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Abstract 

The objective of this paper is to address the possibilities of using non-destructive testing (NDT) data 

for updating information and obtaining adequate characterization of the reliability level of existing 

timber structures and, also, for assessing the evolution in time of performance of these structures when 

exposed to deterioration. By improving the knowledge upon the mechanical properties of timber, 

better and more substantiated decisions after a reliability safety assessment are aimed at. 

Bayesian methods are used to update the mechanical properties of timber and reliability assessment is 

performed using First Order Reliability Methods (FORM). The results show that different degrees of 

belief in the updating data may significantly influence the reliability level. The updating data to be 

used are NDT results obtained with ultrasound, resistance drilling and pin penetration equipments. The 

tests were conducted on chestnut wood (Castanea sativa Mill.) specimens, and were combined with 

tests to determine the compressive strength parallel to the grain. The uncertainty of the different NDT 

results is modeled by Maximum Likelihood estimates. Resistance distributions functions are 

considered to analyze the difference before and after updating by NDT, showing that lower variations 

may typically be obtained with the new information. Moreover, updating of the parameters in different 

deterioration models is considered in order to be able to evaluate the time dependency of the 

reliability, and information of NDT is also used to calibrate these models. 

The proposed approach is used for reliability assessment of different structural timber systems. 

Reliability of the structural system is assessed regarding the failure consequences of individual 

elements defined as key elements which were determined by their influence on the cross section loss. 
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The results given by the pin penetration tests were the most similar to the reference experimental 

model with statistic parameters given by the results of destructive tests. The resistance drilling and 

ultrasound updating schemes led to higher level of reliability than the reference model values, 

therefore these updating data should be considered with caution, as they can result in unsafe results for 

the reliability compared to the reference models. 
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NOTATION: 

Latin upper case letters: 

A - area 

COV - coefficient of variation  

DT - destructive tests 

E - expected value 

Edyn - dynamic modulus of elasticity 

G - permanent load 

Gk - characteristic value for permanent load 

Mi - safety margin 

NDT - non-destructive testing 

Pf
P - probability of failure of a parallel system 

Pf
S - probability of failure of a series system 

Q - variable load 

Qk - characteristic value for variable load 

R - resistance function 

RM - drilling resistance indicator 

X - stochastic variable 

 

Latin lower case letters: 

a - square cross section size 

b - width 

fc,0 - compressive strength parallel to grain 

fm - bending strength 

fm,k - characteristic bending strength 

fN ( ) - likelihood function 

fQ′ ( ) - prior density function 

fQ′' ( )  - posterior density function 

fX ( ) - density function 

g - limit state equation 

gi ( ) - failure function 

h - heigth 

kclimate - parameter of climate conditions 

kmod - modification factor 

kwood - parameter of timber durability class 

l - length 

m - sample mean 

m' - prior function hypothetical sample average 

m'' - posterior function hypothetical sample 

average 

n - number of tests 

n' - prior function hypothetical number of 

observations for m' 

n'' - posterior function hypothetical number of 

observations for m' 

pf  - probability of failure 

q - vector of distribution parameters 

r - penetration rate 

s - sample standard deviation 

s' - prior function hypothetical sample value 

s'' - posterior function hypothetical sample 

value 

tν'' - central t-distribution value 

tlag - time between construction and the point 

that noticeable decay commences 

v' - prior function hypothetical number of 

degree of freedom for s' 
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v'' - posterior function hypothetical number of 

degree of freedom for s' 

x̂  - sample of realizations 

 

Greek lower case letters: 

α - factor for modeling the fraction of variable 

load 

αi - regression parameter 

β - reliability index 

γG - partial safety factor for permanent loads 

γm - partial safety factor for material properties 

γQ - partial safety factor for variable loads 

ε - lack-of-fit 

λ - failure rate 

λrel - slenderness ratio 

µ - mean value 

µdepth - average of pin penetration tests 

µDT - average of destructive tests 

µEdyn - average of ultrasound tests 

µRM  - average of resistance drilling tests 

σ - standard deviation 

τ - perimetral loss of cross-section

1. INTRODUCTION 

The assessment of existing timber structures encounters several difficulties. Both timber elements and 

joints must be characterized, and both the present state of conservation and the evolution in time of 

performance must be considered [1]. In situ inspection by means of visual inspection and non-

destructive testing (NDT) provides a first step towards diagnosis of damage, structural analysis and 

safety assessment. This initial survey is mostly aimed at defining qualitatively the state of 

conservation and structural condition, and laboratory tests of extracted specimens would be desirable 

to study the variability of the mechanical properties of the timber elements [2], [3]. Nevertheless, in 

many cases, the mechanical properties of timber elements may only be assessed by visual inspection 

or by NDT, without any possibility to collect specimens or by obtaining only a very limited number of 

samples. Therefore, several authors have considered the combination of visual inspection and NDT for 

the assessment of the mechanical properties of timber (see e.g. [4], [5]) 

Although visual strength grading of existing timber may be applicable in most cases with reasonable 

results, it may also be difficult, or even impossible [6], and it may  lead to over-conservative 

predictions of the mechanical properties, despite the significant research on NDT in the last decades 

[7]. One way to improve the accuracy of the estimation of the mechanical properties of timber is to 

carry out a cross-validation of the information gathered by the application of different non-destructive 

and semi-destructive techniques  [8], [9], and also its correlation with destructive tests (see e.g. [10]). 

Over the past years, several guidelines and recommendations on how to approach the inspection and 

maintenance of existing timber structures have been suggested [11], [12] but further standardization 

and objectivity is desired. ISO 13822:2001 [13] provides a framework for the assessment of existing 

structures aiming at determining structural safety and optimizing costs. At national level, ASCE 11-99 

[14] addresses the structural condition assessment of different structures, including timber buildings, 
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whereas the Italian standards UNI 11119:2004 [15] and UNI 11138:2004 [16] deal with the inspection 

and diagnosis of cultural heritage timber structures. Guidelines for assessment criteria of load bearing 

timber structures in heritage buildings, with special emphasis in visual inspection, are presented in 

[17]. 

In addition to the difficulties in assessing existing timber elements, high variability in the mechanical 

and physical properties of wood occur due to the influence of natural growth defects, such as knots 

and fiber misalignment. This variability combined with the uncertainty of NDT results makes 

structural assessment based on full probabilistic methods (reliability methods) desirable. These 

methods allow a clearer definition of randomness and reliability, when compared to deterministic or 

semi-probabilistic methods [18]. This is of special interest in the assessment of existing structures 

where different levels of assessment analysis or a less accurate reliability evaluation may result in 

no-required repair actions, over conservative strengthening, replacement of elements or restriction of 

loading (e.g. [19],[20]). During the last decades, structural reliability methods have been refined and 

are presently at a stage such that they can be used in engineering applications. ISO 2394:1998 [21] and 

EN 1990:2002 [22] consider full probabilistic methods as acceptable procedures for structural 

assessment. Structural reliability may be defined as the probability of a limit state function being 

violated [23] and target reliability indices are established considering different consequences classes, 

reference periods of time and relative cost of safety measures [22]. When assessing an existing 

structure, in situ inspection can be made, which cannot be considered for designing a new structure. 

