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JCSS PROBABILISTIC MODEL CODE
Part 3: RESISTANCE MODELS

3.5 PROPERETIES OF TIMBER
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3.5.1 Introduction

Timber is a rather complex building material. Its properties are highly variable, spatially and
in time. In structural engineering, material properties of timber are the stress and stiffness
related properties of standard test specimen under given (standard) loading and climate condi-
tions and the timber density. Timber is a graded material. Due to the grading process, the ma-
terial properties are associated with some control scheme, whereas only the so-called refer-
ence material properties are considered explicitly. The so-called other material properties are
only assessed implicitly. The distinction between reference properties and other properties is
made as illustrated in Figure 1. The bending strength R,,, the bending modulus of elasticity £,
and the timber density pq., are referred to as the reference material properties.

Reference Material Other Material
Properties Properties
R,,= bending strength R.000= tension strength
E, = bending MOE Eio00= tension MOE
Pden = density Rc.ow9= compression strength

E.000= compression MOE
R, = shear strength
G, = shear modulus
Ruovo= embedding strength
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Figure 2: Outline of the modelling of timber material properties.

When modelling timber material properties in a structure, i.e. at any generic point, in time and
in space, several issues have to be taken into account. As illustrated in Figure 2 the corner-
stone of the modelling of timber material properties are the reference material properties un-
der test conditions. The material property of interest at any generic point may deviate in terms
of type (‘other material properties’), of dimensions (‘scale’) and of specific loading and cli-
mate conditions (‘time (load/moisture)’).

The models in this model code relate to solid structural timber and are predominantly based
on test programs and investigations considering European and North American softwoods.
For some other softwoods and especially for hardwood the underlying assumptions are less
appropriate.
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3.5.2 Basic Model

3.5.2.1 Stress-strain relationship
AO

Figure 3: Stress-strain relation according to Glos [1]. A simplified linear elastic-plastic stress-
strain curve is shown with thin line.

In Figure 3 an idealised stress-strain relationship under axial load is shown for small clear
timber specimens, according to Glos, [1]. In tension there is a linear relationship described by
the modulus of elasticity £, . In compression the relation is described by the initial modulus of

elasticity E., the compression strength R_, the asymptotic final compression strength R

c,y’
the strain ¢, at maximum stress and the ultimate strain ¢, . The following empirical relation is

assumed:

e+ke”
for —g,<e<0
ole) =1k, + ke + k,e" (1)
E. for 0<g<g
where
R
k= o 2
YN-D-E - e"P0-R IR, @)
1
k, :E 3)
1 N
hy=— e 4
* R (N-1)-E ¢ @
k
k, = Rlv ()

Conditions for (1):

N R
R. <R, -1[MPa £, > —< 6
c,y c [ ] c (N—l) EC ( )
Typical values for the parameters are:
R, /R ~0.8 e.=0.8-1.2% g, =3¢, N=T7

For structural timber, the force-deformation relationship can be different.
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3.5.2.2 Basic Material Properties

The reference properties of structural timber determined from standard tests are:
- the bending strength R ., in [MPa] and the

- bending modulus of elasticity £, , in [MPa],
both measured on short-term standard test specimens evaluated according to ISO 8375 [3]
with symmetrical 4-point bending test, span 18/ (3-6- ) with 4 ~150 mm, ramp load test

duration 300+120s, specimen conditioned at nominal climate, 20+2°C, 65+5 % rela-
tive humidity.

- timber density p,,,, in [kg/m®], measured according to 1SO 3131 [4] from a disc of full
cross section, free of knots and resin pockets.

m,t

The reference material properties are sensitive to the deviations from the standard test condi-
tions. The reference material properties of a cross section in situ (i.e. at any generic point in
time and in space) are estimated as:

Bending moment capacity in situ, R :

R, = a(Ex(S,0,7,T))R,, ©)
Bending MOE in bending in situ, £ :

E,=E, ,/(1+5(Ex(S,®,7,T)) (8)
Density in situ, p,,, :

pden = pden,O (9)

where
Ex(S,a),r,T) is the exposure of the structure to loads S, humidity @ and temperature 7, in
the time interval [0, 7]

a(Ex(.)) is a strength modification function, in general defined for a particular set of
exposures

S(Ex(.)) is a stiffness modification function, in general defined for a particular set of
exposures.

