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The aim of this study was to investigate the effects of attack by xylophagous organisms on the 
physicomechanical properties of Araucaria angustifolia wood from the floor of a historic house in 
Pelotas, Southern Brazil using two nondestructive methods. To achieve this, samples were collected 
from the floor for visual assessment by photography in metric scale. All the images were exported 
to CAD software in order to measure the percentage of the sample’s surface attack in relation to its 
total area. Subsequently, nondestructive tests were performed using an ultrasound with two types of 
transducers. Mechanical properties of the material was measured through static bending tests and 
these results were compared with the results of nondestructive methods. The nondestructive methods 
of computerized visual analysis and ultrasound were efficient for quantifying the surface attack and 
showed a good relationship with the results obtained in static bending tests.
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1.	 Introduction
Wood is the most important renewable feedstock in the 

world but for many applications, the life cycle is limited 
by its natural low durability1. In general, wood-based 
products are exposed to several external conditions, such as 
mechanical wear from continuous loads, moisture changes, 
fungal degradation and insect attack2. Wood is an organic and 
biological material that suffers the action of xylophagous 
organisms, which are responsible for a partial or complete 
deterioration and reduction of service life.

Many and simple techniques are used to evaluate the 
degree of wood deterioration, such as visual inspection 
with magnifying lens and nondestructive tests (NDT) in 
order to complement the results2. NDT is the science for 
identification of the physical and mechanical properties of 
a material in order to make decisions without modifying 
the final uses3,4. The advantages of NDT’s are security, 
low cost, versatility5,6, considerable reduction in the test 
time, standard laboratory equipment are not required7,8, 
estimation of defects in the material7,9,10 and easy transport 
of the equipment in comparison to destructive techniques.

The main NDT techniques are: ultrasonic wave 
propagation  –  which is divided into acoustic wave 
techniques (Acoustic emission - AE) and ultrasonic’s waves 
(Acousto ultrasonic emission - AU)11 –, electrical resistance, 
colorimetry, dielectric properties, X-ray, transverse vibration 
technique or resonance technique, and the stress wave 
method12.

AU techniques are mainly employed to illustrate the 
biological modifications of the wood structure, determine 
the elastic constants and evaluate the sawing. Techniques 
that use resonance frequency, ultrasound velocity and 
acoustic emission can evaluate the structural and functional 
integrity of many wood products13. AU techniques are 
essential to ensure the security of the structure analyzed 
and, consequently, a big service life through the methods 
of defects repair10.

The constant evolution of NDTs14 contrasts with a 
decrease in the use of destructive methods, which, despite 
achieving more accurate results, the time required for 
analysis, equipment cost, difficulties in the transport 
and the destruction of the samples thwart or even make 
impracticable the use of such methods.

In this context, the present study aimed to characterize 
the effects of attack by xylophagous organisms on the 
physicomechanical properties of the wood using a visual 
computerized analysis and ultrasonic methods.

2.	 Material and Methods

2.1.	 Location and samples preparation

Wood samples from Araucaria angustifolia specie 
attacked by termites were collected from a floor in a historic 
house located in Pelotas (31° 46’ 19” S and 52° 20’ 34” W, 
7 m above sea level), Southern Brazil. The material was *e-mail: andreluizmissio@gmail.com
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macroscopically identified as described in Procedure for 
Wood Anatomy Study: Gymnosperms15.

Forty samples measuring 80 mm × 20 mm × 310 mm 
(width, length and thickness) were prepared in order to 
perform three ultrasonic assays (A, B and C) with flat side 
transducers (frequency of 50 kHz and diameter of 5 cm). 
Subsequently, the samples were resized to 20 mm × 20 mm 
× 310 mm for ultrasonic assays with a dry point contact 
transducer, totalizing 120 samples, as illustrated in Figure 1.

The samples were then placed in a climate chamber 
at 20 °C and 65% relative humidity to obtain equilibrium 
moisture content (~12%).

2.2.	 Evaluation of biological attack

2.2.1.	 Computerized visual analysis

The computerized visual analysis was performed to 
evaluate the percentage of attack by xylophagous organisms 
in relation to the total area of the sample. Photographs 
in a metric scale were taken using a digital camera. All 
the images were exported to CAD software in order to 
quantify the percentage of the attack presented in each 
sample. To achieve this, the surface areas with attack by 
xylophagous organisms were demarcated (graphic plot) and 
the percentage of attack in relation to the total area for each 
sample was measured.

As observed in Table 1, the surface attack was classified 
into five groups in order to facilitate data visualization. Each 
group corresponds a percentage level of attack, in which 0% 
means no attack and 100% signify fully attacked.

The computerized visual analysis was performed 
in the resized samples, e.g., in 120 samples measuring 
20 × 20 × 310 mm. Thus, the subdivision of the groups 

was unbalanced with differentiated sampling number and 
the statistical analysis was performed with unbalanced data.

2.3.	 Nondestructive evaluation

Nondestructive tests were performed through a TICO® 

ultrasound (made in Switzerland) equipped with two flat side 
transducers (50 kHz). Transducers remained distant from 
20 cm in order to perform three measurements (Figure 1) 
for the determination of time of wave propagation.

