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ABSTRACT: The paper focuses on the mechanical characterization and assessment of the state of preservation of
existing timber structures. Non-destructive tests (NDT) have great potential in estimating the mechanical properties of
wood through in-situ investigations, offering an alternative to destructive laboratory tests. However, their effectiveness
depends on the presence of reliable correlations between the NDT parameters and the physical and mechanical properties
of wood estimated through destructive test (DT). In this study, a statistical analysis of data obtained from NDT and DT
on a sample of ancient timber members in structural dimension from South Italy is presented and the corresponding
correlations are showed. The paper includes a brief description of the sample, a focus on the statistical methodology and
the results. It also offers a critical analysis of the correlation laws, highlighting those most reliable for in situ investigation.

KEYWORDS: Timber structures; in situ assessment of timber structures; mechanical characterization of existing timber
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1 —-INTRODUCTION EN 1912 standard [4], it is possible to identify a strength

In order to assess the safety conditions of timber class, deriving the mechanical properties to be used in the
structural analysis. In addition to this method, Non-
Destructive Test (NDT) can be performed on-site. The

main goal of NDT is to detect major wood defects and

structures the evaluation of actual mechanical properties
is a fundamental step towards diagnosis, structural
analysis and design of possible retrofit interventions.
Compared to other construction materials, the areas affected by decay, providing an indirect estimation
of the mechanical properties of timber structures without
compromising the structural integrity. In contrast, a

comprehensive understanding of existing structures can

mechanical characterization of timber is a challenging
task, especially for ancient timber members. The main
approach for on site evaluation consists in Visual
Strength Grading (VSG), which is based on the location
and measurement of some wood features according to

be achieved through Destructive Tests (DT). However,
these require the extraction of the whole structure or

grading rules provided by national standards (in Italy structur.al parts, in order to eyaluate the .mechanical
UNT11119 [1]; UNI 11035-1 and 2 [2, 3]). Therefore a properties in the laboratory. This approach is generally
not feasible in the assessment of existing structures. Non-

strength grade is attributed to the timber member - ; - >
Destructive Testing (NDT) techniques play a crucial role

depending on wood quality. Subsequently, through the
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in evaluating the mechanical properties of wood,
particularly those methods that allow for the indirect
estimation of such properties through correlations with
Destructive Testing (DT) results. Today, a wide range of
NDT techniques and instruments are available for
evaluating structural wood. Comprehensive overviews
can be found in numerous studies [5-8]. NDT methods
are generally classified as either non-destructive or semi-
destructive, based on the extent of damage they cause.
Common semi-destructive techniques include resistance
drilling, core drilling and screw withdrawal. These
methods enable the measurement of parameters that can
be used to indirectly estimate wood density, as
demonstrated in studies on various wood species [5, 9-
11]. Another important group of NDT methods involves
stress wave-based techniques, primarily used to assess
structural stiffness [5, 8-11]. These include sonic and
ultrasonic stress wave methods, both of which rely on the
propagation of sound waves through the material. Based
on Time-of-Flight (TOF) measurements, these methods
allow for the estimation of the Dynamic Modulus of
Elasticity (MOEgy). Several studies investigated the
relationship between static and dynamic elastic moduli,
finding strong linear correlations across several wood
species [12,13]. Vibration-based methods form another
category of NDTs. These techniques are based on the
natural frequency of timber, which is directly related to
stiffness. Natural frequency is typically measured after
inducing vibrations—often with a hammer impact—
using commercial devices. From these measurements,
MOEg4y, can be derived to predict the Modulus of
Elasticity (MOE). Extensive literature supports the use of
this technique for evaluating the mechanical properties of
timber from various species [14-18]. Among the various
studies on the mechanical characterization of wood,
several authors carried out tests (NDT and DT) on ancient
timber members extracted from buildings belonging to
the Italian built heritage [10, 11, 19-24].

