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Abstract
Several non and semi-destructive testing (NDT and SDT) methods have already
been developed for in situ assessment of structural timber member’s properties or
deterioration level. The use of these methods as auxiliary tools to the traditional
visual strength grading method can only be current if a fully comprehension of
their limitations and reliable exploitation of their possibilities is achieved.
This chapter discusses the possibility of obtaining more reliable predictions by
combining information from NDT and SDT methods taking into account possible
sources of uncertainty. SDT methods can provide direct measurements of a
desired wood’s property (e.g. density or mechanical properties) and then be used
to cross-validate the information obtained from indirect measurements (e.g.
drilling resistance, stress wave velocity). The discussion is based on an example
of prediction of bending modulus of elasticity through the combined information
obtained from a stress wave NDT and a tension SDT method.

Introduction
Structural timber members present a high variability of properties (between and
within members) being influenced by various variables. Among these variables
wood species, density, defects and moisture content are the ones mostly taken into
account during the survey of timber structures. Considering the large spectrum of
variables involved and the difficulties in assessing their influence on the global
mechanical behaviour of a structural timber member, several non and semidestructive testing (NDT and SDT, respectively) methods have been developed.
The description and limitations of these methods were already analyzed in recent
reports [1, 2].
Visual strength grading (VSG) was the first NDT to be developed and is still
the basic tool used in the assessment of timber structural members. VSG provides
reliable results (meaning over conservative) and a long-term experience of its application in situ. However these over conservative values lead often to the demoli-
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tion of structures showing no signs of damage or deformation after several years
(in some cases centuries) in service. To support expert’s decision other NDT and
SDT methods were developed as auxiliary tools to VSG for the allocation of more
reliable (meaning closest to the real value) mechanical characteristics to structural
timber members in situ. However several shortcomings explains why their applications is limited and the final decision is still based solely on expert’s opinion
and application of a simplified set of visual rules.
NDT and SDT methods can be differentiated based on the type of information
provided:
• Local (limited to a small volume of the element) or global (all volume of the
element).
• Direct measurement or an indirect measurement of the desired property (density, strength, stiffness).
• Qualitative or quantitative measurements.
In the present chapter direct methods are the ones that provide a direct evidence
of the mechanical or physical property of a wood member under examination.
This definition includes methods that although providing a direct reading will require further information in order to extrapolate local to global behaviour. Other
meaning is found in literature considering direct methods those not involving the
need for empirical models (e.g. tension of micro-specimens) [3]. Direct methods
can include the removal or not of wooden material. Proof-loading is an example of
a NDT method capable of deliver a direct measurement of the global modulus of
elasticity of timber beams in service [4]. However this method can only be applied
in certain situations [5].
In some cases the removal and testing of structural members in the laboratory
provides a direct information that can increase the reliability of NDT/SDT predictions. However this destructive procedure is dependent upon the possibility of removal of timber members (e.g. not suitable in historic structures) and results have
again to take into account the gross wood’s variability between members.
Direct assessment of physical and mechanical properties can be obtained by
some SDT [6]. Indirect methods (NDT or SDT) are frequently applied in situ
based on uni or multivariate empirical models (e.g. regression analysis) linking
indirect measurements (e.g. ultrasonic modulus of elasticity, drilling resistance) to
desired properties (e.g. static modulus of elasticity, density). Unfortunately on
most cases the existent regression models are characterized only by its coefficient
of determination and nothing is mentioned about the uncertainty of the different
models.
Wood complexity and general difficulties associated to performing measurements in situ require a careful planning of the inspection works. This should begin
always by settling on the property or properties to predict. Given a certain property the second step includes the choice regarding: NDT&SDT methods to apply;
locations of testing; number of data to obtain from each method; and, suitable data
analysis procedures.
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Regarding data analysis it should be considered the restrictions regarding extraction of samples which only allows that only a few samples can be obtained and
analyzed (small sample size). Also the majority of NDT and SDT methods provide local properties and only concern clear wood properties. For the prediction of
the global behaviour of a timber member these information needs to be combined
with information from defects (mostly knots and slope of grain).
The present chapter discuss the possible improvement of the reliability of predictions based on the combination of NDT and SDT methods.
NDT/SDT methods Indirect estimators Direct estimators Material properties
Core Density
Core drilling

Edyn
Em
Stress waves
Time-of-flight

Tension test

Etension

Fig. 1. NDT&SDT methods used for predicting the static modulus of elasticity. Edyn – Dynamic
modulus of elasticity; Em– Bending modulus of elasticity

Core drilling (SDT), stress waves (NDT) and tension tests (SDT) are used as
example for the discussion, Figure 1. The use of these methods for the prediction
of two reference properties (density and modulus of elasticity) is analysed taking
into account possible sources of errors, the effect of small sample size, the high
spatial variation of properties inside a timber member and possible error propagation.

