conservation, it is important to
find out the physical and mechanical properties of the timber elements. For old timber
elements, without any reference value given by producers as in the case of new wood
base material, engineers have to carry out an on-site evaluation of their properties
according to its origin, growth conditions, carpentry skills, service conditions along time,
natural defects, among others. Moreover, as a biological material, timber can present
various types of damages caused by insect attack and fungi attack (decay), or even by

temperature and moisture change (resulting in cracks). The distinct types and existence



of decay at different levels also intensify the need for in situ assessment for timber
structures (Kasal and Tannert, 2010).

An accurate way to obtain the mechanical properties would be to conduct
destructive tests such as density measurement, compressive, tensile, or bending on
samples extracted from those elements. However, this would inevitably damage the
original elements and structure and also it must be noted that small clear wood specimens
may not be entirely reliable for the assessment of the performance of full scale timber
elements, where defects and state of conservation take an important role. In that case,
non-destructive tests (NDTs), with little compromise on the integrity of the tested
elements, have long been adopted for assessing timber properties, mostly qualitative but
also quantitatively.

Researches on quantitatively predicting timber physical and mechanical
properties by NDT parameters can be found in Kloiber, et al. (2015) and Cavalli and
Togni (2013) for pin penetration test, Nowak, et al. (2016) for resistance drilling tests,
Ruy, et al. (2018), Morales-Conde and Machado (2017), and Salmi, et al. (2013) for
ultrasound test, and Kawamoto, et al. (2002) and Lamy et al. (2015) for acoustic emission
test. However, concluding that the various types of decay, which are frequently present
in existing timber structures, would significantly influence the NDT results and their
accuracy on the prediction of timber properties, researches started to focus on the
influence of the conservation state of old timber elements such as in Gomes, et al. (2016),
Cavalli, et al. (2016), Zhong, et al. (2017), and Zhang, et al. (2015). Moreover, decay
assessment using NDTs was researched in Branco et al. (2017) and Sousa et al. (2017)
where, through the use of damage maps, it was possible to pinpoint regions of the
structure and even of segments of the elements which had different levels of decay and
their probable sources. To analyse the variation of timber properties along one element,
due to different levels of conservation, scale and natural variability of wood, some of the
more recent studies tried different prediction models, such as Sousa, et al. (2015) and
Sousa et al. (2018) with hierarchical models and probabilistic models using Bayesian
methods, Garcia-Iruela, et al. (2016) and Miguel, et al. (2018) with artificial neural
networks. Furthermore, some research already showed the promising results using
combination of different NDTs, such as Cavalli and Togni (2013) found that using pin
penetration depth and stress wave velocity, the prediction of bending modulus is high,
and Vega, et al. (2012) also found the highest predictability of bending modulus by the

combination of vibration wave velocity, density and sample length. However, more other



possible NDT combinations (such as resistance drilling and ultrasound tests) were not
addressed.

In this paper, a combination of NDTs (drilling resistance, pin penetration,
ultrasound, and acoustic emission tests) was considered for the analysis of three timber
elements which were dismantled from two existing timber roof trusses of a building from
the 18th century. The results were combined and then correlated with the physical and
mechanical properties derived from destructive tests. Linear and multiple regression
models were considered to evaluate different levels of decay and the results are analysed
dependant on the presence of defects (knots, superficial cracks and ring shakes) and decay
(from fungi and/or insect attack), and on how they affect the timber properties, the NDTs
results, and the correlation between them. The objective of this work, is to provide
practitioners and researchers with an indication of the increase of value on the choice of
using a single non-destructive test or a specific combination of tests, as to allow for a
better identification of the extent and severity of damage and decay on existing timber
elements. This procedure may be included in the preliminary assessment of existing
timber structures, just after or in combination with visual inspection. Guidelines for
assessment of existing timber structures where this framework may be incorporated are
exemplified in Cruz et al. (2015), Sousa et al. (2016) and Riggio et al. (2018). For
instance, the on-site assessment of timber structures can be categorized into four
hierarchical levels, namely as system, unit, element, and connections (Riggio et.al, 2018).
However, for existing structures the mechanical characterization at element level,
requires no or minimum compromise on the integrity of the original element. Hence,
different complementary approaches can be adopted, such as proof loading, visual

grading, and non-destructive tests.

