Abstract

The assessment of the structural performance of existing
timber structures is dependent, among other factors, on the
Capacity to evaluate the physical and mechanical properties
of structural timber elements jn situ. This paper discusses the
possibilities/advantages of using a probabilistic approach to
obtain a more reliable prediction of the reference properties
of these timber members in sity The presented approach
combines information from common non-destructive
techniques (NDT), such as visyal assessment and
ultrasounds, and those from semi-destructive tests (SDT),
ds IMESO tension specimens and wood cores. An application
of this approach to maritime pine (Pinus pinaster Ait.) and
chestnut (Castanea sativa Mill.) timber pieces of structural
dimension is presented.
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Resumo

A avaliagdo da capacidade resistente de estruturas de
madeira existentes encontra-se dependente de vérios
fatores, nomeadamente, 3 competéncia em avaliar in
Situ as propriedades fisicas e mecanicas de elementos
estruturais de madeira. O presente artigo pretende discutir
as  possibilidades/vantagens da aplicagdo de métodos
probabilisticos, de forma a obter uma estimativa mais
fiavel das propriedades de referancia destes elementos. O
metodo proposto combina Informagao obtida por métodos
Nao destrutivos correntes, como sejam a avaliacao visual e
0s ultrassons, com métodos semi-destrutivos, como sejam
O ensaio de mesoprovetes e 3 extraccao de carotes de
madeira. Sdo apresentados os resultados da aplicacdo deste
metodo a elementos de Pinho bravo (Pinus pinaster Ait.) e
de Castanho (Castanea sativa M ill.).
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1 Introduction

The assessment of the structural performance of existing
timber structures is dependent, among other factors,
on the capacity to evaluate in situ the physical and
mechanical properties of structural timber elements. This
task is significantly more difficult for timber members in
comparison with other materials, in part due to the high
variability of timber properties, both within and between
members (heterogeneous material). Nevertheless, in
some circumstances (e.g. alteration of use, detection
of deterioration) the structural performance of existing
structures has to be addressed.

Generally the way of dealing with the uncertainty involved
while assessing the mechanical properties is based in
the same principles used for selecting and applying
fimber in new constructions. In Europe the design of new
timber structures is based on the concept of limit states
(ultimate and serviceability limit states) and follows the
rules described in the European standard EN 1995-1-1,
also known as Eurocode 5. In this case, the properties of
a particular batch of timber are controlled by selecting a
particular visual strength grade or a strength class, and the
mechanical properties of this grade or class are used for
deriving the design values, to be used in the design of the
construction.

When assessing existing structures, a frequently adoptec
procedure is to use a visual strength grading standarc
(specific to the employed wood species) to assign
the material properties to timber members in service.
This method allows to group sawn timber into more
homogeneous batches (visual grades) and assign, for all
members, the same value for the mechanical property(ies),
usually corresponding to the 5th percentile of its probability
distribution (parametric or non-parametric). This approach
will be discussed in more detail in section 2.

Equation 1 gives a general representation of the way
Eurocode 5 defines the design value of material property
(strength or stiffness). This design value is function of
the characteristic value of a strength property, the mean
value of modulus of elasticity or the mean value the shear
modulus. The design value takes also into account the effect
of moisture content and duration of load in wood strength
roperties (k. K,.). Finally, a safety factor for the material
property (y,,) is applied, to account for model uncertainties,
dimensional variations, the possibility of an unfavourable
deviation from the characteristic value; and the random part
of K, ogand k.

k
X, =—L.X -k ()

Tm

where X = design value of a material property,
k.= modification factor taking into account the effect of the
duration of load and moisture content, k, =k ___for strength
or k, = 1/(1+k ) for stiffness properties, y,, = material safety
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factor, X, = characteristic or mean value of timber strength or
stiffness property, respectively, k, = size factor.

Other member and system modification factors are also considered
in Eurocode 5, but they will not be referred to in the present paper.

n tne case of timber member in situ, other factors affecting material
properties should also be taken into consideration. A conservation
factor linked to the degradation by fungi or insects with implication
in the reduction of the material properties (k) and an aging factor
that attends to physical and mechanical deterioration of the timber
materials due to time in service (k). Thus Equation 1 becomes
Equation 2.

Xdzﬁ'xk'kh'kmn'ka (2)

T m

where k= reduction of wood p'roperties due to conservation
status, k. = reduction of wood properties due to time in service
(aging factor).