Joint use of direct and indirect measurements
As for other material a more precise and accurate assessment of timber members in situ can be achieved by joining information from different sources [7]. This
combination of information can be done by:
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• considering both as independent variables in a common empirical model (e.g.
multiple regression analysis);
• using direct readings to calibrate the indirect readings made in situ. This
calibration includes validation of prior regression models as well as to quantify
adjustment factors (e.g. wood moisture);
• using both data as independent predictions of the property – possibility of
cross-validation of the prediction.
• using first a fast technique as a preliminary screening of the structure followed
by a second time-consuming technique in areas selected from the results of the
first technique (e.g. thermography followed by drilling resistance for assessing
presence and extension of decay).
Although considered above as autonomous paths they can in fact act together.

Uncertainties involving in situ evaluation
Whatever the path followed it must be bear in mind that predictions are always affected by errors, including aleatory (high spatial variability inside a timber member – within the cross section and length) and epistemic errors (lack of knowledge
on the material or models, associated to the test method and human errors). These
errors lead to a certain degree of uncertainty of the prediction made using NDT
and SDT “…the estimate of even single parameters using established methods can be contaminated by significant errors and caution must be exercised in interpreting experimental data.” [8].
The awareness of the type of error is only important as a mean to recognize what
are the possibilities to diminish the amount of error. In the assessment of existing
elements the uncertainty can be considered as epistemic (the errors are only due to
our incapacity to get the necessary information, to deal with human errors or to
apply the correct test methods) [9].
Wood’s variability (aleatory error) can as a rule of thumb be considered known
using the values provided in Table 1. These values should be regarded as start up
values possible to be adapted to any particular situation (type or quality of wooden
members, amount of information possible to be collected on site).
Table 1 Coefficients of variation for clear wood and structural timber
Property

Clear wood [10]

Structural timber [11]1)
10

Density

10

Tension strength parallel to grain

25

30

Bending strength

16

25

Compression strength parallel to grain

18

20

Modulus of elasticity in bending

22

1)

13

Values for European softwood and corresponding to a number of tests equal to 10

4

This uncertainty is always present since the number of samples or measurements possible to be made are limited and the extrapolation process (local to global assessment) is always complex given the nature of a timber member – heterogeneous, anisotropic and hygroscopic.
The limitations associated to the different NDT and SDT methods usually applied are described in a recent report [2].

Uncertainties associated to NDT/SDT methods

Density prediction using core drilling
Density is an important property given his positive direct impact in the strength
and stiffness of wood. Some of issues involved in the determination of density in
situ are discussed in [8]. It is also used to predict the modulus of elasticity through
the determination of the dynamic modulus of elasticity. Density can be predicted
using core drilling (SDT), drill resistance (SDT), penetration resistance (SDT) and
pull-out resistance (SDT) [12]. The accuracy and precision of density’s prediction
model is strongly dependent on the variability showed by each individual timber
member. Density’s variation occurs along its length and within the cross-section
(width and depth). The error of prediction can be partially dealt if the NDT or
SDT method is applied taking into consideration important characteristics of the
member (namely wood species, growth ring pattern and spatial variation inside the
member) and if a sufficient number of readings are collected. Statistical models allow having an estimative of error as function of the number of readings collected,
Figure 2. However this error is underestimated since it does not consider a possible spatial variation which usually occurs in wood. Consequently the sample size
effect on error given by models as the one illustrated in Figure 2 only provides
guidance for maintaining a certain level of precision and does not ensure the accuracy of our prediction.
Core drilling is a multifunction SDT method capable of providing information
about wood species, moisture content, strength and density. The determination of
density of core samples can be done according with standard procedures. Since the
number of readings is limited (due namely to level of destruction made to the timber member) and considering the level of variability that can be found in a sole
timber member the reliability of density’s prediction is highly dependent on: the
number of readings; and, the way they are carried out in order to ensure a proper
representativeness of the material under observation. Therefore the accuracy of
this SDT method depends strongly on expert decision about where to extract and
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the length of the cores whereas precision are more related with the number of
cores extracted.