R,,, E,,and p,,, are the bending moment capacity, the modulus of elasticity and the den-

sity of a cross section under test conditions. It is assumed that these properties are equal to the
properties of the corresponding standard test specimen; i.e. it is assumed that within test
specimen and within structural components these properties are constant.

Other material properties are estimated based on the reference material properties, see next
section.
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3.5.3 Probabilistic model
3.5.3.1 Expected values and COV

Expressions for the expected values E[.] and the coefficient of variation COV'[.] are given in
Table 1 for Nordic softwood.

Table 1: Relation reference properties — other properties.

Property Expected Values E[X] Coefficient of variation COV[X]
Tension strength par. to the

grain, R, E|R ,|=0.6E[R,] COV|R,,|=1.2cOV(R,]
Tension strength perpendicu-

lar to the grain, R, g, E|R 4 ]=0.015E[p,,, ] COV|R,,|=25C0V]p,,]
MOE - tension par. to the

grain, E, ;: E|E, |= E[E,] COV|E,,|=cov[E,]
MOE - tension perpendicular

to the grain, E, o, E|E, & |= E[E, ]/30 COV|E, o |= COVIE,]
Compression strength paral-

lel to the grain, R_,: E[R. ,]=5E[R, " cov|r.,|=0.8Ccov[r,]

Compression strength per-
pendicular to the grain, R, q,: E|R.,|=0.008 E[p,,,] COV|R. o |= COV[p,.,]

Shear modulus, G, : E[G, |=E[E,]I16 cov|G,]=corlE,]

Shear strength, R, : E[R ]=0.2E[R ] CoV[R,]=COVIR,]

The relations are derived for standard test specimen properties tested under reference condi-
tions. However, it is assumed that the relations can be used at any level, i.e. for components of
any size and/or for other climate and load conditions.

3.5.3.2 Distribution types
The distribution type and the recommended coefficient of variation (COV") of the basic mate-
rial properties for European softwood are given in Table 2 as prior values corresponding to a

number of tests equal to 10.

Table 2: Probabilistic models for reference properties for structural timber.

Distribution corv

Bending strength R, Lognormal 0.25
Bending MOE: E Lognormal 0.13
Density p,, Normal 0.1

The distribution types for the other basic material properties are given in Table 3.
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Table 3: Distribution functions for other material properties for structural timber.

Property Distribution Function
Tension strength par. to the grain, R, ;: Lognormal

Tension strength perpendicular to the grain, R, o : 2-p Weibull

MOE - tension par. to the grain, £, ;: Lognormal

MOE - tension perpendicular to the grain, E, - Lognormal
Compression strength parallel to the grain, R_,: Lognormal

Compression strength perpendicular to the grain, R.4:  Normal

Shear modulus, G, : Lognormal

Shear strength, R, : Lognormal

3.5.3.3 Correlation coefficients

Table 4: Correlation coefficient matrix.

E Plen Rt,O Rz,9o Ez,O E, o Rc,o Rc,90 G R

m

R, 0.8 0.6 0.8 0.4 0.6 0.6 0.8 0.6 0.4 0.4

E, 06 06 04 08 04 06 04 06 04
Pon 04 04 06 06 08 08 06 06
R, 02 08 02 05 04 04 06
R, 4 04 04 02 04 04 06
E, 0.4 0.4 0.4 0.6 0.4
E, o 06 02 06 06
R0 0.6 0.4 0.4
R0 04 04
G 0.6

The relations to other material properties are given in Table 1. Indicative values of the corre-
lation coefficient matrix are given in Table 4. The values in Table 4 are quantified by judg-
ment (COST E24 [2]), such that 0.8 <> high correlation, 0.6 <> medium correlation, 0.4 <
low correlation, 0.2 <> very low correlation.

3.5.3.4 Failure types
Failure modes related to the different strength parameters are characterized as brittle, ductile
or ductile with reserve strength, see Table 5.
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Table 5: Failure types for different failure modes for structural timber. 1) for lower grade tim-
ber the failure mode can be brittle.

Property Failure type
Bending, R, : Ductile”

Tension parallel to the grain, R, ;: Brittle

Tension perpendicular to the grain, R, 4 : Brittle
Compression parallel to the grain, R_,: Ductile
Compression perpendicular to the grain, R, : Ductile with reserve
Shear, R, : Brittle

3.5.3.5 Strength and Stiffness Modification Functions

Values for the strength modification function a(.) are quantified for discrete exposures
Ex(S,aJ,z',T) as specified in Table 6. The particular sets of exposures are defined as in EC 5

[5]; different load duration classes and different service classes (sc) depending on the ex-
pected moisture content (mc) of the timber (sc 1, 2, 3 is associated with mc <12%, <20%,
>20%). The values for «(.) are taken from EC 5.