However, increasing the reliability level for an existing structure can be more expensive than when 

designing a new structure [24]. 

Probabilistic models for timber have been proposed by several authors [25], [26] and are implicitly 

defined in various codes and guidelines, and the properties can be updated from mechanical tests [22] 

[27]. These models allow serviceability [28] and structural reliability evaluation [29], [30]. In an 

existing building estimates from the design phase can be replaced by information gathered in the 

actual structure allowing for better maintenance, repair and strengthening [31]. The assessment of 

structural performance is dependent on the capacity to evaluate the physical and mechanical properties 

of structural timber elements, thus the interest in updating the material properties by use of visual 

inspection and NDT. 

A grading methodology based on visual inspections associated with NDT results is a suitable source of 

information for updating stochastic models, and thereby the probability of failure. For that purpose, 

Bayesian methods, e.g. [32], are often applied to include new information into the probabilistic 

assessment due to their simplicity of use and possibility of expressing different degrees of belief to a 

given information in form of probability distributions [33], [34], [35]. That degree of belief, defined as 

a priori information, provides a judgment on plausibility of the values of model parameters. Due to its 

subjective nature, the selection of the prior probability distribution is controversial [36]. Bayesian 
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methods allow quantifying the uncertainty related to the estimated parameters, regarding the physical 

uncertainty of the variables, as well as the statistical uncertainty of the model parameters and the 

model uncertainty of the applied mathematical model. The application of Bayesian inference to the 

evaluation of the modulus of elasticity in bending of maritime pine and chestnut timber, attained by 

visual strength grading combined with information from NDT, demonstrates that a more unbiased 

prediction can be found compared to classical inference where a random variable is characterized 

solely by using data from an experiment [37]. 

In the assessment of the reliability level of an existing timber structure, the decay/degradation activity 

should be considered. Timber is highly dependent of the climatic conditions of the surrounding 

environment and the attack of pathological agents depends on wood moisture contents, temperature 

and solar exposure. Often NDT is used for assessing the conservation status and level of deterioration 

([30], [38]). 

The present paper aims at discussing the influence of NDT data in the reliability-based assessment of 

existing timber structures when using prior information together with new information. By improving 

the knowledge upon the mechanical properties of timber, it is aimed to allow for better and more 

substantiated decisions after a reliability safety assessment. It is noted that in most cases application of 

more data will result in a higher updated reliability, but in some cases where the prior information was 

too optimistic a lower reliability may be the result. However, in both cases decisions on further 

inspections/repair can be made on a better and more informed basis. For this purpose, results gathered 

from NDT by ultrasound  resistance drilling and pin penetration tests, conducted on chestnut wood 

(Castanea sativa Mill.) are used. The wood sample used for NDT was also tested to obtain the 

compressive strength parallel to grain, and the subsequent correlations are considered [39]. The 

uncertainties of NDT methods are modeled through Maximum Likelihood where the estimates are 

included in the reliability assessment. First order reliability methods are used for reliability assessment 

with the inclusion of Bayesian updating. The framework for assessment is described using practical 

examples regarding single element structures and a truss system, subjected to bending and 

compression parallel to grain, respectively. Decay is assumed by a cross section loss and its influence 

in structural reliability is also modeled, and is applied to key elements of the structure, allowing for an 

evaluation of reliability in time. 

 

2. METHODOLOGY 

2.1. Structural system 

When evaluating the reliability level of an existing structure it is important to assess which are the 

most likely failure modes and to identify which are the key elements. A key element is such that, if 

failing, would result in extensive failure or progressive collapse of the structure. Therefore, data 

regarding these elements will prove more important in an updating scheme, since the information will 
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directly change the reliability level of the structural system. After determining the key elements of a 

structure, the failure sequences must be defined. In this case, a failure sequence corresponds to the 

succession of individual element failures that will produce a system failure. The probability of failure 

of a structure is determined by the difference between the resistance distribution (capacity) and the 

load effect distribution (demand). The basics of this theory are detailed in [23], [40], [41]. If the 

structure can be modeled by a series system, then the failure of one (key) element implies failure of 

the system. Using a FORM approximation to assess the structural reliability, a safety margin Mi is 

assumed to be formulated for each of the m failure modes [42]: 

 ( ) miXgM ...,,2,1,ii ==  (1) 

where gi(X) is the failure function related to failure mode i. The uncertain parameters are modeled by 

the stochastic variables X. The probability of failure of the series system, Pf
S, is defined by: 
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If the structure or a part of it can be modeled by a parallel system (e.g. a sequence of elements whose 

failure implies failure of the structure), then all n elements have to fail before failure of the system. In 

this case the probability of failure, Pf
P can be estimated by: 
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In this work, reliability analysis using FORM was performed with PRADSS [43]. 

 

2.2. Initial structural characterization  

For an existing structure, an initial reliability assessment should be performed corresponding to the 

original conditions of the structure. For that assessment, information about the structure may be given 

directly from the designer’s structural plans, calculations and/or material specifications. However, not 

always this information is available and therefore indicative values may be found for material 

properties in standards, often based on semi-empirical information, and from a geometrical survey. 

This initial analysis is important in order to establish prior information on the structural behavior and 

level of reliability. Here, it is proposed to assess first the design phase using the ultimate limit state 

equations in standards, such as [44]. Indicative material properties can be obtained from [27] and [45] 

for probabilistic and semi-deterministic reliability analysis. 
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2.3. Updating methodology 

2.3.1. Bayesian updating of reliability 

When samples or measurements of a stochastic variable X are provided, the probabilistic model may 

be updated and, thus, also the probability of failure. In case X represents a basic material property, the 

new information might be used to improve any prior estimate of the material property. This 

information may be differentiated taking into consideration its source, namely from being direct 

(measurements of the material property) or indirect information (measurements of some indicators of 

the property) [26]. 

It is assumed a stochastic variable X with density function fX (x). If q denotes a vector of parameters 

defining the distribution for X, the density function can be rewritten as fX(x,q). When the parameters q 

are uncertain, fX (x,q) can be considered as a conditional density function: fX (x|Q=q), where q denotes 

a realization of Q. Therefore q is a vector of distribution parameters, such as the mean value µ and 

standard deviation σ.  The initial density function for the parameters Q is fQ′ (q) and is named the prior 

density function.  