Fig. 2. Error as function of sample size and mean density (coefficient of variation of 10%) [13]
To illustrate consider a timber member with a cross-section 304 mm x 148 mm
and two possible annual ring patterns (quarter-sawn and boxed heart). A quartersawn pattern (A) can be considered closest to a homogeneous section. In this example the density of each layer of latewood and earlywood is randomly generated
assuming a normal density probability function using data taken from [14]. No
lengthwise variation is assumed. A collection of four cores taken perpendicular to
the grain and with different depths was simulated.
A boxed heart pattern (B) shows a cross-section variation of density was considered from the pith to the surface. Also no lengthwise variation was considered.
In old timber structures large cross-section usually contains the pith inside showing an annual growth ring pattern similar to case B. For this case a comparison
was made between taking four wood cores from the edges or taking two from the
edges and two from the faces.
For all cases a bootstrap method was applied running 10000 iterations. Figure 3
shows the result of the different simulated cases. Figure 3 shows the importance to
take into account the variation of properties inside a timber member in the prediction of density by a core drilling method. Depending on the type of growth ring
pattern, cross-section variability and type of core samples (depth and extraction
procedure) density prediction’s error can vary in average from 0% to 15%. An estimation of the lengthwise and cross-section variability can be obtained by using
another SDT method – drilling resistance. The variation of growth ring width is
another source of variability not taken into account in the present simulation.
Density values are affected by moisture content and thus wooden cores they
can be dried and moisture content determined for carried out the necessary correc-
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tions. The need to apply correction factors are always a difficult issue being address in another chapter of the present publication [15].

Fig. 3. Estimated error associated with density prediction through core drilling. ∆ - cross-section
variability; s – type of sampling (1 – all samples taken at the edge; 2 – two samples taken at the
edge and other two on the faces)
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The accuracy in density’s prediction is important since this variable will be
used for predicting the dynamic modulus of elasticity or directly the mechanical
properties.
Other NDT/SDT methods for predicting density are available being some described in other chapters [16].

Modulus of elasticity prediction using stress waves
Static modulus of elasticity can be predicted by tension and/or compression tests
(SDT) [17, 18], dynamic response (NDT) [19], stress waves (NDT) and load test
(NDT) [12].
The prediction of the static bending modulus of elasticity (Em) is usually obtained in situ using the correlation with the dynamic modulus of elasticity (Edyn),
regression equation below.
E

m

= a + bEdyn + ε

The dynamic modulus is obtained by applying stress waves NDT methods in
situ. Information about the use of stress waves for in situ assessment of structural
timber can be found in [12]. Wood is an orthotropic material being the equations
of motion for bulk waves given by Christoffel’s equation [13]. However considering the complexity of wood material and the experimental conditions on site a
simplification is made and it is applied the equation for isotropic solids and obtaining a prediction of the dynamic modulus of elasticity (Edyn) as showed above.

E

(

dyn

)(

2  1 + υ 1 − 2υ
= V ρ
 (1 − υ )

)



Considering the complexity of determining in situ the Poisson’s ratio the above
simplified equation is generally applied.
E

dyn

2
=V ρ K

 (1 + υ )(1 − 2υ ) 
 =1
 (1 − υ ) 

Assuming K = 

The component of the equation regarding the coefficient of Poisson is considered a determinist value. The use of this equation is supported in different studies.
Considering the values given in Table 2, for a stress applied along the grain a
mean k value could probably be found between 0.39 and 0.57. Nevertheless since
the uncertainties surrounding k factor (random) are merged with other uncertain-
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ties (density and TOF measurements) and taken into account by a final regression
curve the real value of k is not significant.
Table 2 Average Poisson’s ratio for Softwoods and Hardwoods [22]
Coefficient

Softwood

Hardwood

vLR

0.37 (0.06)

0.37

vLT

0.42 (0.07)

0.50

vij – ration for deformation along the j axis caused by stress along the i axis

TOF determination can be affected by: the lack of proper coupling between
transducers and wood (wood surface roughness, lack of coupling agent); slope of
grain or presence of other defects; uncertainty about wave path length [23, 24]. To
minimize the error several readings (at least 5 [20]) should be carried out along the
length of the beam.
Regarding density small samples can be taken from timber members for determination in the laboratory. This procedure can be done through core drilling as
seen in the previous section and possible errors associated were already mentioned. Finally TOF should be corrected accordingly with the temperature and
moisture content of the beam.
The combine information from stress waves and core drilling provide a prediction of the dynamic modulus of elasticity (Edyn). Once obtained the dynamic modulus of elasticity a prediction of the static modulus of elasticity is generally done
by applying empirical models (regression curves). The correlation between this
two variables can varied from 0.58 to 0.96 depending upon the dimension (clear
wood or structural wood), treatment and age of timber specimens [24].

