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Assessment of the structural properties of timber rambers
In situ — a probabilistic approach

José Saporiti Machadd, Paulo B. Lourencd, Pedro Palma

Abstract  The assessment of the structural performance isfirx timber structures is dependent,
among other factors, on the capacity to evaluaehysical and mechanical properties of
structural timber elements in situ. This paper uses the possibilities/advantages of
using a probabilistic approach to obtain a morealpét prediction of the reference
properties of these timber members in situ. Thegred approach combines information
from common non-destructive techniques (NDT), suh visual assessment and
ultrasounds, and those from semi-destructive (&), as meso tension specimens and
wood cores. An application of this approach to timag pine Pinus pinasterAit.) and
chestnut Castanea sativMill.) timber pieces of structural dimension ispented.

Keywords bending strength, modulus of elasticity, non-degive techniques, structures, visual
assessment

1. INTRODUCTION

The assessment of the structural performance efirgitimber structures is dependent, among other
factors, on the capacity to evaluate in situ thgsal and mechanical properties of structural @mb
elements. This task is significantly more difficdtir timber members in comparison with other
materials, in part due to the high variability ohiber properties, both within and between members
(heterogeneous material). Nevertheless, in sonwrostances (e.g. alteration of use, detection of
deterioration) the structural performance of ergstructures has to be addressed.

Generally the way of dealing with the uncertaintydlved while assessing the mechanical properties
is based in the same principles used for seleetmbapplying timber in new constructions. In Europe
the design of new timber structures is based orcdheept of limit states (ultimate and serviceapili
limit states) and follows the rules described ia #uropean standard EN 1995-1-1, also known as
Eurocode 5. In this case, the properties of a dati batch of timber are controlled by selecting a
particular visual strength grade or a strengthsglasd the mechanical properties of this graddasisc
are used for deriving the design values, to be us#te design of the construction.

When assessing existing structures, a frequentiptad procedure is to use a visual strength grading
standard (specific to the employed wood speciegssign the material properties to timber members
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in service. This method allows to group sawn timibés more homogeneous batches (visual grades)
and assign, for all members, the same value foméhehanical property(ies), usually corresponding to
the 8" percentile of its probability distribution (paratrie or non-parametric). This approach will be
discussed in more detail in section 2.

Eq. 1 gives a general representation of the waydtute 5 defines the design value of material
property (strength or stiffness). This design vakiénction of the characteristic value of a stybn

property, the mean value of modulus of elasticitytt® mean value the shear modulus. The design
value takes also into account the effect of moésttwntent and duration of load in wood strength

properties Ko Kie- Finally, a safety factor for the material pragefj«) is applied, to account for
model uncertainties, dimensional variations, thespulity of an unfavourable deviation from the
characteristic value; and the random pai,@f andKges -

X, =£D(k (K, (1)
I

whereXy = design value of a material propenty = modification factor taking into account the effe
of the duration of load and moisture contant= kg for strength ork; = 1/(1+4kye) for stiffness
properties , = material safety facto, = characteristic or mean value of timber streraytbtiffness
property, respectivelk, = size factor.

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

In the case of timber member in situ, other factdfecting material properties should also be taken
into consideration. A conservation factor linkedte degradation by fungi or insects with implioati

in the reduction of the material propertidg,{ and an aging factor that attends to physical and
mechanical deterioration of the timber materials tlutime in servicek(). Thus Eq. 1 becomes Eq. 2.

Xd :yﬁD(k th |:Ikconl:lka (2)

M

wherek., = reduction of wood properties due to conservastatusk, = reduction of wood properties
due to time in service (aging factor).

The Eurocode 5 factors in Eqg. 2, are generallyrtade constants, dependent on the worst situation to
which the members are exposed while in service.ofther two factorski,, andky) are more difficult

be define, because the way in which the degradafithe wood material by fungi or insects leads to
the deterioration of the mechanical performancstafctural elements is left to the judgment of the
expert evaluating the structure. As regards agingng discussion exists about the need to consider
this factor for structural members (gross crossise From the experience with white pine timber,
Suter (1982) suggested a value of 0.9%for

All the discussion on adjustment or safety factenelevant if the major source of uncertainty édk

to the true timber’s strength or stiffness disttib can be predicted with some accuracy. In most
situations, no prior information exists about thechmanical properties of the wooden material in
service. The lack of information alongside with thecertainty associated to timber mechanical
properties leads to the adoption of over consemvatptions.