In this context, the present paper provides a statistical
evaluation of data collected from both NDT and bending
DT tests conducted on a sample of ancient structural
timber elements [25, 26]. The study explores the
relationships between the test results and offers a detailed
analysis of the correlations. It includes an overview of the
the statistical
methods applied and discusses the main findings.

sample characteristics, emphasizes
Furthermore, the study critically examines various
correlation models to identify the most reliable ones for

on-site assessments.
2 - BACKGROUND

The work falls in the context of the research project
DPC-ReLUIS, at the current edition 2024-2026, with
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regards to the reduction of the seismic vulnerability of
existing buildings. To achieve a complete understanding
of existing structures through testing, the most direct and
effective approach is to carry out DT. However, the on-
site prediction of the mechanical properties of wood can
be performed through NDTs, exclusively, due to the need
of conservation of ancient timber members belonging to
historical buildings.

3 - PROJECT DESCRIPTION

The sample of study consists of 18 struts made of
Chestnut (Castanea sativa, CS, 5 specimens) and
Corsican Pine (Pinus nigra subsp. laricio (Poir.) Maire,
PNL, 13 specimens), extracted from an historic building
in Cosenza old town [25]. For the mechanical
characterization of the timber member, the following
investigations were carried out at the University of
Calabria (Fig. 1): geometrical survey, VSG, NDTs
(moisture content measurement, drilling resistance test,
acoustic test and vibrational test) and DT in bending [25].
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Figure 1. a) Geometrical survey;, b) Used instruments, c¢) Non-
Destructive Test; d) Destructive Test in bending.

The geometrical survey was carried out with both direct
survey and indirect survey methods based on laser
scanner and photogrammetric method. It was noted as the
Chestnut  specimens had greater geometrical
irregularity than Corsican pine. Subsequently, the VSG
was performed according to the grading rules provided
by the Italian National Standards [1-3] and then a strength
class was assigned to each specimen [4]. For PNL, 9
specimens were graded above Grade 111, specifically 7
specimens have Grade II and 2 specimens have Grade I,
the other 4 specimens have Grade III. For CS, only one

a

out of five specimens reached Grade II, with the
remaining ones falling into the lowest grade (Grade III).
Definitely, PNL showed a superior wood quality
compared to CS. Most of the CS specimens were
penalized due to the presence of large knots, whereas the
worst grading criterion for PNL was the slope of the
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grain. Hereafter, average values of results are reported.
From NDT, the moisture content of the specimen was
measured (MCcs=14.7%; MCpni=17.2%), they being
slightly higher than the reference value (MC:12%). In
agreement with literature, high value of drilling
resistance (R,) was found for CS than PNL ones
(Rmn,cs=27.7%, Rmpni=20.2%,). The Acoustic test (A)
was performed through both direct and indirect measures.
From this test as well as from Vibrational test (V) the
Dynamic Modulus of Elasticity MOEgy, was calculated.
From acoustic test similar value of MOEgy, were found
for both CS and PNL sample (MOEgyn a,cs=12800 MPa;
MOEgynapni=12500 MPa). In contrast, vibrational tests
showed that CS sample was on average stiffer than PNL
(MOEdyH,V,cszl 1500 MPa; MOEdyn,V,pNLZIOSOO MPa).
The density of the specimens was calculated by directly
measuring the specimen’s mass and volume
(pcs=612kg/m?; ppni=590kg/m?). Then, the bending tests
were performed. The corresponding load-displacement
(F-w) curves are shown in Figure 2.
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Figure 2. Bending tests: Load-displacement curves.

From the elastic test, Modulus of Elasticity for PNL was
on average higher than for CS (MOEpni=8600 MPa;
MOEcs=6000 MPa). The same trend was found for
strength (fmpni=22.9MPa; fi,cs=13.5MPa). Very low
values were found for two (2/5) Chestnut specimen, due
to the presence of large knots at the tension side. From
the load-displacement (F-w) curves (Fig. 2), a fragile
behavior up to collapse can be recognised. The following
different types of failure occurred: in most specimens,
fracture at the notched joint, placed at the tension side;
fracture triggering near the large knots placed at the
tension side. In general, low strength values
corresponded to this type of failure. For six specimens a
vertical crack triggered at the tension side. A sudden
collapse occurred for specimen number 6 due to the

presence of a large resin pocket in the cross section [26].