Table 6: Strength modification function table for constant loads with different duration.

Permanent Long term Medium term Short term Instantaneous
(T >10years) (10>T7 >0.5years) (6>T7>0.25month) (T <1lweek)

12 a=0.6 a =0.70 a =0.80 a=0.9 a=11

3 a=05 a =0.55 a =0.65 a=0.7 a =09

Values for the stiffness modification function &(.) are quantified for discrete exposures
Ex(S,w,7,T) as specified in Table 7. The particular sets of exposures are defined as in EC 5
[5]. The values for &(.) are taken from EC 5.

Table 7: Stiffness modification function table for constant loads with different duration.

s Permanent Long term Medium term Short term Instantaneous
(T >10years) (10>T7 >0.5years) (6>7 >0.25 month) (7 <1week)

1 5=06 0=05 0=0.25 0=0.0 0=0.0

2 0=08 0=05 6=0.25 0=0.0 0=0.0

3 6=20 0=15 0=0.75 0=0.3 0=0.0

3.5.3.6 Glued laminated timber

The stochastic model for glued laminated timber is related to the strength parameters for
whole structural elements, and not to the strength parameters for the single laminates and the
glue. In Table 8 a prior probabilistic model for the material strength properties is given corre-
sponding to a number of tests equal to 10. In Table 9 failure types for different failure modes
are shown.

Page 8 of 16



JCSS August, 2006

Table 8: Probabilistic models for properties for glued laminated timber.

Distribution corv

Bending strength: R, Lognormal 0.15
Bending MOE: E,, Lognormal 0.13
Tension strength par. to the grain: R, , Lognormal

Tension strength perpendicular to the grain: R, o 2-p Weibull

MOE - tension par. to the grain: E, Lognormal

MOE - tension perpendicular to the grain: E, 4 Lognormal
Compression strength parallel to the grain: R, , Lognormal

Compression strength perpendicular to the grain: R_g, Normal

Shear modulus: G, Lognormal
Shear strength: R, Lognormal
Density: p,,, Normal 0.1

Table 9: Failure types for different failure modes for glued laminated timber.

Property Failure type
Bending: R, Brittle

Tension parallel to the grain: R, Brittle

Tension perpendicular to the grain: R, 4 Brittle
Compression parallel to the grain: R, Ductile
Compression perpendicular to the grain: R_ g, Ductile with reserve
Shear: R, Brittle

3.5.3.7 Model Uncertainties for Different Ultimate Limit States

The model uncertainties cover deviations and simplifications related to the probabilistic mod-
elling and the limit state equations. The reference properties are determined by standardized
tests. Therefore, model uncertainties related to estimation of other material parameters (e.g.
tension and compression strengths) have to be accounted for. Geometrical deviations from
specified dimensions, durations of load and moisture effects (damage accumulation) also con-
tribute to model uncertainties if not explicitly accounted for in the probabilistic modelling.
Furthermore, the idealized and simplified limit state equations introduce model uncertainties.
In Table 10 values for model uncertainties are shown. The model uncertainty depends on the
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limit state (bending or e.g. combined stress effects) and how much the actual condition devi-
ates from the standard test conditions.

Table 10: Model uncertainties for component load bearing capacity.

Mean Standard Distribution
deviation
Without load duration effects 1 0.05-0.10 Lognormal
With load duration effects, eq. (16)-(17) 1 0.10 Lognormal

3.5.4 Refinements of the probabilistic model
3.5.4.1 Modeling the Spatial Variation of Timber Properties

Bending moment capacity
Following a model proposed by Isaksson [6], the bending strength R, . at a particular point j

in the component ; of a structure/batch is given as:

R, = exp(v+w,. + ;(]) (10)

where

v is the unknown logarithm of the mean strength of all sections in all components, see
Figure 4

@, is the difference between the logarithm of the mean strength of the sections within a

component i and v; @, is normal distributed with mean value equal to zero and stan-
dard deviation o,

Xi is the difference between the strength weak section j in the beam i and the value
v+a@,; yx; is normal distributed with mean value equal to zero and standard deviation
o,. @, and g, are statistically independent.

The bending strength R,
normal distributed.

is the bending strength of a particular cross section. R, . is log-

i i

AIn(bending strength)

IN(R,) [

longitudinal direction
of the beam

Figure 4: Section model for the longitudinal variation of bending strength.