2. Material and methods

2.1 Material

The tested timber elements were taken from two timber roof trusses of the Chimico
Laboratory, a Portuguese neoclassic building of the 18th century (Lourengo, et al. 2013).
After inspection onsite, the Maritime Pine (Pinus pinaster) timber trusses were evaluated
to be in poor conservation state and thus dismantled and replaced by new ones. From two

of the trusses, three elements were chosen for this research, due to their large variability



of visible decay along their length, as shown in Figure 1a). As shown in Figure 1b), the
three elements had different structural uses within the trusses. One element was used as
the collar beam of Truss A (Element 2), and two others as rafters. One of the rafters was
on the south facade of the building (Element 1 from Truss A), while the other was on the
north facade (Element 3 from Truss B). The dimensions of each element are shown in
Table 1. The number of specimens was limited to the availability of material and the
applicability of the results must be considered attending to this limitation. However, it is
noted that the sample for analysis corresponds to the segments and cross-sections of the
elements, thus increasing its representativeness in terms of sample size. Nevertheless,
even if the presented framework is consistent, it is assumed that the dependence of results
is greater within the segments of the same element and thus the results presented in this
work are reliably applicable to this sample but may less reliable for elements with

different levels of decay, age and species.
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Figure 1 - Tested elements: a) onsite photo b) representation of the original trusses and
location of the elements

Table 1 - Dimension of the three elements

Element 1 Element 2 Element 3

Dimension
(cm) Depth | Height | Length | Depth | Height | Length | Depth | Height | Length

Maximum | 20.5 23.5 20.5 23.5 21.0 | 26.0
Minimum | 18.0 9.0 19.0 9.5 17.0 19.5
Mean 19.7 21.9 632.0 19.7 21.6 817.3 20.0 | 240 7725

CoV 0.03 0.14 0.02 0.13 0.05 0.06




2.2 Methods

2.2.1 Framework

Figure 2 shows the framework proposed for this study. In this study two different type of
destructive tests (DTs) were made, namely density measurement and bending test. The
bending tests were made to the full size elements in order to obtain the modulus of
elasticity (MoE), whereas the density measurements were made considering the
extraction of specimens from the elements. It must be noted that to obtain the MoE in
bending, the test itself is not destructive as it is made only on the elastic range. However,
the need to remove an element from the structure (or a small specimen) is a destructive
procedure. Density and bending MoE were considered in this analysis as they are two key
properties that define the mechanical behaviour of timber elements and are currently used
in grading schemes as input information (JCSS, 2006). Those properties were then
correlated with the parameters resulting from the NDTs, which were visual inspection,
drilling resistance, pin penetration, ultrasound, and acoustic emission tests. Moreover,
special attention was paid to the presence of decay, either if it was only superficial or with
significant indepth penetration. The existence of exterior decay was detected through
visual inspection, whereas the distinction between surface and indepth decay was initially
carried out by consideration of drilling resistance tests. This information was then adopted
as the criteria to separate the elements into different subsamples. To each subsample,
corresponding to different levels and type of decay, the NDT and DT results are analysed
and correlated. During the experimental campaign, two different phases were considered
taking into account the scale of the specimens. Initially the timber specimens were tested
at an element scale, where each element was visually inspected as a whole and also by
giving a grading for each 25 cm segment. Then, on a second phase, the three elements
were sawn on each 25 cm interval and analysed in a segment scale in order to analyse the
variation of properties along the length of the element and to analyse the decay evolution
within the cross-sections of the elements. The tests carried out at each phase are shown
in Table 2. The objective of this framework is to provide an insight on the value of
information that can be obtained by the combination of non-destructive tests for the

detection and quantification of decay in existing timber structures.



Defect map < Visual inspection
Pin penetration e

Resistance drilling

Visual grades
Penetration depth
Residual measure

Residual ratio

Ultrasound velocity
Dynamic MoE
Acoustic velocity

Residual cross section «

Ultrasound

Acoustic Emission

e « - -G ——
|
| :
e d Correlations

DT e M Timber properties

*Bending test
Density measurement

Bending MoE
Density

" Bending test is a DT when the member is submitted to failure to obtain bending strength. Obtaining only the bending MoE is a NDT.