The resized samples (20 mm × 20 mm × 310 mm) were 
used in nondestructive tests with dry point transducers 
(standard frequency of 54 kHz). Three measurements of 
time of wave propagation on the longitudinal direction and 
on the center of the cross section and the average value 
was considered. The use of two types of transducers was 
proposed in order to verify any disparities in the results of 
prediction of wood defects, which could help to indicate the 
best solution for any problem.

Velocity of ultrasonic wave propagation (V) in meters 
per second was determined based on ratio of distance 
(L) between the transducers and time of ultrasonic wave 
propagation (t). Thus, dynamic modulus of elasticity (E

D
) 

was also determined through Equation 1.

−= 2 6
DE  V ·D·10 	 (1)

In which: E
D = 

Dynamic modulus of elasticity (MPa); 
V  =  velocity of ultrasonic wave propagation (m.s–1); 
D = Basic density (kg.m–3).

E
D
 measured with flat side transducers was named E

Df 

and the variable measured with dry point transducers was 
named E

Dd
. Measurement of basic density was performed 

based on Brazilian Technical Standards Association – NBR 
719016.

2.3.1.	 Destructive evaluation

Static bending tests were performed using a universal 
testing machine with capacity of 200 kN. Tests were 
carried out as described by American Society for Testing 
and Materials - ASTM D 143-9417 and static modulus of 
elasticity (MOE) and modulus of rupture (MOR) were 
determined.

2.4.	  Data analysis

The data collected were analyzed through analysis of 
variance (ANOVA) and regression models were adjusted. 
The comparison in ANOVA was performed with F Test at 
5% of probability of error. When the null hypothesis was 
rejected, the average values were compared with Fisher 
LSD (Least Significant Difference) Test at 5% of probability 
of error.

Heterogeneity of variance, normality and independence 
of residuals in the mathematical models were verified by 
White, Shapiro-Wilk and Durbin-Watson tests, respectively. 
The models were created differentiating the groups (see 
Table 1) and the type of transducer used. The dependent 
variable was MOE and the independent variables were E

Df
 

and E
Dd

. The adjustment of quality of models was evaluated 
by the coefficient of determination (r²), the mean absolute 
error (MAE), F statistic and p-value.

Figure 1. Scheme of wood samples preparation from the Araucaria 
angustifolia floor.

Table 1. Groups for the classification of samples in relation to the 
level of attack by xylophagous organisms.

Group Level of attack (%)

T1 Zero

T2 0.01-9.99

T3 10.00-19.99

T4 20.00-49.99

T5 50.00-100.00
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3.	 Results and Discussion

3.1.	 Basic density variation

As observed in Table  2, the attack by xylophagous 
organisms was characterized for the variation of basic density 
of the samples (groups T1-T5) based on computerized 
analysis, i.e., analysis of percentage of surface attack.

Basic density (D) of healthy wood samples (T1) showed 
higher average value and was statistically different from all 
groups with an attack by xylophagous organisms (T2, T3, 
T4 and T5) (Table 2). Construction of galleries inside the 
wood characterizing the attack by xylophagous organisms 
(termites), which decrease the weight but maintain the same 
volume and, consequently, decrease D. Average value of 
group T1 was higher than found in other studies, which 
were 550 kg.m–3[18] and 520 kg.m–3[19].

The higher average value of density than those found 
in other aforementioned studies could be explained due 
to the wood samples were collected in a historic house 
after 70 years or more of exposure. In this period, building 
construction is carry out with a centennial trees (high 
proportion of mature wood), whereas other studies18,19 used 
wood from trees 19 and 50 years old, respectively.

Researchers20 studied wood degradation by ultrasonic 
method and reported that weight loss was proportional to the 
exposure time of wood samples to xylophagous organism. 
The authors found 42.35% of weight loss after 16 weeks 
of exposure, which was higher than the highest weight loss 
found in the present study (21.07%).

3.2.	 Ultrasonic wave propagation velocity

The velocity of ultrasonic wave propagation (V) 
measured for flat side transducers did not show a defined 
tendency, in which only the treatment T2 was significant 
higher (Figure 2). The standard deviation of V for flat side 
transducers was higher than the values found for dry point 
transducers and jointly with the difficulties of coupling of 
transducers on the samples could have difficult the analysis 
of the results.

On the other hand, V obtained with dry point transducers 
showed a defined tendency, in which V decrease with an 
increase of the attack level. Treatments T1 and T2, that is 
no attack or low attack level, were significantly different in 
relation to treatment T5 (highest attack level for xylophagous 
organisms). Treatments T3 and T4 presented transitional 
characteristics in V and did not significant different in 
relation to the other treatments.

Other studies10,21 reported that the internal galleries 
created on wood by xylophagous organisms significant 
increase the empty spaces inside the material. The same 
authors affirmed that V is significantly affected by the attack 
level in the sample, that is, V decrease with an increase of 
attack level, which are related with decrease of D and weight 
of the material.