The present paper aims to discuss the possibititeantages of using an alternative probabilistic
approach to obtain a more reliable assessmeneahdthanical behaviour of timber members in situ.
This approach uses current information taken frasnal strength grades and crosses that information
with the one obtained by using non and semi detsirimethods. The possible results obtained from
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the application of the different approaches areudis taking into account their application to niauet
pine Pinus pinastelAit.) and chestnutGastanea sativill.) timber pieces of structural dimension.

2. CURRENT APPROACH

Current in situ assessment of the mechanical ptiepesf timber members is carried out following the

procedure outlined in Fig. 1. A similar procedws@resented by the Italian standard UNI 11119. This
standard considers the necessity of a factor gittdil.,, Eq.2, which should be defined by the expert

while conducting the survey. The standard also ma&éerence to a possible use of non destructive
techniques (NDT) but it does not state the avald@DT and in what way they could assist in the

definition of the mechanical properties of the tenmembers.

Evaluation of mechanical properties

Strength grading

Visual strength grade

y

Strength class

Reference characteristic or mean value X
of timber strength or stiffness property ? k

Geometry Moisture
of the members content

Biological
damage or hazard

Modification factors

Figure 1 — Current factors used to define the mechanicdbpaance of timber elements in situ.

The allocation of mechanical properties to a timélement in situ is currently made by applying a
visual strength grading standard or by the simgke af the strength class system (standard EN 338).
This approach relies on the conceptrefierence material propertiesnd other material properties
Reference propertigsclude density, bending strength and moduludadtieity. These properties are
the ones that are experimentally determined whédgetbping a visual strength grading system
according with the European standardizati@ther propertiesare obtained from theeference
propertiesusing a series of expressions described in threlatd EN 384. These same two groups of
properties are used by the probabilistic model qoagposed by the Joint Committee for Structural
Safety (JCSS 2006), Fig. 2.

Reference Material Other Material
Properties Properties
R,,= bending strength R.o0o= tension strength
E,= bending MOE E,p0= tension MOE
Pden= density R.g00= compression strength
E.o00= compression MOE
R.= shear strength

G, = shear modulus
Ryo0= embedding strength

Figure 2 — Reference material properties and other matpraglerties (JCSS 2006).

Since the full application of visual strength graglirules is difficult (if not impossible) for a tmer
element in situ (Bonamini 1995), the predictionneéchanical properties is often conservative. This
procedure requires the identification of the wopdcses, probable origin and quality, which allows
the choice of a proper strength class from the jgeasin standard EN 1912.

Following this procedure, uncertainty on the maileproperties is dealt by using th& percentile
values and following application of a safety fadf@r). This procedure is simple and conservative. It
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can comprise: a) allocation of a safe (lower) giterclass (SC) according with the employed wood
species; b) allocation of the strength class thtasents the average quality (visual strengthejraid

all the timber elements examined or; c) the aliocato each timber member of a particular strength
class that corresponds to the features presehiainparticular piece of timber (again, through aisu
strength grading).

The plain use of visual strength grading princigleges not take into consideration major differences
between visual strength grading of sawn timbertander elements in situ. The former are carried out
without knowing the exact way in which the beaml Ww#& used and the location of defects in relation
with the stresses distribution along the length emss-section of the elements. In the case ofdimb
elements in situ, this information is known and barused to restrain some of the variability nolynal
associated to a visual strength grading, Fig. 3.
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Figure 3 — Percentage difference between true strengthmaratilus of elasticity in bending and the
corresponding characteristic valuesférence propertigsfor visual strength grade E (NP 4305) applied to
maritime pine.

From Fig. 3 it can be seen that using visual stremgading to predict strength and modulus of
elasticity underestimates the true values as mscB08 % or 200 %, respectively. In this respect,
Yeomans (1999) mentions some of the problems tigastraightforward application of current visual
strength grading standards can bring to the coaservof historic buildings.

3. A PROBABILITIC APPROACH

The probabilistic modelling of uncertainties togethwith the definition of acceptable failure
probabilities defines the framework for the rellipibased assessment of structures (JCSS 2006). In
this code, probabilistic models faeference propertiesare provided along with the expected
uncertainty.

Table 1- Probabilistic models faeference propertiefor structural timber (JCSS 2006)

Distribution cov

Bending strength Lognormal 0.25
Bending MOE Lognormal 0.13
Density Lognormal 0.10
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A complete application of this code requires thpatdlity to predict the expected values for the
reference propertiesThese properties are generally chosen in accoedaiith the visual strength
grade (based on the concepts mentioned in thequggection) or from tests conducted using similar
material (Toratti et al 2007).