However, in this framework, as the test requires to remove the element from the structure itself to assess the individual member
properties, the bending test was grouped within the DT.

Figure 2 - Test method scheme.

Table 2 - Test phases and considered tests

Phase Test Number Parameter
Element Visual inspection | 85 segments | Visual grades
| I Drilling 85 segments Residual
A O ﬁ resistance 340 tests measure (RM)
1l ! . . 85 segments | Penetration depth

: g f Pin penetration 1384 tests ()
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The arrangement of NDTs on the single segment and the three bending tests on

Element 1, as an example, are shown in Figure 3.
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Figure 3 - Test arrangement: a) resistance drilling test; b) direct ultrasound test; c)
indirect ultrasound test; d) pin penetration test; ) AE; f) bending test of Element 1

2.2.2 Non-destructive tests

1) Visual inspection. The main purpose of conducting a visual inspection in timber a

structure is to detect and typify the natural defects, consequently attributing a visual grade

related to a visual strength class, to analyse the level of deterioration/damage both in

terms of extension as well as intensity. In this work, defects (wanes, knots and fissures)

and deterioration (by either insect or fungi

attack, or its combination) were recorded for

each 25 cm segment, as to assess the variability of these parameters along the length of

the elements. A total number of 85 segments were visually inspected.



Visual grading for each segment was determined according to the Italian standard
UNI:11119 (2004), where three visual grades were considered, specified as I, II, and III.
Moreover, non-classified (NC) elements were considered when the element did not
comply with imposed limits for the lowest grade (grade III). In the present work, the
methodology of UNI:11119 (2004) was specifically applied to each segment as to
increase the sample size for statistical analysis, although the standard itself is made to
assess a whole member based on the concept of critical section or segment. According to
the determined visual grade and to the wood species, this standard provides indicative
values for timber mechanical properties. Meanwhile, accompanied with drilling
resistance tests, defect maps were generated, illustrating the level of defects and

deterioration along the length of each element.

2) Resistance drilling test. Resistance drilling tests measure the energy required for
penetrating a standard micro-drill into wood at a constant rotating and advancing speed.
In this work, these tests were conducted with the equipment Resistograph® 3450-S. The
test arrangement is shown in Figure 3 a). In total, 85 segments were tested, each with 4
measurements performed at the middle section, thus totalizing 340 measurements

As a result, the residual cross-sections were determined, as the combination of
drilling measurements in two directions of the same cross section allowed for a two-
dimensional representation of the internal part of the section, as shown in Figure 4. A
residual ratio value was calculated and used to complement the information given in the
damage map made by visual inspection as to evaluate the level of indepth decay presence.
The residual ratio (7) value was calculated by the ratio between the residual cross-section
obtain by the drilling resistance tests and the apparent cross-section. The result of a
drilling resistance test can also be taken by the resistance measure (RM) given by the
integral of the area beneath the resistance profile, thus a measurement of the energy

required for drilling, with respect to the length of drilling path, H# (Nowak, et al. 2016)
(eq. 1).

H
RM =L e 1)
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" The representation of the residual and deteriorated area corresponds to the results from the drilling resistance tests exclusively for
the analysis of decay. However, it should be noted that for the calculation of the residual cross-section the existence of deep cracks
was identified and their geometry measured.

Figure 4 - Example of the residual cross section map

3) Pin penetration test. Pin penetration test is a local semi-destructive test, that although
having been originally designed to estimate wood surface density through the local
hardness (on standing trees), is commonly used for assessing timber surface decay
(Lourencgo, et al. 2013) on-site. The hand-held device Pilodyn® 6J-2236 was adopted in
this work. The same 85 segments considered in the drilling resistance tests were
considered, each being tested on 24 different positions (6 for each face), as shown in
Figure 3 d). Penetration depth (d) was measured as it is commonly used for indicating
the deterioration and predicting timber properties. It is noted that the penetration depth
considered in this work is the difference between the values obtained in each segment and
the tests made to a reference position where the element was sound and presented no signs
of decay. However, the main shortcoming of this test concern its localized and superficial
measurement nature, as it only gives information of a point, with only few centimetres of
penetration (Clarke and Squirrell, 1985). Hence, it has been used more frequently for

qualitative assessment, or with the combination of other more global NDTs.