4 - DESIGN PROCESS

The experimental results of NDT and DT were evaluated
using statistical methods. Based on NDT and DT
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parameters, a set of relationships was explored by using
linear regression. These models could provide an
estimation of the physical and mechanical properties of
the material, considering the randomness of the data
sample. Thus, the correlations were grouped into three
classes: correlation between NDT, DT and NDT-DT
parameters. Among them, the third group of models
(NDT-DT correlations) is the most interesting for in-situ
applications for predicting the mechanical properties of
wood. Considering that ND Techniques are valuable for
conducting structural health assessments of a timber
structure without causing harm, correlations between
NDT and DT measurements is surely a worthy mission.
Generally, the quality of the fit is evaluated using the
goodness-of-fit index, R?, which is a summary metric to
evaluate the linear model’s fit to a given set of data. The
linear regressions herein proposed are shown in Figure 3
with the corresponding R2.

5 - RESULTS
5.1 NDT CORRELATIONS

The correlations between non-destructive parameters
themselves, such as dynamic Modulus of Elasticity
(MOEgy) vs mean drilling Resistance Measure (Rp),
considering both Acoustic (MOEgyna; Fig. 3a) and
Vibrational methods (MOEgyn,v, Fig. 3b), were evaluated.
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Figure 3. Prediction of dynamic Modulus of Elasticity with drilling
resistance measure: a) MOE,y, 4 from acoustic test; b) MOEg,,,y from
vibrational test.

For both MOEyyn 4 and MOEygyn, v, quite good correlations
with Ry, were found. For MOEgyn,a vs R, R2 values equal
to 0.71 and 0.48 were obtained for Chestnut and Corsican
Pine, respectively. For MOEgynv vs Ri slightly better
correlations were found, with R? values equal to 0.72 and
0.58 for CS and PNL respectively. For CS, the good
prediction of MOEgy, by means of drilling resistance
measurement (Rn) was probably due to the good
correlation between Ry, and density (R?=0.92) which was
used for MOEyy, calculation.

5.2 DT CORRELATIONS

The correlations between the destructive parameters
themselves were evaluated, considering the bending
strength and the global and local moduli of elasticity, also
as respect to wood density.



The regression analysis between DT parameters provided
very interesting results. An almost perfectly linear
relationship was found between bending strength (fi) and
global Modulus of Elasticity (Em,, Fig. 4a). In detail, for
CS and PNL, R? values are equal to 0.97 and 0.92
respectively. This direct proportionality between strength
and stiffness also emerges from Figure 2, where it can be
seen that the curve showing the highest failure loads at
the same time are the steepest ones (i.e., with the highest
Modulus of Elasticity). Similarly, also the correlations
between bending strength (f) and Local Modulus of
Elasticity (Em,, Fig. 4b) are good, with R? equal to 0.61
for CS and 0.60 for PNL. Furthermore, from Figure 4 it
is evident that the regression lines for the two wood
species are almost overlapping and consequently the
correlation equations are very close. Therefore, it can be
stated that for the examined sample, the linear
relationship between local/global elastic moduli and
strength is independent of the wood species.
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Figure 4. Prediction of bending strength f,, from a) global E,,, and b)
local E,,; Modulus of Elasticity.

As regards bending strength, the correlation with density
was evaluated. Quite good results were found for PNL,
with R? equal to 0.46, whereas a very poor correlation
was noted for CS (Fig. 5a). Furthermore, it can be
observed that the fi,, Em; and En g vs p relationships are
almost inversely proportional for Chestnut (Figg. 5a-c),
which is contrary to what is well known in the scientific
literature. Indeed, the regression laws are strongly
influenced by an outlier (i.e. specimen n.2), which
showed high value of density (p), but at the same time
low values of fin, En g and En (obtained from the bending
test), due to the presence of large knots at tension side
[26]. On the contrary, for PNL, quite good and good
correlations were found: R?=0.46 (finvs p), R?=0.46 (Em,
vs p) and R?=0.62 (Em, Vs p).

Finally, for both wood species, a good correlation was
found between the global and local Moduli of Elasticity,
R? values being equal to 0.65 and 0.69 for CS and PNL,
respectively. In Figure 5d the two regression lines are
shown. They are almost parallel, meaning that the
relationship between Global and Local Moduli has the
same proportionality for both species, although the
stiffness in PNL greater than in CS was noted.
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Figure 5. DT Correlations: a) bending strength f,, - density p; b) Local
Modulus of Elasticity E,,; - density p, ¢) Global Modulus of Elasticity
E,.q - density p; d) Local Modulus of Elasticity E,,;- Global Modulus of
Elasticity E,, .