Taking into account new information, it is assumed that n observations or measurements of the 

stochastic variable X are available making up a sample ( )N21 ˆ...,,ˆ,ˆˆ xxxx = . If these measurements are 

assumed to be statistically independent, the updated (posterior) density function ( )xqf ˆ|Q
″

 of the 

uncertain parameters Q given the realizations is named the posterior density function and is given by: 

( )
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where the likelihood function ( ) ( )qxfqxf |ˆ|ˆ
i

N

1i XN ∏ =
=  is the probability density of the given 

observations assuming that the distribution parameters are q. The updated (predictive) density function 

of the stochastic variable X given the realization x̂  is named the predictive density function and is 

defined by: 

( ) ( ) ( )∫
″

= dqˆ||ˆ| QXX xqfqxfxxf  (5) 

The prior and posterior distributions are chosen according to the available data and to the importance 

of the analysis. Closed form solutions for the predictive and the posterior distribution can be found for 

several probability functions, in e.g. [46]. These solutions contemplate a number of distribution types 

which are common in structural engineering reliability. Normal distributions are often used to 

exemplify the updating process (e.g. [11]) which is presented hereafter. Assuming that X follows a 

normal distribution and that the mean value µ and standard deviation σ are unknown, the prior 

distribution of the resistance function R is given by fQ' (q) = fR' (µ,σ) and can be defined as [47]: 
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with δ(n') = 0 for n' = 0 and δ(n') = 1 for n' > 0. The prior information about the standard deviation σ 

is given by parameters s' and v'. The expected value E(σ) and Coefficient of Variation COV(σ) of σ 

can asymptotically (for large v') be expressed as: 

( ) sE ′=σ  (7) 
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ν
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2

1
COV  (8) 

The prior information about the mean µ is given by parameters m', n' and s', and the expected value 

E(µ) and coefficient of variation COV(µ) of µ can asymptotically (for large v') be expressed as:  

( ) mE ′=µ  (9) 

 

( )
nm

s

′′

′
=µCOV  (10) 

Another possible way to interpret the prior information is to consider the results of a hypothetical prior 

test series for mean and standard deviation analysis. For that case, the standard deviation is 

characterized by s' (hypothetical sample value) and v' (hypothetical number of degrees of freedom for 

s'). The information about the mean is given by m' (hypothetical sample average) and n' (hypothetical 

number of observations for m'). 

Usually the degrees of freedom for the number of observations n is given by v = n – 1, but the prior 

parameters n' and ν' are independent from each other. When new information is available, the resistant 

model given by the prior distribution fR′ (µ,σ) may be updated according to Eq. (4), with the 

parameters: 

nnn +′=′′  (11) 

 

( )n′++′=′′ δννν  (12) 

 

nmmnnm +′′=′′′′  (13) 

 

( ) ( ) ( ) ( ) 222222
nmsmnsmns ++′′+′′=′′′′+′′′′ ννν  (14) 

 

With this procedure the predictive value of the resistance R is given by:  
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where tν'' has a central t-distribution [47]. 

The new information may be obtained from the data gathered with non-destructive tests, meaning that 

reliability may be updated. 

In the case studies presented in this work, lognormal distributions were considered for the predictive 

and posterior distributions when considering variables related to resistance parameters. 

 

2.3.2. Updating data for timber 

Timber may be graded using different principles but mechanical properties are usually defined by 

correlations with other characteristics, e.g. [27]. NDT allows to obtain indications about mechanical 

properties through correlations with laboratory tests, e.g. [3], [10], [39]. Another method to address 

the variability of wood properties is to use known values rather the values obtained from the 

direct (or even indirect) measurements [48]. In any case, for existing structures, as new 

information become available, for example from NDT correlations, the mechanical properties of the 

structural elements may be updated. The choice of updating parameters and of its physically justified 

range (variation bounds) is one of the most important aspects of an updating process. As mentioned in 

Mares et al. [36], the variances and covariances of the inputs should be updated together with the 

mean values, and if the prior knowledge about an input is sparse, the corresponding variance will be 

large. In this case, during the updating process, the resulting posterior variance should decrease as a 

result of increasing the amount of knowledge on the input. If the change in an updated input and its 

posterior variance are small, the output data is insensitive to it and, therefore, a different 

parameterization must be used. 

In this paper, Bayesian methods are used to update the mechanical properties of the material and the 

parameters of deterioration models. The updating data was obtained through NDT results collected 

using indirect methods, namely ultrasound, resistance drilling and pin penetration testing, conducted 

upon chestnut wood (Castanea sativa Mill.) specimens. Moreover, mechanical tests results were used 

to establish correlations between NDT results and the compressive strength parallel to grain, fc,0. The 

data was gathered in [39] and are shown in Figure 1. Here, the drilling resistance indicator (RM) 

represents the ratio between the integral of the area of the diagram given by the resistance drilling 

equipment divided by the drilling length. For the case of the pin penetration tests, the considered 

indicator parameter is the needle penetration depth taken directly from the tests. For the ultrasound 

tests the dynamic modulus of elasticity (Edyn) is adopted. 
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a) b) 
  

 
c) 

Figure 1 – Correlation information between fc,0 and NDT results for chestnut wood [39]: 
a) resistance drilling; b) pin penetration; c) ultrasound. 

The uncertainties associated to the NDT methods are modeled and included in the reliability 

assessment through a Maximum Likelihood fit of the parameters using a linear regression model [25] 

of the dependency between fc,0 and the considered indicator. The following general regression model 

in x1, ..., xm –space was considered:  

 εααα ++++= mm110 ... xxy  (16) 

where α0, α1, ..., αm are the regression parameters and the parameter ε models the lack-of-fit. 

The model uncertainty is modeled by ε and by assuming that it follows a normal distribution with 

expected value zero and unknown standard deviation σε, the Maximum Likelihood method may be 

used to estimate the mean values and covariance matrix for parameters αm and σε. Physical 

uncertainty, in this case regarding the compression parallel to grain values, can be modeled by 

parameters x1, ..., xm that are measured during the tests but may be considered as stochastic variables in 

the reliability analysis. Indications for selecting suitable probabilistic models for material and 

geometric models are given in [49]. Statistical uncertainty, originated due to reliance on limited 

information and finite samples, can be modeled by considering the mean and standard deviation of ε 

as stochastic variables and by estimating its covariance. Measurement uncertainty was not included in 

this model, however may be added by estimating the uncertainty that may arise from random and 

systematic errors in the measurement of the physical quantities. The regression parameters for the 

dependency between fc,0 and the NDT indicators were calculated using the data gathered in [39] and 

are given in Table 1. 
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Table 1 – Regression parameters and lack-of-fit standard deviation for the non-destructive 
tests results as a dependency of the compression strength fc,0. 

 

  a0 a1 σσσσεεεε 

Resistance drilling [RM] (Bits) -30.69497 0.22750 4.12217 

Pin penetration [depth] (mm) 102.59179 -7.50664 5.12435 

Ultrasound [Edyn] (N/mm
2
) 19.24686 0.01761 4.06081 

 

2.4. Deterioration models 

Stewart and Hong [50], when discussing steel corrosion in concrete, mention that design standards are 

conservative and are not best suited for predicting structural performance, particularly when the 

structural components suffer degradation in time. The same consideration can be made for existing 

timber structures [51] and several efforts have been made to implement probabilistic procedures for 

decay assessment in these structures [29] and to consider the aging effects regarding deterioration 

[52]. 