3.3.	 Mechanical properties

The mechanical properties of MOE and MOR gradually 
decreased with an increase of attack by xylophagous 
organisms on the wood. This behavior is related to the 

Table 2. Statistical summary of the variation in basic density of 
Araucaria angultifolia wood attacked by xylophagous organisms 
classified according to attack level.

Group Mean 
(kg m–3)

Maximum Minimum CV 
(%)

T1 603.84 c 652.81 573.99 4.22

T2 512.36 b 564.63 427.81 7.05

T3 508.09 b 577.60 417.26 10.46

T4 476.36 a 580.57 377.6 11.77

T5 488.06 ab 552.57 384.03 10.37

In which: CV = Coefficient of variation (%). Means followed by the same 
letter in the column are not statistically different at 5% of the probability 
of error (Fisher LSD test).

Figure  2. Mean values of V according to the attack level by 
xylophagous organisms. Means followed by the same letter, 
lowercase and uppercase, are not statistically different at 5% of 
the probability of error (Fisher LSD test).

Figure 3. Mean values of MOR and MOE according to the attack 
level by xylophagous organisms. Means followed by the same letter, 
lowercase and uppercase, are not statistically different at 5% of the 
probability of error (Fisher LSD test).

Figure 4. Mean values of E
D
 (flat side and dry point transducers)

 

according to the attack level by xylophagous organisms. Means 
followed by the same letter, lowercase and uppercase, are not 
statistically different at 5% of the probability of error (Fisher 
LSD test).

2013; 16(5) 1205
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Figure 5. Linear regression models. Points = observed data; Line = Calculated data; y = MOE –modulus of elasticity; x = E
Dd – 

dynamic 
modulus of elasticity (dry point transducer) and E

Df – 
dynamic modulus of elasticity (flat side transducer); r2 = coefficient of determination.
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deterioration caused by termites that form galleries inside the 
wood, compromise the physical structure and consequently 
the mechanical properties. This decrease of MOE and MOR 
is observed in Figure 3, which show the mean values of these 
properties in relation to the level of attack by xylophagous 
organisms.

The average values obtained for the samples without 
pathology (T1) are higher than those found in other study18, 
that reported average value of 9764 MPa for MOE and 64 
MPa for MOR. On the other hand, a research21 reported 
average value of 10841 MPa for MOE and 74.6 MPa for 
MOR, which the first was similar and the last was higher 
than found in the present study T1. In other research19 with 
the same species, the authors found 11115 MPa for MOE, 
which also was higher than T1 group of the present study.

 Significant reduction in mechanical properties of wood 
from Eucalyptus urophylla, Melia azedarach, Lophantera 
lactescens, Pinus elliottii and Inga marginata species 
exposed to field tests were reported due to the action of 
biotic factors22. MOE decrease 1-38% and MOR 5-52% in 
wood samples of M. azedarach and E. urophylla, repectively. 
In the present study, reduction of MOE was 8.1, 19.7, 38.6 
and 42.8% and reduction of MOR was 18.4, 40.6, 53.5 and 
56.9% for T2, T3, T4 and T5, respectively, when compared 
to T1.

E
Df 

(Fflat side transducers)
 
and E

Dd 
(dry point transducers) 

obtained similar values for MOE and MOR, in which these 
properties decrease with an increase of level of superficial 
attack (Figure 4). Researchers20 observed in a similar study 
that E

D 
proportionally decreased with an increase of levels 

of attack by xylophagous organisms at the same way of 
variation found for D.

T3 group was characterized as a transition group 
according to computerized analysis and Fisher’s Test 
because T1 and T2 was statistically different at 5% of 
probability of error in relation to T4 and T5.

3.4.	 Linear regression models

Linear regression models (Figure  5) adjusted for 
independent variable E

Dd 
showed higher significance than 

adjustments for E
Df

, except in group T1. This behavior 
could be related to the resizing of the samples used in the 
tests with dry point transducers, in which the evaluation of 
internal defects of wood are better measured by ultrasound.

All the final models showed normality of data (Shapiro-
Wilk test: p-value > 0.05), variance heterogeneity (Shapiro-
Wilk test: p-value > 0.05) and independence of residuals 
(Durbin-Watson test: p-value > 0.05).

The results found in this study (r2 between 0.32 and 0.78) 
are similar to other models between MOE and E

D
 reported 

in other studies. The use of ultrasound for determination 
of MOR is not recommended because the ultrasonic 
technique is based on Hooke’s Law, which affirmed that 
the deformation is equal to the normal stress in elastic 
regime of any material and, consequently, differ of plastic 
regime (deformation is not proportional to the increase of 
normal stress)23.

4.	 Conclusions
The nondestructive method of computerized visual 

analysis was accurate in the subdivision of surface attack 
levels. The ultrasonic method was efficient in the estimation 
of dynamic modulus of elasticity when used jointly to the 
computerized visual method.

Basic density, modulus of elasticity, modulus of rupture 
and dynamic modulus of elasticity proportionally decreased 
with an increase of attack level of xylophagous organisms, 
which confirmed accuracy of the method.

Use of dry point transducers showed the best linear 
regression models between static and dynamic modulus of 
elasticity than flat side transducers.
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