53 NDT - DT CORRELATIONS

The relationships between non-destructive and
destructive parameters are the most interesting for on-site
application in the structural health monitoring of timber
structures. Therefore, many correlations were analyzed,
considering all the mechanical and physical parameters
shown so far. Generally, the correlations found for PNL
are more reliable than those for CS. As it is apparent from
Figures 6a and b the relationships f, vs MOEayn and fi,
vs MOEyyn,v are inversely proportional for Chestnut, due
to the outlier of specimen n.2, as previously discussed,
which showed high values of Ry, MOEgyn A, MOEgyn v,
and p, but at the same time low values of fin, En g and En
[26].
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Figure 6. NDT-DT Correlations: a) bending strength f,, - MOE,, from
acoustic test; b) bending strength f,, - MOE,,, from vibrational test; c)
density p - mean drilling resistance R,,; d) local modulus of elasticity
E,.; - mean resistance drilling measure R,,.

However, in agreement with literature,
correlation was found for CS between density and
drilling resistance measure (R>=0.92; Fig. 6¢), while it is
very poor for PNL (R?=0.12). However, for PNL good
correlations were found for the remaining parameters. In

a strong
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fact, the correlations between bending strength (fi,) and
the Dynamic Modulus of Elasticity obtained from
acoustic tests (MOEgy,a) and the vibrational test
(MOEgyn,v) showed R? values of 0.85 (Fig. 6a) and 0.79
(Fig. 6b), respectively.

For both the wood species poor to very poor correlations
were found for Enjvs Ry (R%ni=0.18; R%cs=0.01). for
Considering the prediction of the global Modulus of
Elasticity Emg (Fig. 7) through acoustic (Emg Vs
MOEgyna: R?=0.82) and vibrational methods (Emg vs
MOEgyn,v: R?=0.74) good correlation are found for PNL
with R?>=0.82 and R?=0.74, while for CS poor
correlations were found due to the presence of an outlier.
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Figure 7. NDT-DT Correlations: Global Modulus of Elasticity E,q vs
a) MOE,, 4 from acoustic test; b) MOEg,,y from vibrational test

6 — CONCLUSION

This study investigated the potential of non-destructive
testing (NDT) techniques as tools for predicting the
physical and mechanical properties of timber, through the
development and analysis of statistical correlations with
destructive testing (DT) parameters. By performing
linear regression analyses across NDT-NDT, DT-DT,
and NDT-DT datasets, relationships  were
identified, offering insights into the structural behavior of
Chestnut (CS) and Corsican Pine (PNL) wood species.
Among the NDT correlations, strong relationships were
found between drilling resistance measurements (Ry) and
Dynamic Modulus of Elasticity (MOEgyn), particularly

several

using vibrational methods. DT correlations confirmed
well-established mechanical behavior, with very high
linearity observed between bending strength (fn) and
Global Modulus of Elasticity (Emg) for both species. The
most promising outcomes emerged from NDT-DT
correlations, which are vital for practical applications
such as diagnosis and structural health monitoring of
existing structures. For PNL, high coefficients of
determination (R?) were consistently observed between
Dynamic Modulus of Elasticity (MOEgy,) and both
bending strength (fn) and Global Modulus of Elasticity
(Emg), indicating the effectiveness of acoustic and
vibrational methods in capturing mechanical behavior.
Conversely, for CS, the presence of an outlier notably
reduced correlation strength, emphasizing the need for an
extension of the sample and for potential outlier
mitigation in future studies. In the end, the findings

https://doi.org/10.52202/080513-0414
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suggest that NDT methods, especially when correlated
with reliable DT data, can serve as effective proxies for
mechanical characterization in on site assessment of
existing timber structures. Future work should focus on
refining the statistical models by reprocessing the dataset
with  appropriate
techniques, which could significantly enhance the
robustness and predictive accuracy of the correlations,
particularly for species such as Chestnut. Additional
efforts may also include expanding the sample size and
validating the proposed models.

outlier detection and removal
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