Two alternative probabilistic models for assesshgyreference properties can however be used. One
approach uses information about the original quaiftthe timber element (before being exposed to
load, humidity and temperature history). Thigriori information can be obtained from the simple
consideration of the most likely visual strengthdg to be allocated to a structural member. Intirec
or direct tests made at the structural elementstothe structure (proof-loading) can lead ao
posteriori information about the quality of the timber menshéerhis last information will be use to
update the priori information (probabilistic Bayesian approach)desussed in section 3.2).

The other approach does not take into consideratiyra priori information about the quality of the
timber elements, but only the information from dire@r indirect measurements made during the
appraisal of the structural elements (classicararice), as presented in section 3.1.

3.1. Classical inference

Classical inference characterizes a random varigbsmolely by using the data obtained from an
experiment X = (X1,%,...X,). This data is drawn from a population with a rwsttion of
probabilityf, n p (X|©,Q) define by a space of unknown paramet@msnd the spac® of all possible
values ofX. No previous assumption or information ab@lis made.

Prediction on wood species, density, moisture cdraed mechanical properties of timber structural
elements can be obtained from intrusive (semi-des#e) as well as non intrusive (non-destructive)
techniques. Other factors that can affect the m@chhproperties can also be reported (deterianatio
and aging effects).

In the case of timber structures the tests cuyrepplied and the quality of the information ob&ain
regarding thaeference propertiesre shown in Table 2. This table clearly showsgh ariability
regarding the efficiency (value) and reliability (interval af values found) for each method.

Table 2— Correlation matrixr{ for non and semi-destructive tests for assegbi@geference properties of
timber structural members in-situ (values takemfrarious bibliographic sources)

Testing of small

Pylodin Drill resistance Ultrasounds .
specimens
Density 0.02 - 0.89 0.06 - 0.88 - -
Reference ~ Modulus of : - 0.30 - 0.74 0.30-0.80
properties elasticity
Bending : 0.86 - 0.93 0.32-0.80 :
strength

The integration of the data obtained from these N®Tlearly a matter of discussion. The results
shown in Table 2 can be explained by the differehetween wood species, the elements’
conservation level, the elements’ size, and théemiht procedures followed by different authors.
Therefore, the extrapolation of results to othesesais difficult and justifies the efforts currgntl
ongoing in several committees to harmonize theaigdDT in the assessment of structural timber
elements in situ.

An example of the combination of several techniquas proposed by Machado and Palma (2010b).
The studies already conducted (Machado and Palmb@a2Machado and Palma 2010b) show clearly
that a good prediction of density and modulus aisetity can be achieved by core drilling,
ultrasounds and tension (meso-specimens) testslifesatrength is however more difficult to predict.
This aspect is related with the fact that the wtienstrength is a function of local weak points,



SHATIS'11 International Conference on Structural Health Assessment of Timber Structures - Lisbon, Portugal - June 2011

generally not easily detected by visual inspecéind dependent on the stress level and distribaion
the structural element.

In the present study, semi and non-destructivenigales were used to infer the location parameter (i
this case the mean value) of a probability dengityction (pdf). The choice of the pdf for each
reference property was made according to JCSS J200@ uncertainties (scale parameter) in the
predictions can be considered equal to the vaitialdibund for the wood’s properties within and
between timber members. Table 3 shows the coeiigieof variability pointed out by two
bibliographic references and the data obtainedérptesent study.

Table 3— Coefficients of variation (%) for theference properties

Present study(clear wood)

Wood .
Handbook JCSS* Within the element Between elements
clear wood iti iti
( ) Mariime . . Maritime
pine pine
Density 10 10 6 5 13 8
Modulus of
Reference elasticity in 22 13 10 12 26 21
properties  bending
Bending 16 25 9 14 17 22
strength

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

3.2. Bayesian inference

Bayesian inference assumes thapriori information about the material exists. Létbe a random
variable representing the space of possible valoes certain property of the material afydthe
probability density function that represents thstribution of the space of possible valuesyofThe

pdf fy is characterized by a vector of paramet@rs go. If a new data set is collected, = {v1,
Y2, .-, Yn}, @ Bayesian updating a® distribution can be obtained, Eq. 3.

o ov)= 0-(6)L{lY)

[9o(6)L(8Y)dq

®3)

where g, (8) represents the pdf of the uncertain paran@tet(ﬂ‘\?) is the likelihood function of the

results contained ilY , "means the posterioriand thea priori pdf of @

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

Therefore thea priori information about the quality of the wooden matiecian only be provided by
the visual strength grading of the elements, wiish requires information on the wood species and
the elements’ features. Some intrusive (semi-deste) and non intrusive (non-destructive)
techniques can be used to obtain additional infGomao predict the mechanical behaviour of the
elements. This information can then be used to tepithe information provided by the visual grading.
The application of these concepts is presentedatic 4.
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4. CASE STUDY

4.1. Experimental work
4.1.1. Materials

Home-grown maritime pineP{nus pinastelAit.) and chestnut specimenSgstanea sativill.) were
selected for this study. These specimens were liysgiaded according with visual strength grading
standards developed for each of these two woodespdeor maritime pine timber it was applied the
Portuguese standard NP 4305, and for chestnut wlbedtalian standard UNI 11035-2. This last
standard was chosen since no Portuguese standestd &t the visual grading of home-grown
chestnut for structural applications.