Here, a two-parameter idealized decay model, based in empirical evidences, was considered to assess 

the evolution of deterioration [53], defined by:  

 
4.0

lag 3 −⋅= rt  (17) 

The parameters are the period of time between construction and the point that noticeable decay 

commences, tlag (year), and the annual penetration rate, r (mm/year), see Figure 2. In Wang et al. [54] 

it is proposed to define the penetration rate as a function of different climatic conditions, kclimate, and of 

the timber durability class, kwood, given by:  

 woodclimate kkr ⋅=  (18) 

Considering a probabilistic analysis, the r parameter is modeled by a lognormal distributed stochastic 

variable with a COV between 0.85 and 1.2 depending on the timber durability class and climatic 

conditions [54]. The tlag parameter is defined as function of the penetration rate [54], [55]. 

Other decay models based on observation could also be used, with due care regarding the reliability of 

information and amount of data. 

In Nguyen et al. [55] also the size and orientation of the cross section, the presence of connectors and 

existence of painting is considered, being possible to obtain different penetration rates for each side of 

the element. The use of  decay models with different penetration rates for each side of the element 

considering the directional orientation of the decay surface and location of the cross section in the 

structure has also been considered in [29], [56]. 
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a) b) 

Figure 2 – Decay evolution: a) idealized model, adapted from [53]; b) damage penetration on 
a decayed cross section, where dd is the decay depth and r the annual penetration rate, adapted 

from [29]. 

 

3. ANALYSIS OF SINGLE ELEMENT STRUCTURES 

Next, examples of the use of Bayesian data updating to define a reliability-based assessment of 

existing timber structures considering the information given by NDT are presented. Individual 

members of a given timber structure are studied as a single element. 

Initially, a reliability assessment is made and compared with the reliability of the structure adopted. 

The first example consists of a simply supported beam with rectangular cross section, with height h 

and width b. The loads are assumed uniformly distributed along the beam length, l. The second 

example consists of a bottom clamped column with a square cross section (size a) and length ls. The 

loads are modeled as concentrated loads applied at the top of the column. Both structures are shown in 

Figure 3 and are composed by elements of solid timber, being the load combination modeled by:  

 ( ) QGS αα +−= 1  (19) 

where G is the permanent load and Q is the variable load (live load in this case), α is a factor between 

0 and 1 modeling the fraction of variable load. Aiming to investigate the effect of the variable actions, 

a similar procedure for load combination is adopted by Honfi et al. [28]. 

 
 

 
 

 

 
a) b) 

Figure 3 – Structural models: a) simply supported beam; b) bottom clamped column. 

t

0

time (years)

d
ep

th
 o

f 
d
ec

ay
 (

m
m

)

r

without
maintenance

with
maintenance

maintenance
intervention

lag t lag

dd

dd

r

r

r

r

l 

(1-α) G 

α Q 

α Q 

ls 

(1-α) G 



13 
 

For the reliability verification of structures, limit state equations are required, which in this study were 

defined with reference to EN 1995-1-1:2004 (Eurocode 5) [44] with the necessary changes for a 

probabilistic analysis. The modification parameter regarding the effect of load duration and moisture 

content of timber, kmod, is considered for the load with smaller duration. Reliability based calibration of 

load duration factors using probabilistic models of loads and short-term and long-term strength is 

discussed in [57]. 

After the reliability assessment in design phase, the definition and influence of different climatic zones 

on decay models and the reliability throughout time are studied. Finally, reliability updating using the 

resistance drilling test data with different levels of belief and reliability updating using the correlations 

between NDT and mechanical tests are carried out. 

 

3.1. Simply supported beam 

In a simply supported beam with uniform loading the limit state equation, as formulated in [23], can 

be written:  

 ( )( )QGlfkbhg αα +−−= 1
8

1

6

1 2

mmod

2
 (20) 

where fm is the bending strength. The corresponding deterministic design equation, according to the 

combination of loads in EN 1990:2002 (Eurocode 0) [22], considering the height, h, of the cross 

section as the design parameter, can be written as: 

 ( )( ) 01
8

1

6

1
QkGk

2

m

km,

mod

2 ≥+−− γαγα
γ

QGl
f

kbh  (21) 

where fm,k is the characteristic bending strength (correspondent to a 5% percentile), γm is the partial 

safety factor for material properties, Gk and Qk are the characteristic values for permanent and variable 

loads, corresponding to 95% and 98% percentiles, respectively, and γG and γQ are the partial safety 

factors for permanent and variable loads, respectively. Both the material and the load partial safety 

factors also account for model uncertainties and dimensional variations. 

The partial factors used are values that provide an acceptable level of reliability (target reliability) and 

have been selected assuming that an appropriate level of workmanship and of quality management 

applies, see [22]. The target reliability values are the result of a calibration process that should lead to 

a reliability index according to the Probabilistic Model Code (PMC) [49]. The reliability targets are 

also compatible with observed failure rates and with outcomes of cost-benefit analyses [58]. Present 

target reliabilities, in many countries, have been found by consideration of the existing codes, aiming 

that its application should not lead to large differences from those codes. For code calibration, partial 

factors may be calculated by different approaches, as using the minimum error method or the 

standardized FORM coefficients (see e.g. [59]). 
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The reliability obtained using the design requirements for timber elements subjected to bending from 

Eurocode 5 [44] is presented in Figure 4. The design parameter h is determined from Eq. (21) for each 

value of α. The obtained reliability level (or index), β, (with reference period equal to 1 year 

corresponding to an annual probability of failure) was always above β = 4, reaching values higher than 

β = 4.7 for α = 0.3. The mean value in a relevant interval for timber structures (0.3 ≤ α ≤ 0.8) found for 

reliability was approximately β = 4.5 (probability of failure, pf = 3.40×10-6) which is higher than the 

suggested in the PMC [49] for 1 year reference period and reliability class 1. 

 

 
Legend: 
 assessment with EC5 

case study with PMC 

Figure 4 – Reliability index with reference time one year for the simply supported beam with 
respect to design assessment with Eurocode 5 [44] (continuous line) and assessment of a case 

study using the Probabilistic Model Code [27] (dashed line). 

The results just presented consider the design of any possible element with this configuration. 

However, when assessing existing structures, it is necessary to use the actual condition and the 

variables assigned for the stochastic model are given in Table 2. Figure 4 shows again the reliability 

index for different load combinations (i.e. the design parameter h = 400 mm is fixed for all values of 

α). Different relative fractions of variable and permanent load for an existing structure led to lower or 

higher values of reliability index compared to initial design assessment. In this case, it can be observed 

that the reliability index for lower values of α (0 < α ≤ 0.60) is higher for the existing structure, but for 

higher values of α, the reliability index of the existing structure is lower, which demonstrates the 

relevance of using a stochastic model for adequate reliability assessment. For the case of α = 0.5, the 

resistance and demand distributions curves are presented in Figure 5, where the distance between 

curves and the small region, when the demand is higher than the resistance, denotes a high reliability. 