4) Ultrasound test. Ultrasound test is a global non-destructive test, basically measuring
the travelling velocity of the ultrasound oscillatory waves it generates, which propagate
through the analysed material. This method is widely used for structural assessment of
masonry, concrete and also timber structures. In this work, a Pundit Lab (Proceq) device
with 54 kHz transducers was adopted, since the favourable frequency range for timber
assessment lies between 20 to 500 kHz, due to the high signal attenuation from
propagating in wood (Sousa, 2013). Direct and indirect test were carried out on the timber

elements. The indirect measurements were performed on face A (the most decayed face)



of each segment, and the direct measurements were performed from face A to face C, as
shown in Figure 3 b) and c¢). Moreover, another direct tests were done for Element 3 from
face B to face D, since the initial recorded velocities (from face A to face C) were
abnormally low and with almost little variation. This phenomenon can be attributed to
significant surface decay of Element 3, which resulted in the poor contact between the
transducer and the timber element surface (Ross, 2015). A wax and oil based coupling
agent was used to ensure a better contact between transducers and the decayed surfaces
(Oliveira et al., 2015). Two parameters were considered in this work, the travelling
velocity and dynamic modulus of elasticity, calculating according to equation 2 (Lear,

2005):
Edyn = vzp ()

where Eg, is the dynamic modulus of elasticity, v is the velocity and p is the density. Density
was obtained based on the measurements of apparent volume and weight of each segment on a

controlled environment leading to 12% moisture content of the specimen.

5) Acoustic Emission. Acoustic Emission (AE) detects the elastic waves which are
generated by an energy release. Two main analysis methods for AE tests are the parameter
analysis and the waveform analysis. AE has been applied in fracture study for steel and
concrete, and recent researches have proved the efficiency of AE method in analysing
timber structures (Kossakowski, 2009). In this work, apparatus consisting of four sensors
(Vallen System), four preamplifiers (Vallen System), a data logger (NI-USB4431) for
sound and vibration measurement, a multichannel chassis, and a PC for data management.
The signal trigger, which has the energy release event, corresponded to the use of the pin
penetration equipment, thus combining those two non-destructive tests. The arrangement
is shown in Figure 3 e). Similar to the ultrasound tests, the tests between opposite sensors
0 and 3 are defined as direct tests, while those from parallel sensor 0 to 1 and 1 to 2 are

indirect tests.
2.2.3 Destructive tests

1) Density measurement. After cutting the elements into 25 cm segments, density of

measured on each segment, calculated according to EN 408+A1 (2010).



2) Bending test in elastic range. The bending tests were carried out according to EN
408+A1 (2010). The global modulus of elasticity (E;qtic) Was calculated. Each element
was subjected to three bending tests, with the tested length of 3450 mm. As an example,
Figure 3 f) shows the testing arrangement of Element 1. In order to have a variation of
stiffness along the length of the elements, middle parts of the elements were submitted to
more than one test, and the stiffness was calculated as the average from those tests. It is
important to note that a bending test is a destructive test when the member (test specimen)
is taken to failure to obtain the bending strength. However, as the scope of this analysis
was to obtain the bending MoE, the test itself is not destructive. On the other hand, to
perform this test it was needed to test the member removed from the structure thus its

destructive nature.

3. Results

3.1 Experimental results

After the preliminary visual inspection, all the segments were first classified into four
visual grade (I, I, III, and NC). Figure 5 a) shows the distribution of E;4;ic in terms of
each visual grade. Figure 5 evidences that the mechanical performances of small, clear
samples are influenced by density (Figure 5.b), whereas the presence of defects combined
with the possible presence of decay, allows to infer on the mechanical properties of on-
dimension timber.
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Figure 5 - Results of tests to obtain reference properties of timber: a) static global
modulus of elasticity; b) density

Although, in this case, the visual grading does not give conservative prediction of
the Esaric it still provides a reference category in terms of the level of defects and decay.