From each species, thirty beams with dimensions 200 x 2000 mrhwere selected. The beams

were conditioned and tested at the standard emaigah defined in the European Standard EN 408
(20 £ 2 °C air temperature and 65 = 5 % relativeildity). The testing of the beams was conducted
after they showed a mass variation below 0.1 % éetwveight measurements taken each two hours.

4.1.2. Methods

The sequence of tests performed in each beam wdsltbwing:

e It was visually strength graded according with afidwo standards (NP 4305 for maritime
pine and UNI 11035-2 for chestnut);

* Five ultrasonic time-of-flight readings were obtinfrom different clear wood zones. A
PUNDITplus was used with 150 kHz transducers anderal gel as coupling agent. An
indirect method was used (transducers were lodatsdme surface at a distance of 40 cm).
More details about the ultrasonic method can beddn Machado and Palma (2010b);

* A four-point bending test was conducted accordiogeN 408. A proof-loading test was
applied to obtain the global modulus of elasti¢iy, ). The maximum proof-load applied was
determined according with Eq. 4;

096(tlhlk, [f
F =
P 1.8

whereF, corresponds to the applied proof-loado the thickness of the beaimjs the depth of the
beam,k; is the size factors given in EN 384; aijd is the characteristic value of bending strength
associated to each visual strength grade for arii@epth.

= Q)

e Two tension meso-specimens (Brites et al 2010) wadeen for determination of the modulus
of elasticity Eo ).
« Two wood cores were collected for density predic{ja).

The mean value of the dynamic modulus of elastigitegn by ultrasounds was obtained considering
the combination between the density valupg Obtained from the two core drills and the five
ultrasonic velocities\) determined from the time-of-flight readings, Bq.

5 2
_ ZV [Ezp j 5)

Ean = 10

For evaluating the prediction capacity of the wandes, a regression analysis was conducted. The
mean density value given by the two wood cores aeaspared with the values obtain from standard
prismatic specimens taken from the beams. Themdlaiesults show that wood cores can provide, as
expected, a good prediction of the density of theleelement, Fig. 4.
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Figure 4 — Correlation between density values obtained fwood cores and current EN 408 method.

The bending modulus of elasticity for each beam p&slicted by a cross-validation process. This
process consisted in the combination of the infdionafrom the non destructive technique
(ultrasounds Eyy,) and a semi destructive technique (tension tesbepecimens Eq ).

The combination of these two predictions was cdraet using the parametric method for combining
estimators, initially proposed by Cochran (1937n€ldering that there are two estimatorfc(fE

andEZ) with pdf defined as N;, ;") and NE,, 0, ), respectively, the combined unbiased estimator is
given by Eq. 6.

E=qE +alE, ©6)
with
w=0;/(o7 +0}) andw, =032 /(07? +07?)

As stated before, it was considered that the longtarameter (mean value) is a random variable and
that the scale variable is know (standard deviqtiom this case, a coefficient of variation of 13 %
(JCSS 2006) was considered (see Table 3) for temsamlulus, and of 10 % for the dynamic modulus
(value taken from the results obtained in this ygfud

160 . . : .
n =449
fn=684+00048En, o .
120} r2=0.38 ° .
o

Bending strength (N/mnf)

0 4000 8000 12000 16000 20000
Modulus of elasticity (N/mn?)

Figure 5— Regression curve and 95% lower prediction cemigg limit curve adjusted to the relatigrandE,
for maritime pine beams.
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The bending strength was predicted using the saoeegure used for machine strength grading. For
maritime pine, the lower 95% confidence limit oétregression curve between the global modulus of
elasticity and the bending strength was used, Figpb chestnut, the prediction of the bending sftien
was not performed since there is no informationualioe previous correlation, and the correspondent
regression curve, between the modulus of elastigitythe bending strength for home-grown chestnut
timber.