The Eurocode 5 factors in Equation 2 are generally taken as
constants, dependent on the worst situation to which the members
are exposed while in service. The other two factors (k___and k) are
more difficult be define, because the way in which the degradation
of the wood material by fungi or insects leads to the deterioration
of the mechanical performance of structural elements is left to the
judgment of the expert evaluating the structure. As regards aging,
a long discussion exists about the need to consider this factor for
structural members (gross cross-section). From the experience with
white pine timber, Suter (1982) suggested a value of 0.9 for k_

All the discussion on adjustment or safety factors is relevant if the
major source of uncertainty linked to the true timber’s strength
or stiffness distribution can be predicted with some accuracy. In
most situations, no prior information exists about the mechanical
properties of the wooden material in service. The lack of information
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alongside with the uncertainty associated to timber mechanical
properties leads to the adoption of over conservative options.

The present paper aims to discuss the possibilities/advantages of
using an alternative probabilistic approach to obtain a more reliable
assessment of the mechanical behaviour of timber members in situ.
This approach uses current information taken from visual strength
grades and crosses that information with the one obtained by using
non and semi-destructive methods. The possible results obtained
from the application of the different approaches are discuss taking
into account their application to maritime pine (Pinus pinaster Ait.)
and chestnut (Castanea sativa Mill.) timber pieces of structural
dimension.

2  Current approach

Current /n situ assessment of the mechanical properties of timber
members is carried out following the procedure outlined in Figure 1.
A similar procedure is presented by the Italian standard UNI 11119.
This standard considers the necessity of a factor similar to k_
tquation 2, which should be defined by the expert while conducting
the survey. The standard also makes reference to a possible use of
non destructive techniques (NDT) but it does not state the available
NDT and in what way they could assist in the definition of the
mechanical properties of the timber members.
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Reference characteristic or mean value
of timber strength or stiffness property

FigureT Current factors used to define the mechanical
performance of timber elements in situ

The allocation of mechanical properties to a timber element in situ
s currently made by applying a visual strength grading standard
or by the simple use of the strength class system (standard
EN 338). This approach relies on the concept of reference material
properties and other material properties. Reference properties
include density, bending strength and modulus of elasticity. These
properties are the ones that are experimentally determined while
developing a visual strength grading system according with the
European standardization. Other properties are obtained from the
reference properties using a series of expressions described in the
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standard EN 384. These same two groups of properties are used by
the probabilistic model code proposed by the Joint Committee for
Structural Safety (JCSS 2006), Figure 2.

Figure 2  Reference material material

properties and other
properties (JCSS 2006)

Since the full application of visual strength grading rules is difficult
(if not impossible) for a timber element in situ (Bonamini 1995),
the prediction of mechanical properties is often conservative. This
procedure requires the identification of the wood species, probable
origin and quality, which allows the choice of a proper strength class
from the European standard EN 1912.

Following this procedure, uncertainty on the material properties is
dealt by using the 5th percentile values and following application
of a safety factor (y,). This procedure is simple and conservative.
It can comprise: a) allocation of a safe (lower) strength class (SC)
according with the employed wood species; b) allocation of the
strength class that represents the average quality (visual strength
grade) of all the timber elements examined or ¢) the allocation to
each timber member of a particular strength class that corresponds
to the features present in that particular piece of timber (again,
through visual strength grading).
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Figure 3 Percentage -difference between true strength and
modulus of elasticity in bending and the corresponding

Characteristic values (reference properties) for visual

strength grade E (NP 4305) applied to maritime pine

The plain use of visual strength grading principles does not take into
consideration major differences between visual strength grading
of sawn timber and timber elements in situ. The former are carriec
out without knowing the exact way in which the beam will be usec
and the location of defects in relation with the stresses distribution
along the length and cross-section of the elements. In the case of
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timber elements in situ, this nformetion = o =na can be used
{0 restrain some of the vansbility monmally =ssocstad o a visual
strength grading, Figure 3

From Figure 3 it can be seen thas wsn streng
to predict strength and moduls of Iy underestimates
the true values as much as 600 % or 200 % respeciively. In this
respect, Yeomans (199S) mentions some of the problems that
the straightforward application of cument wisual strength grading

standards can bring to the consenvation of histonic bu ldings.