It is assumed that the bending strength of a cross section is related with the bending strength
of a test specimen R, , as:
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Rm,O = Rl‘j,[ (11)

where ¢ is a constant depending on the applied bending test standard and the type of timber.

The bending moment capacity R, , is assumed to be constant within one section. The discrete

section transition is assumed to be Poisson distributed, thus the section length X follows an
exponential distribution with mean value 1/ 4. A realization of X, x, is illustrated in Figure

4.

For Nordic spruce the following information basis can be given (Isaksson [6]): The variation
of the logarithm of the bending capacity In(R, ,) is related by 40% to the variable @ and by

60% to the variable y . The expected length of a section is 1/ A4 =480 mm.

Table 11: 9 -values for the estimation of the strength of weak sections (for Nordic Spruce).

EN UsS AUS

9= 1.05 1.03 1.02

Note: 9 -values should be used in connection with strength values in MPa.

The different values for ¢ given in Table 11 are due to the different definitions of bending
strength of test specimen. The values are derived by simulations, see Kéhler [7].

For the bending modulus of elasticity and the density no within component variation is as-
sumed.

3.5.4.2 Duration of Load Effect
The mechanism leading to strength reduction of a timber member under sustained load is re-

ferred to as creep rupture and is modelled by so-called cumulative damage models with the
general form:

da,
dt

= h(S(t),Ry,x),0) for 0<a, <1 (12)

where ¢ is time, «,, is the damage state variable which commonly ranges from 0 (no damage)
to 1 (failure), the function 4(.) contains parameters @ that must be determined from experi-
ment observations, S(¢) is the applied stress and R, the failure stress under short term ramp
loading.

Three different models are proposed:

1) The model referred to as the Gerhards model [8]:

Page 11 of 16



JCSS August, 2006

= exp(— a +bD%

0

da,
dt

j for 0<e,<1 (13)

2) The model referred to as the Foschi and Yao model [9]:

%=aD[S(t)—nDJD+°’D(S(t)—ﬂuJD“D(t) for 20y,

;lt R, R, SRO (14)
% _p for S Mo
dt R,

3) The model referred to as the Nielsen model [10]:

da, _ a’([&j [a"[&] J -1 D for 0<a, < {&J (15)
dt R, R, R,

where ¢, «, are the damage state variables, a,,,b,,c,,d,,n, are model parameters fitted to
experimental results e.g. as in Sgrensen et al. [11] and Kohler and Svensson [12].

For model 1) and 2) a time invariant limit state function can be formulated:

g(T) =1-X,,a,(S(T)) (16)

where X,, is the model uncertainty, see Table 10. «,(S(7)) at time T is obtained using the
damage accumulation models 1) or 2) with the load time history S(¢),0<¢<T.

For model 3) a time variant limit state function has to be used:

2(T) = min {S@)/ Ry)? = X,y (S@) I R, )} (17)

0<t<T

where X,, is the model uncertainty, see Table 10.

3.5.4.3 Updating Scheme for the Basic Properties

When information has been collected about the basic material properties the new knowledge
implicit in that information might be applied to improve any previous (prior) estimate of the
material property. Dependent on the type of information, it can be differentiated between di-
rect and indirect information. Direct information can e.g. be in the form of test results of a
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material property. Indirect information can be in the form of measurements of some indicator
of the property, e.g. information from grading indications. In the following updating is illus-
trated with three different methods based on Bayesian updating as described in JCSS Prob-
abilistic Model Code, section 3.0.

3.5.4.4 Updating - Direct Information

The bending strength R and the bending modulus of elasticity £, are modelled by log-
normal distributed random variables which can be represented through the normal distributed
random variables R" =In(R,) and E, =In(E, ). All basic properties may be represented with

the uncertain mean value M and standard deviation X as illustrated by:

R, =exp(R,)—> R : N(M,,%,) (18)
E, =explE,)—> E,:N(M,,%,) (19)
pden : N(Mp’zp) (20)

The parameters M and = of R, E, and p,,, are quantified with a Normal-Inverse-Gamma-
2 distribution with the parameters m,s,n,v which is equivalent to the natural conjugate prior
of a normal distribution with unknown mean and standard deviation. Given the parameters
m,s,n,v the predictive distribution of R, E. and p,, can be derived as:

m !