Modulus of elasticity prediction using tension strength tests
Modulus of elasticity parallel to grain shows moderate dependence to type of loading being a common value used for design of timber structures. However the
modulus of elasticity in compression is lower that in bending which in turn is lower than in tension [25] for structural timber elements. Nevertheless it can be considered independent of the load involved for clear wood specimens [25].
Information about the modulus of elasticity in bending of clear wood can then
be obtained from tension tests carried out on small samples removed from timber
members in situ [6]. This information although limited in terms of possible number of tests when compared with the possible readings obtained from stress waves
can nevertheless provide us the possibility to: validate the values obtained from
the indirect method; and, increase the reliability of our prediction.
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Combining information from indirect and direct methods
To illustrate different options for combining information obtained from direct and
indirect methods data from previous works will be used [26]. In these studies density and modulus of elasticity were obtained using the SDTs and NDT methods
aforementioned.
However before trying to combine this information they should be careful analysed. A forest plot (Figure 6) can be used to evaluate if the results of both tests
are consistent (values ranging in a similar interval).

Fig. 6. Forest plot showing the mean and 95% confidence intervals for the results obtained from
Edyn and Et (values in N/mm2)

The result obtained allows us to consider that the data obtained from the two
testing methods although not coincident can be accepted as being coherent. Unfortunately the values obtained from these two methods showed a high correlation
coefficient (r2 = 0.85) representing a possible conflict with one of the assumptions
of regression analysis (independency of independent variables). The questions related with excessive multicollinearity does not have any standard metric and so it
is a decision of the expert to make about using or not a multiple regression model
in this circumstances.
In the present case a Meta-analyse technique is used and the combining of information is made trough an inverse variance method, see equation bellow.
−2
Ecomb = ω1 × E1 + ω 2 × E 2 + ... + ω n × E n and ωi = σ i

n n
∑σk
k =1

Where n estimators of the variable E are combined as a weighted average according with their variance ( σ).
The combined predicted value can then be used as explanatory variable (Ecomb)
in a simple regression model. Two models are then available for predicting Em:
one as function of Edyn (r2 = 0.72); and, the other as function of a combined value
Ecomb (r2 = 0.77). The two models are very close in terms of capacity of explained
the Em variability. These regression models assumed that independent variables
are measured without errors and the error is only associated to the dependent variable [27]. However for the present analysis it will be taken into account also the
uncertainty related with the independent variables (Edyn and Ecomb), scenario more
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close to reality. For that purpose a Bayesian analysis applying a Markov Chain
Monte Carlo (MCMC) method is used to drawn inferences about the models and
parameters. MCMC algorithms generate a Markov chain sequence of parameter
values (the values at a given state of the chain depends only upon the previous
state) being these parameters generated randomly (Monte Carlo). MCMC was carried out by running Winbugs inside R software trough R2WinBUGS package (1
chain, 1000 burn-in iterations, 9000 used iterations). Figure 7 shows the prediction
for beam P20 and P21.

a)

b)

Fig. 7. Predicted Em distribution for: a) beam P20 and b) beam P21, using model Em(Edyn) – red –
and model Em (Ecomb). Real stiffness showed in the graphs by a dashed vertical line

For both beams considering the uncertainties of the variables it is clear that a
closer approximation to the real stiffness is obtained using the combined information.

Final remarks
Assessment of timber structures is always done by crossing information from
different sources. However this process is generally based on a series of individual
results obtained from different NDT/SDT methods and that the expert uses to take
an informative decision about the structural health of the structure. The possibility
of combining in one single model the information provided by two independent
methods, as for other materials (e.g. concrete), can lead to a more reliable prediction of that property. The need to consider the uncertainties associated to each test
method, the need to understand the assumption behind a particular statistical model and finally the need to asses the robustness of the final model are also matters
that should be considered.
The complexity of wood makes that any final decision relies heavily on the expert capability of extracting valuable information from the test methods applied,
his/her experience and particular conditions regarding the structure under inspection. This heterogeneous information (qualitative and quantitative) makes bayesian methods a suitable data analysis method to be applied.
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