S :‘*:_-:-m grading

3 A probabilistic approach

-

The probabilistic modelling of wuncertainties together with the
definition of acceptable failur= probabilises defines the framework
for the reliability based assessment of struchres (JCSS 2006). In

this code, probabilistic models for refarence properties are provided
along with the expeciaed unceriznn,

Table 1

Probabilisiic models for reference
I i i
struciural inmber (JCSS 2006

properties for

Bending strength _ uzs-
Bending MOE Lognonmal s
Density Lognonma 010

A complete application of this code reguirss the capability to predict

i p—

the expected values for the reference properties. These properties
are generally chosen in accordance with the visual strength grade
(based on the concepts mentioned in the previous section) or from
tests conducted using similar material (Toratti et al. 2007).

L5

1

Two alternative probabilistic models for assessing the reference
properties can however be used. One approach uses information
about the original quality o Der element (before being
exposed to load, humidity and temperature history). This a priori
information can be obtained from the simple consideration of the
most likely visual strength grade to be allocated to a structural
member. Indirect or direct tests made at the structural elements or
at the structure (proof-loading) can lead to a posteriori information
about the quality of the timber members. This last information will
be use to update the a priori information (probabilistic Bayesian

approach), as discussed in section 3.2).

i LE ¥ 4

:

Ihe other approach does not take into consideration any a priori
information about the quality of the timber elements, but only the
information from direct or indirect measurements made during
the appraisal of the structural elements (classical inference), as
presented in section 3.1.

31  Classical inference

Classical inference characterizes a random variable X solely by using
the data obtained from an experiment X = (x, X,,...x ). This data
is drawn from a population with a distribution of probability f Mp
(X|®,Q2) define by a space of unknown parameters ® and the space
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(2 of all possible values of X. No previous assumption or information
about Q is made.

Prediction on wood species, density, moisture content and
mechanical properties of timber structural elements can be
obtained from intrusive (semi-destructive) as well as non intrusive
(non-destructive) techniques. Other factors that can affect the
mechanical properties can also be reported (deterioration and aging
effects).

In the case of timber structures the tests currently applied and
the quality of the information obtained regarding the reference
properties are shown in Table 2. This table clearly shows a high
variability regarding the efficiency (r value) and reliability (interval of
rvalues found) for each method.

Table2  Correlation matrix (r) for non and semi-destructive tests
for assessing the reference properties of timber structural
members in situ (values taken from various bibliographic

sources)

Testing
of small
secimens

F)rlll Ultrasounds
resistance

Pylodin

Denstty 002 089 006 088 — —
:___-Reference Medulus ef _ _. _ - 030_074 030-80
.--PTOPEWES EiaS’E*C'W ... . .

e b0

st_re_ng_t_h - = =
The integration of the data obtained from these NDT is clearly a
matter of discussion. The results shown in Table 2 can be explained
by the difference between wood species, the elements’ conservation
level, the elements’ size, and the different procedures followed Dy
different authors. Therefore, the extrapolation of results to other
cases is difficult and justifies the efforts currently ongoing in several
committees to harmonize the use of NDT in the assessment of
structural timber elements in situ.

An example of the combination of several techniques was proposed
by Machado and Palma (2010b). The studies already conducted
(Machado and Palma 2010a, Machado and Palma 2010b) show
Clearly that a good prediction of density and modulus of elasticity
can be achieved by core drilling, ultrasounds and tension (meso-
specimens) tests. Bending strength is however more difficult to
predict. This aspect is related with the fact that the ultimate strength
is a function of local weak points, generally not easily detected by
visual inspection and dependent on the stress level and distribution
on the structural element. =

In the present study, semi and non-destructive techniques were
used to infer the location parameter (in this case the mean value)
of a probability density function (pdf). The choice of the pdf for
each reference property was made according to JCSS (2006). The
uncertainties (scale parameter) in the predictions can be considered
equal to the variability found for the wood's properties within
and Detween timber members. Table 3 shows the coefficients of
variability pointed out by two bibliographic references and the data
obtained in the present study.
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Table 3 Coefficients of variation (%) for the reference properties

Present study (clear wood)

Wood

Handbook JCss* Within the element Between elements
(clear wood)

Maritime Mant;me
api:':ne Chestnut Chestnut

ens:tyT 10 b > 13 8

':-Reference Modu{us Of _:-;._i-'-e::;}:.rrz@;:‘-r-':ﬁ; . e -

pro e'rt',e;5 'elasmty in 2213 0. g
strength s

* Data related with structural timber (pieces presenting defects affecting clear wood’s
behaviour) — Forest Products Laboratory (2010).