In order to evaluate the differences that climatic factors may have on the reliability level of a structure, 

an analysis is conducted varying the climatic zones, assuming the models proposed in [54] (climatic 

zones A to D, being A the less hazardous zone). The decay penetration of each model is dependent on 

the climatic zone and the durability class of the timber element. For the purpose of this example 

durability class 1 was considered. The annual reliability indices for the different deterioration curves 

regarding different climatic zones are presented in Figure 6. A stochastic degradation model presented 

in [30] is also used, with a lognormal distributed r with mean equal to 0.075 mm/year and COV of 
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0.70, which was chosen as representative of the decay agents found in Southwestern Europe and local 

wood species. For illustrative purposes, a load coefficient α = 0.5 is considered in all models. 

Table 2 – Variables used in the stochastic model for a simply supported beam [27]. 

Variable [X] Distribution E [X] COV [X] Description Characteristic values Eq. (21)  

fm Lognormal 25 N/mm2 0.25 Bending strength 5% 

G Normal 6 N/mm 0.10 Permanent load 95% 

Q Gumbel 4 N/mm 0.40 Annual maximum live load 98% 

h Deterministic 400 mm - Height of the cross section - 

b Deterministic 200 mm - Width of the cross section - 

l Deterministic 6600 mm - Length of the beam - 

 
 

 

 
Legend: 
 resistance distribution 

demand distribution 

Figure 5 – Resistance and demand distribution for the simply supported beam for the case 
study using the Probabilistic Model Code [27]. 
 

 

 
 Legend (from top to bottom): 
i. model adapted from [30] 

ii. climatic zone A (r = 0.08 
mm/year) 

iii. climatic zone B (r = 0.25 
mm/year) 

iv. climatic zone C (r = 0.41 
mm/year) 

v. climatic zone D (r = 0.50 
mm/year) 

 
 

Figure 6 – Reliability indices evolution through time using deterioration models [30, 56] for 
different climatic zones. 
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The results evidence that the annual reliability index decreases faster when the climatic conditions are 

more hazardous, as the propagation of deterioration in the timber element is also faster. When 

comparing the different models, it is seen that the higher reliability curve is given by the stochastic 

model presented in [30] with r = 0.075 mm/year, since it presents the lower penetration rate. The 

results of choosing different deterioration models, in terms of resistance cumulative distributions, are 

presented in Figure 7, for a time equal to 50 years. These distributions evidence lower values of 

resistance for the models which led to lower reliability levels, as the deterioration process is 

considered more severe for these models. 

 

Figure 7 – Example of the resistance distribution functions for the decay models in the 
simply supported beam, after 50 years. 

Failure rates, λ, indicate the number of failures in correspondence to the time before failure, thus may 

be taken as the frequency of failure. Failure rates (by annual probabilities of failure) evolution through 

time was calculated using the degradation model from [30] and the model proposed in [54] with 

climatic zone D. These models correspond to the extreme cases in the reliability analysis. Figure 8 

shows that the value of the failure rate maintains almost constant for the period of time where a low 

decrease in the reliability level is present, followed by a steep increase after that period. As expected, 

failure rates are significantly higher when considering models with higher decay influence. 

The reliability values obtained in the first assessment assuming the evolution in time due to decay 

activity can be updated with relevant data gathered regarding in situ inspection by NDT. To illustrate 

the advantages of using the updating scheme an example of resistance drilling tests is used. These tests 

allow determining areas with different resistance to drilling, thus enabling the detection of decayed 

areas and the residual cross section. Assuming the loss of resistance as a consequence of decay, and 

defining the time of exposure, it is possible to obtain the penetration rate r with respect to the resistant 

area detected by resistance drilling measurements. Therefore, for each measurement of the NDT 
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indicator it is possible to derive the residual cross section and to update the deterioration model with 

respect to the r parameter. 

  
a) b) 

Figure 8 – Failure rates (by annual probabilities of failure) evolution through time according 
to deterioration models: a) adapted from [30]; b) adapted from [56] with climatic zone D. 

The resistance drilling tests performed on the structure are assumed to be performed in year 20. For 

illustrative purposes, the model that led to lower reliability in Figure 6 was considered and eight tests 

were performed obtaining different values of residual cross section (n = number of tests; m = sample 

mean; s = sample standard deviation), see Table 3. With respect to the degree of belief in the updating 

data, two possibilities for prior information are considered: a) vague prior information on the mean 

value and standard deviation equal to 0.35 and, b) vague prior information on mean value and standard 

deviation. For vague information on mean value and standard deviation, the prior information 

parameters are such that: 

- hypothetical sample average, m', and sample standard deviation, s', are not relevant; 

- hypothetical number of observations for m', n' = 0; 

- hypothetical number of degrees of freedom for s', v' = 0. 

Table 3 – Sample of penetration rates derived from resistance drilling tests (eight cross 
section measurements are assumed). 

  r (mm/year) m s 

ri 0.45 0.52 0.65 0.47 0.40 0.42 0.55 0.54 0.50 0.082 

Yi = ln (ri) -0.799 -0.654 -0.431 -0.755 -0.916 -0.868 -0.598 -0.616 -0.70 0.160 

 

Thus, the posterior parameters become: n'' = n = 8; v'' = n - 1 = 7; m'' = m = -0.70 and 

(s'')2 = s2 = 0.0256. The predictive value of r, as formulated in e.g [47],is given by:  

 ( )( ) ( ) 









+⋅⋅−⋅=

n
YstYmr

1
1expexp

νdd
 (22) 

where tνd has a central t-distribution. 
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As an example, for the 95% quantile, tνd = -1.895 and the predictive value for rd = 0.68 mm/year is 

obtained with a standard deviation of 0.16 mm/year. 

For the second approach, it is assumed that the information from the standard deviation of r is known 

to be equal to 0.35 mm/year. The prior information parameters become: m' is not relevant; s' = 0.35; 

n' = 0; v' = ∞ and the posterior parameters become: n'' = n = 8; v'' = ∞; m'' = m = -0.70 and 

(s'')2 = s2 = 0.12. With respect to Eq. (22) and assuming tνd = t∞ = -1.645 for the 95% quantile, a 

predictive value for r = 0.91 mm/year is obtained with associated standard deviation of 0.35 mm/year. 

The influence of the updating process in the resistance distribution is presented in Figure 9, for time of 

20 years (date of inspection) and at time equal to 50 years. In this case, the model updated with prior 

information presents closer reliability levels compared to the model with no updating, as the lower tail 

of the distributions are similar. The difference between resistance distributions for different time 

periods is therefore evidenced. In the case of time equal to 50 years, the lower variation for model 

after updating compared to the model with no update is clear. 

  
a) b) 

Figure 9 – Resistance distributions for the simply supported beam before and after updating, 
according to decay evolution: a) at 20 years (year of inspection); b) at 50 years. 