According to that premise, an outlier analysis was conducted for all the NDTs and DTs



results based on each visual grade as shown in Figure 5 and 6. Mean values and coefficient

of variation (CoV) of each parameters were listed in Table 3.
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Figure 6 - Results of NDTs: a) penetration depth; b) residual ratio; ¢) indirect AE
velocity; d) RM value; e) direct ultrasound velocity; f) indirect ultrasound velocity.

Table 3 - Results of NDTs and DTs

E. .. p d UV AE- U ui- v ul-

Parameter static, 3 r indirect | RM direct indirect
(N/mm”) | (kg/m’) | (mm) (m/s) (m/s) (m/s)

Overal] | Mean | 7515 581 | 15.0 | 77% | 366334 | 331 | 1367 3691
Cov | 021 008 | 013 | 017 093 |019| 023 034

Visual | Mean | 8406 593 | 144 | 82% | 421369 | 354 | 1406 4055
gradeI | Cov | 0.09 006 | 0.10 | 0.11 | 084 |0.14]| 017 023
Visual | Mean | 8320 603 | 14.1 | 84% | 624462 | 349 | 1417 3788
grﬁde cov | 0.11 009 | 012 [010| 059 |015| o021 0.22
Visual | Mean | 6399 562 | 15.9 | 70% | 199969 | 304 | 1282 3248
grl"l‘?e Cov | 026 007 | 013|021 | 1.06 |022]| 031 0.49

In terms of the distribution, resistance drilling and pin penetration tests are the

ones with lower number of outliers, while the indirect acoustic and indirect ultrasound

test exhibit a larger presence of outliers. Moreover, the results for both indirect and direct

AE test are highly scattered. Around 25% of the tested points did not provide valid results

in the direct AE test mainly due to the low surface contact due to decay.



Furthermore, as shown in Table 4, two patterns of how the parameter values
change with respect to the visual grade were observed: Pattern /1 > [ > NC > [l
represented by density, and Pattern / =~ II > Il > NC represented by Esaic. It must be
noted that the tests not matching with the pattern obtained by Esu.ic may be either not
sufficient to fully define (or be correlated) to the mechanical properties, may also be

inversely correlated or simply being not suitable for application as a predictor of Esatic.

Table 4 - Typical change patterns in terms of visual grades

Parameter Pattern
Estatic I~ 11 >11I>NC
RM [ = Il > 11l > NC
Vul-direct I = I > 11l > NC
Vyi—indirect [ = Il > 11l > NC
p I >1>NC > I
r II > 1> NC > Il
VAE-indirect II >1 > NC > 1l
d H<I<NC<II

3.2. Linear regression correlation

Linear correlations were built between the resultant parameters from NDTs and timber
properties tested from DTs. The influence of the specimen size was taken into
consideration by assuming the results obtained in a single or multiple segments. This
means that since the elements were physically cut into 25 cm segment, the result values
for larger segments as 50 cm, 75 cm, and 100 cm were calculated by averaging the results
of 2 or more continuous 25 cm segments. The coefficients of determination (R?) of each
correlation are shown in Table 5. However, the analysis of the segment size effect was
only conducted in terms of density, due to the insufficient database of Esatic, as only 9

bending tests were carried out, yielding 13 values in total.



Table 5 - Summary of the linear correlations between non-destructive test parameters
and mechanical properties of the timber elements

p
R? 25 cm 50 cm 75 cm 100 cm Estatic
segment | segment | segment | segment
Pattern Il > r 0.19 0.42 0.61 0.66 0.17
I > NC >
111 (following d 0.20 0.32 0.45 0.52 0.41
the pattern by
P) Vag—indirect| 0.03 0.20 0.17 0.38 0.15
Pattern] =~ RM 0.14 0.07 0.24 0.25 0.72
v (?oli(l)lw > el v 009 | 002 | 008 | 015 | 0.6I@)
Ul—direct
the pattern by (BD) (BD) (BD) (BD) 0-(3)07({5(?)11)
Estatic) Vyi—girece | 0.01 0.01 0.09 0.13 0. 5.7(Edyn)
/ VaE—direct 0.03 0.05 0.04 0.12 0.40