3.2 Bayesian inference

Bayesian inference assumes that a priori information about the
material exists. Let Y be a random variable representing the space
of possible values for a certain property of the material and £, the
probability density function that represents the distribution of the
space of possible values of Y. The pdf f, is characterized by a vector
of parameters 0 - g,. If anew data set is collected, ¥ ={y.,y,, ...,y },
a Bayesian updating of ® distribution can be obtained, Equation 3.

(9]”) 99(6){(9"}7)

Jau(0)4(6l7)oe

3)

where g_ (0) represents the pdf of the uncertain parameter

@ L(BlYl s the likelihood function of the results contained in Y
" means the a posteriori and ' the a priori pdf of ®.

In the majority of timber structures in Portugal, information about
the principles used to select the timber elements is not available.
Therefore, simple facts that are known to affect the mechanical
behaviour of a timber member (origin of the material and growth
conditions) are often impossible to determine during an inspection.

Therefore the a priori information about the quality of the wooden
material can only be provided by the visual strength grading of the
elements, which just requires information on the wood species
and the elements’ features. Some intrusive (semi-destructive) and
non intrusive (non-destructive) techniques can be used to obtain
additional information to predict the mechanical behaviour of
the elements. This information can then be used to update the
information provided by the visual grading. The application of these
concepts is presented in section 4.
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4  Case study
41 Experimental work

411 Materials

Home-grown maritime pine (Pinus pinaster Ait.) and chestnut
specimens (Castanea sativa Mill.) were selected for this study. These
specimens were visually graded according with visual strength
grading standards developed for each of these two wood species.
-Or maritime pine timber it was applied the Portuguese standard
NP 4305, and for chestnut wood the [talian standard
UNI'11035-2. This last standard was chosen since no Portuguese
standard exists for the visual grading of home-grown chestnut for
structural applications.

From each species, thirty beams with dimensions 40 x 100 x
x 2000 mm? were selected. The beams were conditionec and tested
at the standard environment defined in the European Standard
EN 408 (20 £ 2 °C air temperature and 65 + 5 % relative humidity).
The testing of the beams was conducted after they showed a mass
variation below 0.1 % between weight measurements taken each
two hours.

41.2 Methods

The sequence of tests performed in each beam was the following:

® It was visually strength graded according with one of two
standards (NP 4305 for maritime pine and UNI 11035-2 for
chestnut);

® Five ultrasonic time-of-flight readings were obtained from
different clear wood zones. A PUNDITplus was used with
150 kHz transducers and mineral gel as coupling agent. An
indirect method was used (transducers were located i same
surface at a distance of 40 cm). More details about the ultrasonic
method can be found in Machado and Palma (2010b);

® A four-point bending test was conducted according to EN 408
A proof-loading test was applied to obtain the global modulus
of elasticity (Em,g)' The maximum proof-load applied was
determined according with Equation 4

0.96:t-h-k, f.
FF': s LB (4)

where FP corresponds to the applied proof-load, t to the
thickness of the beam, h is the depth of the beam, K is the size
factors given in EN 384; and /..« is the characteristic value of
bending strength associated to each visual strength grade for a
150 mm depth;

* Iwo tension meso-specimens (Brites et al. 2010) were taken for
determination of the modulus of elasticity (£, );

* Iwowood cores were collected for density prediction (p ).

The mean value of the dynamic modulus of elasticity given by
ultrasounds was obtained considering the combination between
the density values (p,) obtained from the two core drills and the
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five ultrasonic velocities (V) determined from the time-of-flight
readings, Equation 5. |

5 2 (3 R
ZV; . ch,f) | 5)
= \F
“an 10 (

For evaluating the prediction capacity of the wood cores, a regression
analysis was conducted. The mean density value given by the two
wood cores was compared with the values obtain from standard
prismatic specimens taken from the beams. The obtained results
show that wood cores can provide, as expected, a good prediction of
the density of the whole element, Figure 4.

Chestnui
# Pine

v = 0.7559x% + 128.27
=062

S500 'l

Density - prismatic specimens (kgim®)

Density wood's core {kgim®)

Figure 4 Correlation between density values obtained from wood
cores and current EN 408 method

The bending modulus of elasticity for each beam was predicted by a
cross-validation process. This process consisted in the combination
of the information from the non destructive technique (ultrasounds —
) and a semi-destructive technique (tension test mesospecimens

dyn/
—Ee. )

The combination of these two predictions was carried out using the
parametric method for combining estimators, initially proposed
by Cochran (1937). Considering that there are two estimators
of £ (FandE, ) with pdf defined as N(£, o) and N(E,. o3),
respectively, the combined unbiased estimator is given by
Equation 6.