X—m n
F“(x|m,n,s,v)—Tv[ P n+1] (21)

where T, (.) is the student-t-distribution with v degrees of freedom.
The prior predictive distribution can be quantified with parameters (m,s,n,v)=(m',s',n',v')

New measurements on the material properties can be used for updating the parameters given
above. For a sample of » observations (%,,%,....%,), the posterior predictive distribution

function of X is obtained using the JCSS Probabilistic Model Code, section 3.0.

3.5.4.5 Updating - Indirect Information I — machine grading

In this section a simple model for updating the statistical parameters of the Lognormal distri-
bution for e.g. the bending strength of a given timber grade when new information becomes
available in the form of machine grading results is described.

The Lognormal distributed strength parameter R is assumed to have a coefficient of variation
COV,.Then X =InR is Normal distributed with expected value A, and standard deviation

o’ = In(COVR2 +1). o, is assumed to be known and M, is assumed to be Normal distrib-
uted with expected value g, and standard deviation o,.
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When machine grading is based on a measured indicator £, typically related to the stiffness of
a timber test specimen, the following relation between the indicator i and the strength parame-
ter can initially be fitted to tests results where both the indicator value and the strength R are
measured:

i=hy-R"-¢ (22)

where b, and b, are constants and & is an error term which is assumed Lognormal distrib-
uted. In(g) is then Normal distributed and is assumed to have zero mean value and standard
deviation o,. The parameters b,, b, and o, can be estimated from the tests using the
Maximum Likelihood method.

Next, it is assumed that n new observations i,i,,...;, of the indicator is obtained from
specimens from a given timber grade. The mean value of these can be estimated as

Inf:%flnfi and the updated (predictive) distribution function for X =InR is then Nor-
i=1

mal with expected value x" and standard deviation o'"':

(7 = by )o? + py0
0 )00 T HoO x 2 2 2\
,U“= |nb1 and G”'=\/G)2(+ O0y,Ox +((n/lnb1)aoj o2 ) (23)

2, 2 2, 2 2 In(e
noy+oy no, +oy

nO'g +0y
The updated predictive distribution for the strength R is then Lognormal with expected value
Uy = exp(,u"+0.50"'2) and standard deviation o, = z,/explc"?)-1.

3.5.4.6 Updating - Indirect Information II — calibration of grading rules

The probabilistic model for bending strength described in this section can be used for machine
graded timber and is based on the model described in Faber et al. [14]. The probabilistic
model can be described by the following steps:

For a given geographic region and a given type of specie (e.g. Nordic Spruce) an initial (prior)
distribution function F, (x) can be established for the bending strength R for non-graded
timber. The recommended distribution function is Lognormal. The statistical parameters in
the distribution function can be obtained using e.g. the Maximum Likelihood method. For the
identification of lower grades it is recommended to fit the initial (prior) distribution function
Fy (x) to the data in the lower end (e.g. 30% of the data with lowest strengths); in order to

obtain good models in the lower tail of the distribution function for the graded timber
strength. This can be done using the Maximum Likelihood method, see e.g. in Faber et al.
[14].

Machine grading is based on a measured indicator 7, typically related to the stiffness of a tim-
ber test specimen. For each grading technique the following linear relation with the bending
strength is assumed:

i(ry=ay,+ar+e (24)

where g, and a, are constants and & is the lack-of-fit quantity which is assumed Normal dis-
tributed with zero mean value and standard deviation o, . The parameters a,, a, and o, can
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be estimated using the Maximum Likelihood method which also gives the statistical uncer-
tainty in form of standard deviations and correlation coefficients of the parameters «,, a, and

o,. Itis noted that in (22) the logarithms are fitted with a Lognormal distributed lack-of-fit
error, whereas in (24) a linear model with a Normal distributed lack-of-fir error is used.

After grading the updated (predictive) distribution function for the bending strength in grade
no. j is obtained from:

Fy (x)= PR, < Ap, ; <ilx)<b, ) (25)

where b, ; and b, ; are lower and upper limits of the grading indicator i for grading no. ;.
The updated distribution function FRL;/ (x) can then be used in reliability analyses. A detailed
description of the method can be found in Faber et al. [14] and Kohler [15].

3.5.5 Remarks

The presented document does not cover all aspects of the design of timber structures. For tim-
ber structures, the structural performance depends to a considerable part on the connections
between different timber structural members; connections can govern the overall strength,
serviceability and fire resistance. Beside solid timber other timber materials are utilized in
timber engineering.
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