In the density analysis, the correlations for 25 cm segments were relatively poor,
yet were significantly improved by enlarging the segment size, as the irregular values,
either very low or very big, generated by local features can be minimized through
averaging the test values along a longer segment. Moreover, the highest R? were given
by residual ratio and penetration depth, and their change from 75 cm to 100 cm were not
so significant. In that case, considering the accuracy and the number of analysis samples,
75 cm would be the most favourable choice.

In terms of the prediction ability, for density, moderate correlations (75 cm
segment) were provided by residual ratio (R?=0.61) and penetration depth (R?=0.45); and
for Egqtic reliable correlations were provided by the RM (R?=0.72) and indirect
ultrasound velocity (R?=0.71). Moreover, as for the changing pattern of each tests in
terms of the visual grade, it can be found that the NDTs which show the same change

pattern as density or Estutic, are the ones that provide better correlations.

3.3. Multiple regression correlation

Multiple regression analysis was applied for different combination of tests. Adjusted
coefficient of determination (R2, ;) the modified version of R? adapted for the number

of predictors, was adopt for comparison of prediction ability for the different test




campaigns.

3.3.1 Multiple regression analysis for density

As concluded before, the 75 cm is the most favourable segment size, therefore the
multiple regression for density was conducted with that value as presented in Table 6.
Model 1 to 5 are the models that can be made when only one device is available onsite.
In that case, the best predictor is given by the residual ratio (R2, ;=0.72). Model 6, 7, 8,
12, and 13 reveal that no parameter could provide any significant contribution to the
correlation between density and residual ratio. Through model 9, 10, 11, 14 and 15, the
best correlation when residual ratio is not available, would be given by the combination
of penetration depth and RM (R2, ;=0.72), slightly higher than penetration depth alone.

Hence, in terms of prediction of density, as seen by the multiple regression analysis, the

combination of tests did not produce any significant change.

Table 6 - Multiple regression values and parameters used for density prediction (75 cm

segments)

G 3 2 & 3
S © > = 3 g E b Réaj

= = A o i

S S < N

P P

o 1 v 0.42
%’ @ 2 v 0.72
33 3 v v 0.72
22 4 v v 0.13
© 5 7 7 0.12
6 v v 0.70
- 7 v v 0.71
% 8 v v 0.71
9 9 v v 0.45
3 10 v v 0.38
= 11 v v 0.42
S 12 v v v 0.40
S 13 v v v 0.70
- 12 7 v v 0.41
15 v v v 0.40

3.3.2 Multiple regression analysis for Esiatic

The results of multiple regression analysis for Esatic are shown in Table 7. As concluded

Pre-print version. The final publication is available at Taylor & Francis Online: https://doi.org/10.1080/10589759.2019.1635593



from the linear correlation, the residual ratio and indirect AE velocity have little
correlation with bending stiffness, hence they were not considered in most of the test

combinations.

Table 7 - Multiple regression values and parameters used for E,;; prediction

- S 3 3 3
3 s | 3 = -‘? g E ‘|§ Raaj

= S A o =

S § N N
1 v 0.35
8_[ 2 v 0.68
55 [ 3 v 0.69
2 8 4 v v 0.66
S 5 v v 0.72
6 v v 0.30
= 7 v v 0.67
{-3 8 v v 0.77
0 9 v v 0.77
5 10 v v 0.82
2 11 v v 0.71
S 12 v v 0.76
S 13 v v v 0.79
&= 14 v v v 0.69

From model 1 to 3, when only one device is available, the RM or ultrasound
direct velocity can already provide moderate correlation. Moreover, for ultrasound test,
if combining the indirect and direct ultrasonic velocity, the correlation can be slightly
improved, yet for the resistance drilling test, combining two parameters gives no

improvement.