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

Table 4— Allocation of strength classes to the visuarsiith grades considered for maritime pine and ohest

Wood species Maritime pine Chestnut
. NP 4305 UNI 11035-2

Visual strength grade EE E R S R

Strength class C30 C18 Cl4 D28 D14
for [N/Mmm?] 30 18 14 28 14

Er%f;ft?gs Enm g [N/mn7] 12000 9000 7000 9000 7000
Omean[kg/m’] 460 390 350 550 350

R — Rejected

* — Strength classes considering the values ogthde S of UNI 11035-2 and those mentioned in E8l 33
For chestnut, the R grade was considered equak(salaes) as for C14 for Softwoods and designaged a
D14.

For both the modulus of elasticity and the benditrygngth, the same prior and posterior probability
distribution  function (Table1l) was considered. Jhu the lognormal distributions

f.n LN(Z¢, A )andE, , n LN(Zg,Ag)were assigned to the bending strendt) and to the
global modulus of elasticityg;, ¢ variables, correspondingly.

When the precision is known, but the mean is agandariable, the natural conjugate of the kernel of
the likelihood function is the Normal distributiofihe precision was considered as 13 %, as indicated
by the JSCC (2006).

The parameters associated to the prior distribytidnn’) and the information collected from thet$e
made using non and semi destructive techniques)mwan be combined as indicated in Eq. 7 (Raiffa
and Schlaifer 1961). In this paper, an equal weighthe a priori and thea posterioriinformation

(n'=n) was considered, regardless of the number sérohtion supporting either one.

. n 0 +nlm

m .
n+n

()

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

4.2. Results and discussion

The comparison of the predicted values of modufueasticity, using both the classical and Bayesian
approach, with the experimental values is preseintéth. 6. A normal distribution function was &t

to the errors obtained with each approach. In #mesfigure it is also plotted the error distribatio
considering solely the visual grading system applie
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Figure 6 — Error distribution of the different approachesrélation to the experimentally determined global
modulus of elasticity in bending: a) maritime pibg,chestnut

Fig. 6 shows that Bayesian inference, using infeienafrom current approach (visual grading
Strength Class) and from semi and non destructiethods, provided for both wood species the less
biased result.

Fig. 6 also shows the differences that can be fdeidieen the two species. In the case of maritime
pine, an exhaustive mechanical characterizationaeaducted between 1989 and 1991, leading to the
establishment of a visual strength grading standBndse studies can explain that the application of
the current approach delivered, as expected, &gnif conservative values. The two proposed
approaches resulted in a shift of the curves taitjie and a more unbiased prediction of the mosiulu
of elasticity.

In the case of home-grown chestnut, the mechaol@aacterization of structural elements was never
carried out and, therefore, a specific strengttdige standard (considering the geographic origin)
does not exist. The application of the ltalian sisgrading standard led to a significant over
estimation of the global modulus of elasticity. Metheless, there is again a clear contributiorhef t
Bayesian inference for a more unbiased predictfdheomodulus of elasticity.

These results shows the importance that the infiomarovided by semi or non-destructive testing
can bring to improve the assessment of timber mesnipesitu, when the geographic origin of the
wooden material is not known. It should be stregsbed this uncertainty about the origin of timber
elements in situ is common for many timber struesur
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Figure 7 — Global modulus of elasticity cdfs for the diffet approaches and the cdf of a lognormal disiobut
fitted to a sample of thirty specimens (refereramsle). a) maritime pine, b) chestnut
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Fig. 7 shows the lognormal cumulative distribut{odf) fitted to the results obtained by the diffare
approaches and to the reference sample. Thesgsrelalved a clear improvement of the prediction of
the real cdf of the reference sample by the ushehon and semi-destructive methods. The use of
information based on these tests seems to sugpefore a more reliable structural analysis of the
structural behaviour of timber elements in situ.

As for the bending strength, the results are otlgws) in the basis of a predicted cumulative
distribution function. It was not possible to detére the error, since the specimens were not tested
until failure. However, the results (Fig. 8) shovibdt the two approaches seem to restrain sonteof t
understandable large variability associated wighdimple use of visual grades and strength classes.
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Figure 8 — Lognormal cdf according with the different apmecbes followed for maritime pine

The information provided by error probability degsilistributions of the type shown in Fig. 6 can be
used in probability modelling of the behaviour tlustural timber, by adding an error componeat (
to each prediction, Eq. 8, using a Monte Carlotbepsimilar method.

E,=E, +¢ ™)

5. CONCLUSIONS

The application of new approaches to the evaluatiothe reference propertiesf timber structural
members shows that a clear benefit can be attdigetbmbining information from visual strength
grading with information gathered from semi and-destructive techniques.

In the case of the modulus of elasticity, the aggion of the two studied approaches resultedi@ss
biased estimator (mean error closer to zero) tharsimple use of visual grades or strength classes.

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