L=,-E+o,-F, 6

with ©,=c7" /(G{Z-chgz) and o, :GQZ/(G{2+G;.2)

As stated before, it was considered that the location parameter
(mean value) is a random variable and that the scale variable is
Known (standard deviation). In this case, a coefficient of variation of
13 % (JCSS 2006) was considered (see Table 3) for +

T,
bt

and of 10 % for the dynamic modulus (valus tzken fron the results

obtained in this study).

Ihe bending strength was predictad us Ng the same procedure used

for machine strength grading. For maritime oine the ower 95%

confidence limit of the regression curve between the giobdal modulus

of elasticity and the bending srengin weas wsed, Figure 5. For
e SameE N il m® 71 | maio de 2012




chestnut, the prediction of the bending strength was not performed
since there is no information about the previous correlation, and the
correspondent regression curve, between the modulus of elasticity
and the bending strength for home-grown chestnut timber.
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maritime pine beams

Figure 5

As for the .Bayesian inference, the initial data (a priori information)
was provided by the assignment of a particular strength class
(Table 4) according to the visual grade of the timber element.

Table 4 Allocation of strength classes to the visual strength

grades considered for maritime pine and chestnut

Wood species Maritime pine Chestnut

NP 4305 UNI 11035-2
Visual strength grade

E S R

Strength class

. Neml e s s
Reference ¢ \/mmf 12000 9000 7000 9000 7000
. ol g o0n | ss0 BED L 8o

R - Rejected
* - Strength classes considering the values of the grade S of UNI 11035-2 and those

mentioned in EN 338. For chestnut, the R grade was considered equal (same values)
as for C14 for Softwoods and designated as D14.

For both the modulus of elasticity and the bending strength, the
same prior and posterior probability distribution function (Table 1)
was considered. Thus, the lognormal distributions )‘mmLN(Zf, /\f) and
E,,LN(Z,, A,) were assigned to the bending strength (f ) and to the
global modulus of elasticity (£, ) variables, correspondingly.
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When the precision is known, but the mean is a random varizbi=
the natural conjugate of the kemnel of the likelihood function is

tne Normal distribution. The precision was considered as 1
indicated by the JSCC (2006).

The parameters associated to the prior distribution (m’, n’) anc
the information collected from the tests made using non anc
semi-destructive techniques (m, n) can be combined as indicated
in Equation 7 (Raiffa and Schlaifer 1961). In this paper, an equal
weight for the a priori and the a posteriori information (n' = n) was
considered, regardless of the number of observation supporting
either one.

n-m+n-m
m”= ’ (7)
n'+n

where: m' is the mean value assumed for the a priori distribution, n' is
the sample size assumed for the a priori distribution, m is the mean
estimated from the test results and n is the sample size that supports
the test results. '

4.2 Results and discussion

The comparison of the predicted values of modulus of elasticity, using
both the classical and Bayesian approach, with the experimental
values is presented in Figure 6. A normal distribution function was
fitted to the errors obtained with each approach. In the same figure
it is also plotted the error distribution considering solely the visual
grading system applied.
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Figure 6 shows that Bayesian inference, using information from
current approach (visual grading — Strength Class) and from semi
and non-destructive methods provided for both wood species the
ess biased result.

rigure 6 also shows the differences that can be found between the
two species. In the case of maritime pine, an exhaustive mechanical
characterization was conducted between 1989 and 1997, leading
to the establishment of a visual strength grading standard. These
studies can explain that the application of the current approach
delivered, as expected, significant conservative values. The two
proposed approaches resulted in a shift of the curves to the right
and a more unbiased prediction of the modulus of elasticity.

Inthe case of home-grown chestnut, the mechanical characterization
of structural elements was never carried out and, therefore, a specific
strength grading standard (considering the geographic origin) does
not exist. The application of the Italian visual grading standard led
to a significant over estimation of the global modulus of élastic'ty.
Nevertheless, there is again a clear contribution of the Bayesian
inference for a more unbiased prediction of the modulus of elasticity.

These results show the importance that the information provided
by semi or non-destructive testing can bring to improve the
assessment of timber members jn situ, when the geographic origin
of the wooden material is not known. It should be stressed that this
uncertainty about the origin of timber elements in sty ic common
for many timber structures.
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As for the bending strength, the resuiss == only shown in the
basis of a predicted cumulative distribution function It was not
possible to determine the emor, since the specimens were not
tested until failure. However, the resuiss /2 zure 8) showed that
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Figure 8  Lognormal cdf according with the different approaches
followed for maritime pine

The information provided by error probability density distributions
of the type shown in Figure 6 can be used in probability modelling of
the behaviour of structural timber, by adding an error component ()
to each prediction, Equation 8, using a Monte Carlo or other similar
method.