Comparing model 7 to 10 with model 3, the correlation involving RM would be
much improved if supplied with another parameter (except for pin penetration). The
highest RZ; ; was obtained by RM and direct AE velocity, equalling to 0.82. As for pin
penetration test, as shown in model 7, 11 and 14, it hardly provides improvement to the

correlation as a supplement for other tests.

Since reliable correlation could already be obtained from the combinations of
two devices, the models which would require three or more devices were not

considered.



3.4. Decay assessment

3.4.1 Decay and defect interpretation

According to the visual inspection, decay and defects were classified into three levels of
presence: low, medium and high. For decay by insects and fungi and defects as ringshake,
as shown in Table 8, low presence stands for where only local small holes superficial
fissures are exhibited, medium is when the decay is visible but the defect/decayed area is
less than half of the whole section, and high presence is where the defect/decayed area is
more than half of the whole section. For defects as knots, the severity level is determined
corresponding to the visual grade criterial in UNI:11119 low presence corresponds to
visual grade I, medium presence corresponds to II, and high presence corresponds to III

and NC.

Table 8 - Different levels of defect and decay

Defect/

decay type Low presence Medium presence Hg presene

Insect
attack

Fungi attack

Ringshakes

In general, insect attack is prevailing along all three elements with various level
of presence. Ringshake is also present in all three elements, yet most of them are
combined with medium to high level of fungi or insect attack, making it difficult to isolate

its influence along the element.



Fungi attack, however, was only found in Element 3. Moreover, from the residual
cross section map made from resistance drilling tests, all segments with superficial fungi
also presented severe inner rot, as shown in Figure 7. Hence, in this work, the mentioned

fungi attack is specifically referring to the combination of surface and indepth attack.

presence: low medium high presence: low medium high
insect AR fungi :

knot ringshake

gﬁ:\gﬁﬁfﬁnlngmﬁﬁju:iui_u_j%?%jw‘u‘u‘wlm!mlln!nix:5.\-|'Jrl.1u]|.w]|ml I|I
a)

N

@ @ D G @ @

IDKLLCE

il | 65 | %Y £ i (7) Residual area
| 2 B () Deteriorated area
(2 / G .

b)

20

1

(F]

13

(LR ]

2‘l:5l:s

2"]2&[19

:

Figure 7 - Decay interpretation of Element 3: a) defect map; b) residual cross section map

3.4.2 Influence of decay and defects to NDT and DT results

By classifying all the segments into different groups according to the defect and decay
presence and comparing the resultant parameters, the influence of defect and decay to
NDT results and timber properties are summarized in Table 9.

The presence of fungi or insects was found to lower all the test results. The
influence of ringshake, as it always presents along with other defects, only influenced the
results of the local tests, namely drilling resistance and pin penetration tests. Knots, which
are commonly the main parameter considered to influence timber properties, tend to
decrease most of the NDT results, yet a large concentration is actually also increasing the
density.

More importantly, Table 9 shows a rough estimation of how strong the influences
from different defects and decays are. As the change of wood properties (p and Estatic) are

the combination of all these influences with different contribution levels, this table



explains why it is hard for NDT to achieve reliable correlation to timber properties,

especially when only a single parameter is used.

Table 9 - Influence of defect and decay to NDTs and timber properties

Knot Fungi Insect Ringshakes
Decrease
p Increase (i) Decrease /
Decrease Decrease
Estatic (slightly) Glxongly) Decrease Decrease
RM Decrease (Iz tigf;ile) Decrease Decrease
. Increase Increase .
d Not significant (strongly) (strongly) Not significant
o Decrease Decrease Decrease /
Vui-indirect (strongly) (strongly)
_ Decrease Abnormally Decrease /
Vul-direct (slightly) low value (slightly)
Decrease
VaE—indirect Increase (slightly) / /
Decrease
VaE_direct Decrease (strongly) / /

3.4.3 Correlations with presence of fungi

According to the decay interpretation, only 14 segments (25 cm) were presented with
fungi attack, yet the number was not sufficient to build correlations for a group only with
fungi attack. In that case, to analyse its influence, the correlations were built for two
groups, the overall group and the group excluding the fungi attacked ones. Results are
shown in Table 10. Direct ultrasound test was not considered in this analysis as no valid

signal was detected in the fungi attacked segments.