The values for the updated stochastic model using the new information are implemented in the 

deterioration model, and the updated reliability is estimated again. Figure 10 shows the updated annual 

reliability indices. By calculating the probability of failure, pf, and the corresponding reliability index, 

β, decisions on inspections and repairs can be initiated when the reliability index reaches a given 

critical threshold. Once a temporal record of β has been established it is also possible to calculate the 

time when a particular value of β is reached [51]. 
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Legend: Decay models: 
i. assumed before NDT information 

ii. after NDT information, without 
updating 

iii. updated model with NDT data, 
with no prior information 

iv. updated model with NDT data 

with σ known 

 

Figure 10 – Reliability indices evolution through time with updating, using deterioration 
model in [56]. 

By updating the model with NDT data with uncertain information about the mean and standard 

deviation, an increase in the structural safety reliability values is visible compared to the expected by 

the decay model prediction. The differences, although significant, may be explained by different 

reasons in real life, as the element may have not been exposed to extreme conditions of humidity or 

temperature or it might be from a higher durability class than originally assumed in the decay model. 

However, since a significant difference between reliability values was found, and in this case may 

provide unsafe reliability assessments, it is necessary to confirm the accuracy of the data with more 

information. From Figure 10 and between the two updated models, it is seen that with the model 

updated with σ known, it is possible to find lower values of the reliability index. The reason is that the 

COV in the prior information is higher than the one observed using the NDT results. From these 

results, two conclusions can be made: (i) in the case with vague information on the mean and standard 

deviation, either the information is not adequate to this specific structure and climate and, thus should 

be disregarded; (ii) or, the number of tests is insufficient and therefore the observation sample is not 

adequate and should be improved with information about the standard deviation. 

It is noted that results given by NDT may provide either an increase or decrease in structural safety 

reliability compared to the predictive models. Therefore, it is erroneous to conclude that updating a 

model leads to a better or worse level of safety reliability. In reality, it can only be stated that updating 

a model will only provide a more accurate and precise definition of the structural behavior of a 

specific element or system of elements in terms of reliability. 

 

3.2. Column 

In a perfect column, the limit state equation is related to the maximum compressive stress along the 

height of the column given, as formulated in [23],  by:  
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 ( )( ) AQGfkg /1c,0mod αα +−−=  (23) 

where the compressive strength parallel to the grain is fc,0. 

Considering the area of the cross section, A, as the design parameter, the design equation, according to 

the combination of loads in [22], can be written as:  

 ( )( ) 0/1 QkGk

m

kc,0,

mod ≥+−− AQG
f

k γαγα
γ

 (24) 

Based on a semi-deterministic approach using partial safety factors, the load variables are defined 

through their characteristic values, and the remaining parameters are deterministic. The reliability 

index obtained by the design of timber elements subjected to pure compression, from Eurocode 5 [44], 

is presented in Figure 11 for each value of the fraction of variable load α. For this analysis the cross 

section area, A, of the column should be such that buckling is disregarded (slenderness ratio λrel ≤ 0.3 

[44]). 

 

Figure 11 – Annual reliability index with reference time one year for the column element 
with respect to Eq. (24). 

The obtained mean reliability index is approximately β = 4.7 (pf = 1.30×10-6) which is higher than the 

suggested by [49] for 1 year reference period and reliability class 1 (β = 4.2) but equal to the required 

in Eurocode 0 annex B [22] for reliability class RC2. Also, it is noticeable that this limit state equation 

for pure compression produces reliabilities with dependence of α similar to the simple bending limit 

state equation, see (Figures 4 and 11). However, the reliability values obtained using the limit state 

equations suggested by Eurocode 5 [44] for design in pure compression are higher than for simple 

bending. Another difference is that, in this case, β for α = 1 is much smaller than β for α = 0. 

In order to have a practical updating example, a cross section of 60 × 60 mm2 is considered for 

analysis. The objective of this updating analysis is to have a suitable method to update the value of 

compressive strength parallel to the grain (fc,0) of a timber elements when NDT results are available 

and also to consider the uncertainty involved in this process. 
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Next a reliability analysis is conducted for evaluation of  the validity of the considered correlations. 

Also this procedure aims at analyzing the influence of the uncertainty introduced by each separate 

NDT. Firstly, the resistance parameters of the column are implemented in the reference stochastic 

models considering the values for fc,0 given by the destructive tests (DT). Then, for an updating 

scheme, fc,0 is determined with respect to the linear regression model obtained by the Maximum 

Likelihood method for each NDT. The parameters of the models are given in Table 4. The two 

reference models for fc,0 pretend to establish a benchmark for comparison. In the first model, the 

average value of fc,0 is chosen equal to the sample average of DT with COV as proposed in [27]. In the 

second model, fc,0 is modeled by the sample average and COV as obtained in the DT. For both models, 

a lognormal distribution is assumed. 

Table 4 – Variables used in the stochastic model for a column example. 

Variable [X] Distribution E [X] COV [X] Description 

fc,o Lognormal µDT
 0.2 

fc,0 – average value of destructive tests (reference 
model) 

fc,o Lognormal µDT
 σDT = 0.15 

fc,0 – average value and COV of destructive tests 
(reference model) 

fc,o - a0 + a1 · µRM + ε - fc,0  – average value of resistance drilling  tests 

fc,o - a0 + a1 · µdepth + ε - fc,0  – average value of pin penetration tests 

fc,o - a0 + a1 · µEdyn + ε - fc,0 – average value of ultrasound tests 

ε Normal 0 σε Uncertainty parameter of each NDT 

G Normal 60000 N 0.10   Permanent load 

Q Gumbel 40000 N 0.40 Annual maximum live load 

A Deterministic 3600 mm2 - Area of the cross section 

 

According to the considered NDT data, three models are used with respect to each type of test. The 

results for the reference models and for the models updated by the correlations between fc,0 and results 

from NDT are given in Figure 12. The results show higher values of reliability index for the models 

updated with NDT data. This is mainly due to the consideration of the correlation between DT and 

NDT used to update fc,0. Although uncertainty is implemented through consideration of parameter ε, 

the variation of fc,0 is lower than when the coefficient of variation of the reference models is used. 

The resistance drilling and ultrasound updating schemes, which presented similar results, must be used 

with attention since they led to higher values of reliability than the references values. The updating 

scheme regarding the data from the pin penetration tests gave lower values of reliability. The main 

differences are found for the maximum value of the reliability curves around from α = 0 to α = 0.25. 

However, the data with respect to the pin penetration  tests presented more approximated values to one 

of the reference models. 
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Legend (from top to bottom, in α = 0): 
Continuous line: reference models 

fc,0 = µDT; COVDT = 0.15 (βα=0 = 2.39) 

fc,0 = µDT; COV = 0.20 (βα=0 = 1.89) 
 
Dashed line: models with NDT 

information 

fc,0 = a – b · µEdin + ε (βα=0 = 3.08) 

fc,0 = a – b · µRM + ε (βα=0 = 3.08) 

fc,0 = a – b · µdepth + ε (βα=0 = 2.60) 

Figure 12 – Annual reliability index of reference models and updated models obtained by 
NDT data. 