& :Em_g+8 (8)

5> Conclusions

The application of new approaches to the evaluation of the reference
properties of timber structural members shows that a clear benefit
Can be attained by combining information from visual strength
grading with information gathered from semi and non-destructive
techniqgues.

In the case of the modulus of elasticity, the application of the two
studied approaches resulted in a less biased estimator (mean error
Closer to zero) than the simple use of visual grades or strength
classes.

Regarding bending strength, the proposed approaches need to be
validated by tests conducted until failure. However, the results
obtained with the application of the two approaches are promising,
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given the similarity with the results obtained for the modulus of
elasticity and the correlation between the bending strength and the
bending modulus of elasticity.

Acknowledgments

The authors acknowledge the support given by the Fundacdo
para a Ciéncia e a Tecnologia (FCT) to the research project “Safety
evaluation of timber structures by means of non-destructive tests
and stochastic analysis” — PTDC/ECM/66527/2006.

References

1]

2]

Bonamini, G. (1995) — Inspection and evaluation. D3/1-9. Timber
Engineering STEP 2 — Design and structural systems. Centrum Hou.
The Netherlands.

Brites, R.D.; Machado, J. S. and Lourenco, P. B. (2010) — Avaliacdo
das propriedades mecdnicas da madeira in situ por ensafos de
mesoprovetes. Proceedings of the 8™ Congresso Nacional de Mecénica
Experimental. Universidade do Minho, Portugal.

Cochran, W. G. (1937) - Problems arising in the analysis of a series of
similar experiments. Supplement of the Journal of the Royal Statistical
Society, 4, 102-118.

EN 1912:2004 - Structural timber. Strength classes. Assignment of
visual grades ad species. CEN.

EN 1995 1 1:2004/A1:2008 - Eurocode 5: Desing of timber structues.
Part 1-1: General = Common rules and rules for buildings. CEN.

EN 338:2009 — Structural timber. Strength classes. CEN.

EN 384:20170 — Structural timber. Determination of characteristic values
of mechanical properties and density. CEN.

EN 408:2003 - Timber structures. Structural timber and glued
laminated timber. Determination of some physical and mechanical
properties. CEN.

rpee | Série Il | n.2 11 | maio de 2012

[9]

[10]

1]

12]

[13]

[14]

Forest Products Laboratory (2010) — Wood Handbook — wood as a
engineering material. General Technical Report FPL-GTR-190. U.S.
Department of Agriculture, Forest Service, Forest Products Laboratory,
Madison, 508 pp.

JCSS (2006) - Probabilistic model code. Part 3.5 — Timber. ISBN: 978-
3-909386-79-6, Joint Committee on Structural Safety.

Machado, J. S. and Palma, P. (2010a) — Predicting the mechanical
behaviour of solid pine timber elements through non-and semi-
destructive methods. Proceedings of the 11" World Conference on
Timber Engineering. Riva del Carda, Italy.

Machado, J. S. and Palma, P. (2010b) — Non-destructive evaluation of

the bending behaviour of in-service pine timber structural elements.
Materials and Structures. Published on-line. DOI 10.1617/511527-010-
9674-9.

NP 4305:2005 — Madeira serrada de Pinheiro bravo para estruturas —
Classificacdo visual. IPQ.

Raiffa, H., and Schlaifer, R. (1961) — Applied statistical decision theory.
Harvard University.

Suter, G. (1982) — Evaluation of in situ strength of aged strength.
Proceedings of the Symposium Structural uses of wood in adverse
environments.

Toratti, T.; Scnabl, S. and Turk, G. — Reliability analysis of glulam beams.
Structural safety, 29, 279-293.

UNI11035-2:2003 - Structural timber. Visual strength grading rules and
Characteristics values for Italian structural timber population. UNI.

UNI 11119:2004 ~ Cultural Heritage. Wooden artefacts. Load-bearing
structures — On site inspections for the diagnosis of timber members.
UNI.

Yeomans, D. (1999) — The problems of assessing historic timber strengths
using modern building codes — The use of and Needs for Preservation
Standards in Architectural Conservation, ASTM.

23