Table 10 - Summary of R? with density in comparison with fungi attack

R2 50 cm segments 75 cm segments
Overall | Free of fungi attack | Overall | Free of fungi attack

r 0.42 0.67 0.61 0.76

d 0.32 0.39 0.45 0.46
VAE—indirect 0.20 0.20 0.17 0.19
RM 0.07 0.08 0.24 0.23
Vyl—indirect 0.01 0.05 0.09 0.17
VAR _direct 0.05 0.03 0.04 0.02




For the two best predictors for density, residual ratio and penetration depth,
excluding the fungi attack segments generally improve the correlation. Moreover, the
improvement was more significant for the residual ratio.

Although correlations within the segments exhibited fungi still need further
research with a larger database to determine, from the conclusion above, a preliminary
fungi inspection is highly recommended for in-situ NDT assessment of timber property,

in order to achieve a more reliable prediction.

3.4.4 Correlations with presence of insect attack

To analyse the influence of insect attack, three groups were considered, specified as the
Overall, the Free of insect which is consisted of the segments with non or low level
presence of insect attack, the Insect attacked which are the segments with medium or high
level presence.

Table 11 shows the summary of linear correlations. As a conclusion, three types
of influence of insect attack on predictability can be observed. The first one, including
residual ratio, penetration depth and indirect AE velocity, showed significant
improvement in Insect attacked. For poor predictors as direct and indirect ultrasound
velocity, no significant change can be observed between groups. Lastly, for RM ,
moderate correlation was found in Free of insect, yet almost no correlation was found in

Insect attacked. In that case, RM could be more useful for interpreting new sawn timber.

Table 11 - Summary of R? with density in comparison with insect attack

50 cm segments 75 cm segments
R? Free of Insect Overall Free of Insect Overall
insect attacked insect attacked

r 0.50 0.49 0.51 0.59 0.87 0.74
d 0.24 0.26 0.31 0.03 0.68 0.54
VAE—indirect 0.04 0.35 0.14 0.00 0.51 0.17
Vyl—indirect 0.04 0.10 0.03 0.00 0.01 0.02
Vyi—direct 0.00 0.22 0.14 0.00 0.09 0.08
RM 0.32 0.00 0.11 0.35 0.02 0.17

4. Conclusions

In this work, three timber elements from two historic timber trusses, with presence of
different types of decay were extensively tested by using different NDTs and DTs.

Correlations analysis were built between the resultant parameters and the timber
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properties. Although the small sample size in terms of elements, the analysis was made
accounting several segments of each element, thus increasing the overall sample size.
Nevertheless, the results must be taken with caution as they are representative of this
sample, but the framework here presented can be applied to different situations.

Generally, as for the best predictors, resistance drilling and pin penetration tests
perform as the best for density indication, while ultrasound and resistance drilling tests
give rather reliable prediction for modulus of elasticity. However, AE tests show very
scattered results which is due to their high sensitivity, were not suitable to assess the level
of decay in this study.

To further refine the model, the size of the specimen, the contribution of multiple
parameters, and the presence of decay were analysed.

Firstly, larger segment size is preferred as it reduce the abnormal values from very
local effects through averaging the result values. However, in practice, 75 cm would be
favourable in order to retain sufficient number of samples.

In terms of the multiple regression analysis, using more than one parameter do not
necessary give higher coefficients of determination, thus concluding that the option to
combine results of non-destructive tests must be made with caution. Even if all tests
provide different type of information, the aim of the analysis must be first defined in order
to understand what are the most suitable tests. For density assessment, residual ratio along
yield highest R2, j» yet for Egqqeic, although reliable correlation can already be achieved
by single parameter, some combinations can still improve the model.

The decay assessment was only made for the fungi and insect attack as limited by
the database. The presence of fungi decreases the predictability of residual ratio and
penetration depth, while the presence of insect attack exhibits three types of the influences
on different NDTs parameters. In that case, the preliminary visual inspection for
identifying the timber decay is highly recommended for on-site timber assessment, since
by classifying timber elements according to the level of decay, higher coefficients of

determination can be obtained.
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