Figure 13 presents the demand distribution and the resistance distributions for the reference models 

and models after updating by NDT data, for α = 0.5. The lower variation in the models after updating 

is visible with also higher expected values. As also indicated in the previously analysis, the pin 

penetration test data led to values closer to the reference models. 

 

Figure 13 – Resistance and demand distributions for the column for reference models (no 
updated) and models updated by NDT. 

 

4. APPLICATION TO A TRUSS STRUCTURE 

Finally, an illustrative example of a planar timber truss is considered (Figure 14), submitted to 

permanent, G, and live load, Q. Considering that the elements of this kind of structures are mainly 

subjected to axial stresses, three different limit state conditions are initially assumed. The limit state 
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equations are related to tension and compression parallel to grain, and to instability due to buckling of 

compressed elements. 

 
 

 
 
 
 
 
 
 
 
 

 

Figure 14 – Structural model of a planar timber truss. 

4.1. Design 

Before conducting any reliability assessment, the different elements must be designed in terms of 

cross section dimensions. The structure is assumed to be constructed with chestnut wood, however 

with consideration, in the design procedure, of two different strength classes. The classes considered 

are D30 and D50 as given in [45]. For both cases, the structural design respected the following usual 

hypotheses: tensile elements (1, 2, 3, 4, 8, 10) have 75% of the cross section used; compressive 

elements (5, 6, 9, 12, 13, 15, 16) have 95% of the cross section used, with respect to buckling 

verification; the cross sections are uniform in order to allow an easier construction process; the vertical 

elements (5, 7, 9, 11, 13) all have the same dimension, determined by the most stressed element (9); 

the chords are composed by single 10 m long elements. 

These hypotheses provide that the most critical limit states are related to compression parallel to the 

grain, allowing the use of the previous NDT correlations as updating data. Taking into account that 

two different strength classes of timber were considered, for each design, different cross sections were 

obtained for the truss members. In the following description, each structure will be defined by D30 or 

D50 design, according to the used timber strength class. 

In this example, failure of the lower or upper chords would correspond to the structural failure of the 

system, which is a series type behavior in reliability analysis. Therefore, the chords represent key 

elements of the structure. 

 

4.2. Reliability analysis 

For the D30 design, the reliability index of the structure (reference period time of one year) for a series 

system is found to be β = 5.18 (pf = 1.11×10-7) (failure of the upper chord by instability), whereas for 

the D50 design the annual reliability index of the structural system is found to be β = 4.64 

(pf = 1.74×10-6) (failure of the upper chord by instability). In [3] typical failures patterns evidenced the 
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presence of buckling fibers due to splitting almost parallel to the grain. Similar behavior was found in 

[30], when studying the reliability of decayed timber trusses, with buckling due to the large 

slenderness of deteriorated elements. 

Although the reliability indices in D30 design for elements 6, 8, 10 and 12 are lower than the 

reliability indices of element 15 and 16, the failure of these elements does not correspond to a 

structural failure, whereas failure of one element of the upper chord leads to a global failure. As 

referred by Vrouwenvelder [60], although the reliability targets refer to the structural system as a 

whole, in most cases, probabilistic design is performed at the member level. Therefore, the system 

failure is ruled by that particular member.  

The design using D50 timber produces lower values of reliability indices due to the assumed design 

considerations that defined different cross sections for each design. The reliability indices for each 

element regarding both designs are shown in Table 5. 

Table 5 – Reliability indices for each element of the truss structure with probability of failure 
in brackets (period reference one year). 

Design 

Elements 

1, 4 2, 3 5, 13 6, 12 
7, 

11 
8, 10 9 

14, 

17 
15, 16 

D30 
5.22 

(8.95×10-8) 

5.22 

(8.95×10-8) 

10.39 

(<1×10-15) 

5.08 

(1.89×10-7) 
* 

5.01 

(2.72×10-7) 

5.44 

(2.66×10-8) 
* 

5.18 

(1.11×10-7) 

D50 
4.95 

(3.71×10-7) 

4.95 

(3.71×10-7) 

9.40 

(<1×10-15) 

4.55 

(2.68×10-6) 
* 

5.10 

(1.70×10-7) 

4.88 

(5.30×10-7) 
* 

4.64 

(1.74×10-6) 

* for zero members β ⇒ ∞ 

 

As mentioned by Moore et al. [51], in presence of degradation processes, the lifetime of components 

can be severely reduced. Therefore, after the evaluation of the safety level in initial condition (design 

stage or present stage), also the consideration of deterioration of members was considered in the 

evolution of reliability along time. However, when considering deterioration in a reliability analysis of 

a structure composed by a system of different elements, the key elements must be found first. In order 

to identify the key elements and the most critical limit state regarding deterioration of the timber 

elements, a reliability assessment was performed considering a perimetral loss of cross section, τ, for 

each element separately. The elements considered as key elements are those for which the influence of 

perimetral loss of cross section would be more pronounced corresponding to lower reliability indices. 

A similar procedure is presented by Moore et al. [51] in assessing the probability that a structural 

timber element will exceed a specific limit state as the effective cross section diameter decreases.  

The key elements for each limit state are shown in Figure 15. The initial values (τ = 0) for the most 

critical limit states are in accordance to usual design values. For D30, the reliability index of the key 

elements is β = 5.01 (pf = 2.72×10-7), whereas for D50 the reliability index is β = 4.88 (pf = 5.30×10-7). 

For the structure with D30 timber, tension parallel to grain is the most critical limit state at the 

beginning of loss of cross section in elements 8 and 10. However, when the reliability index values 
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start to be smaller than 4.5 (pf = 3.40×10-6), the most critical limit state condition is given by buckling 

in element 9. For D50 timber, the buckling limit state is always the most critical with element 9 as a 

key element. Since timber tensile behavior is more influenced by the presence of defects than 

compression, tension strength parallel to grain is more sensitive to the strength class than compression 

strength parallel to grain. Element 9 is also considered as a key element because when weakened, or in 

case of failure, the stresses are redistributed to the other elements of the truss producing shear and 

bending stresses in the upper chord. Since the upper chord was not initially designed for that kind of 

stress, its reliability highly decreases and structural failure is a likely scenario. The increase of shear 

and bending stresses in the upper chord is mainly noticeable when elements 8, 9 or 10 are weakened. 

Regarding the influence of a decay process in element 9, the structural reliability index (corresponding 

to the failure of a parallel system with first failure in the decayed element) would be β = 6.28 

(pf = 1.69×10-10) and β = 5.90 (pf = 1.82×10-9) for D30 and D50 design, respectively. In D30 design, 

failure of element 9 by instability would be followed by the failure of the upper chord by shear. In D50 

design, the failure of element 9 by instability would be followed by failure of the upper chord by 

lateral torsional instability. 

  
Legend: Legend: 
 buckling (element 9) 

tension (elements 8 and 10) 
compression (element 9) 

 buckling (element 9) 
tension (elements 8 and 10) 
compression (element 9) 

a) b) 

Figure 15 – Annual reliability index with respect to perimetral loss of cross section for the 
limit state conditions: buckling (element 9) – dashed line; tension (elements 8 and 10) – 
continuous line; compression (element 9) – dotted line, in a) D30 design; b) D50 design. 

For illustration of the applicability of an updating process regarding NDT information and its use in 

the assessment of evolution in time of performance regarding the key elements of an existing timber 

structure, the data obtained by the Maximum Likelihood estimates given in Table 1 are considered as 

example data to update the reliability of the truss system. In this case, the NDT data does not intend to 

replace the strength grading provided by EN 338:2009 [45], but to be considered as possible new 

information given by an in-situ evaluation. Therefore, the cross section geometry is taken from the 

design procedures, however fc,0 is updated by the NDT information. For illustration purposes, the truss 
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designed with D50 chestnut timber was analyzed considering the information given by the pin 

penetration tests. D50 design was considered because the data from the NDT in Feio et al. [39] 

correspond to results obtained from small clear specimens that are better compared to higher strength 

grading classes, where lower percentages of defects are admissible. The data from the pin penetration 

tests was considered due to its better fit found in the assessment of the single column element (see 

Figure 12) when compared to one of the reference models that considered the data from the DT. In 

order to analyze the safety reliability assessment and updating process, the demand and resistance 

distributions curves are exemplified for element 9 according to the most conditioning limit state in this 

case (instability by buckling) (Figure 16). To that aim, resistance curves consider the D50 design 

without updating and the results of the updating process with the pin penetration tests are considered. 

In this case, the updating process led to higher values of resistance with lower variation, and therefore 

an increase in the safety reliability level. 

 
 

Figure 16 – Resistance and demand distributions (buckling limit state) for element 9 of the 
truss for D50 design and model updated by pin penetration test data. 

After updating the resistance parameters, a deterioration process was considered for elements 9 and 15 

separately. Then, the reliability of the structural system was calculated (Figure 17). A parallel system 

model was used with the necessary failures of elements for a global collapse. Load redistribution to 

other elements was accounted during the deterioration process of the elements 9 and 15. Since no 

information is known for the environmental conditions, the loss of cross section was not assumed time 

dependent. With this definition, the structural reliability is directly related to a deterioration measure: 

the cross section loss parameter, τ. When new information is obtained by NDT on the rate of 

deterioration (e.g. as seen for the simply supported beam example updated by resistance drilling test 

data), the loss of cross section may be related to the penetration rate, r. After gathering the information 

about the penetration rate, a model of deterioration may be implemented and correlated with the 
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corresponding reliability, which will finally lead to a time evolution curve for reliability assessment of 

the structure. 

 

 
Legend: 
 element 9 

element 15 

Figure 17 – System reliability index with reference time one year with respect to perimetral 
loss of cross section for element: 9 – continuous line; element 15 – dashed line. 

From Figure 17 it is seen that the system reliability is more influenced by the loss of cross section of 

element 15. When considering the loss of cross section of element 9, a sudden decrease of the system 

reliability is seen for τ = 15 mm because element 9 has failed due to compression instability. Although 

the system reliability is always lower for the loss of cross section in element 15, the decay process in 

element 9 may be considered more relevant since the same phenomena lead to a higher decrease in 

reliability in a specific defined period of the decay evolution (τ = 15 mm corresponding to failure of 

element 9).  

 

5. SUMMARY AND CONCLUDING REMARKS 

This paper presents a framework for reliability assessment of existing timber structures using models 

updated with information of NDT that can be correlated with mechanical properties. For that purpose 

Bayesian methods were applied and three examples were presented: (i) a simply supported beam; (ii) a 

column; and (iii) a truss structure. In these examples, the structural reliability was calculated in the 

design and re-assessment phases, and the assessment of reliability regarding the design equations, 

through the used probabilistic approach and stochastic models, presented reliability levels in 

accordance with Eurocode standards. 

After updating the resistance properties with NDT data, deterioration models were implemented. To 

assess the performance of an existing timber structure, in terms of reliability and time evolution, the 

mechanical properties and climatic conditions must be determined. In this case and regarding a 

Bayesian approach, different levels of prior information led to different reliabilities levels, meaning 

that reliability assessment regarding NDT data updating depends on the accuracy of each NDT and the 

respective degree of belief on the information. 

When discussing the behavior of single element structures, it was shown how it is possible to update 

decay model parameters by use of NDT data through Bayesian methods. In this approach, different 
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degrees of belief in the updating data resulted in significant differences in the evolution of reliability 

analysis. Moreover, regarding existing correlations from a database of NDT and laboratorial tests, the 

compressive strength parallel to grain of chestnut elements was determined using linear regression 

models obtained by Maximum Likelihood estimates, allowing the modeling of the uncertainty of each 

NDT. 

Uncertainty related to physical parameters, as strength and geometric parameters, were considered in 

the reliability assessment. For compressive strength parallel to the grain, a Bayesian stochastic model 

is applied, where at a design stage the prior model is used for reliability assessment. In this paper, 

additional indicators are used to obtain the measured values for the physical variables. This introduces 

an additional model uncertainty which was estimated through the Maximum Likelihood method. For 

the reassessment stage, where data from NDT is available, the posterior model is used conditional to 

the measured values. Therefore, the reliability level could be both larger or smaller depending on the 

considered data, concluding that the objective of NDT data updating is to allow a better understanding 

of the characteristics of the structural elements, particularly with respect to the key elements of the 

structure, and to allow a more precise safety assessment. Epistemic uncertainty regarding statistical 

and measurement uncertainties can also be implemented to the applied Bayesian model, however were 

not considered in the paper. 

Using NDT information as updating data in a probabilistic analysis, the results given by the pin 

penetration  tests were similar to the reference experimental model with mean value and COV given 

by the results of the laboratorial tests. The resistance drilling and ultrasound updating schemes led to 

higher level of reliability than the reference model values, therefore these updating data should be 

considered with caution, as they can result in unsafe results for the reliability compared to the 

reference models. 

In the truss structure example, the same design hypotheses led to different reliability levels regarding 

different timber strength classes. Identification of the key elements according to the type of 

load / action was demonstrated to be a fundamental step in order to understand the level of reliability 

of an existing structure. Although it is known that the decay rate is often dependant of the directional 

orientation of the decay surface, a perimetral loss of cross section was considered in the different 

members for obtaining the key elements of the truss structure regarding a decay process, as in this case 

the analysis is considered regarding the change of reliability in different members due to the loss of 

effective cross section. The compressive strength parallel to the grain was updated by use of NDT data 

and a reliability assessment was made with the cross section loss. 
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