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Abstract: Lifetime of wood is related to load level as well as wood quality.
The latter statement has been justified in recent years both theoretically
and experimentally. It is demonstrated in the paper that lifetime distribu-
tion is also related to quality, meaning that lifetime distribution can be
predicted from strength distribution. An algorithm is developed for this
purpose — and a discussion is made on how to extract relevant lifetime
information from experimental data. It is finally pointed out that the

analysis presented is valid also when a number of other building materials
are considered.

1. INTRODUCTION

Any realistic reliability study of structures needs information on how reliable
are the building materials being used. A reliability analysis of a wood structure,
for example, cannot be made without knowing about strength and lifetime
distributions of the wood considered as structural material. Normally, purely
empirical distributions are chosen without any guaranty that this procedure

will not introduce inconsistency which may influence in some un—known way the
result of a reliability analysis.

These considerations indicate the topic of the present paper. Itis demonstrated
that the two distributions considered are correlated, meaning that lifetime
distribution can be predicted from strength distribution. An algorithm is
developed for this purpose — and a brief discussion is made on how to extract
relevant lifetime information from experimental data.

Table 1 — List of symbols

Theoretical strength: o,
Real (short time) strength: o
Strength level (Materials quality): FL = Ucr/a,

Load: o
Load level: SL= (7/(7cr
Time: t

Creep power: b
Relaxation (creep doubling) time: <
t

Time to catastrophic failure: cat
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2. ANALYSIS

Wood is a damaged viscoelastic material which becomes weaker as damages
approach their critical sizes. This materials concept (DVM-concept) has been
developed by the author in recent years (e.g. 1,2,3,4,5) to explain and
predict successfully a number of wood mechanical properties such as lifetime
and residual strength under static and varying load. DVM—-expressions relevant
for the analysis of deadload lifetime are summarized in Section 2.1. The
distribution of lifetime is then studied by "experiments" where a group of wood

is subjected to constant loads chosen from the lower end of associated strength
distribution.

The symbols used in the analysis have the meanings listed in Table 1. Methods
of estimating strength levels and creep parameters of wood are suggested by

the author in (4,5). Strength level, for example, is estimated by the following
(simplified) expression

FL=\1-etR ~Vd /R atR/d> 10) )

where R and d ~ 0.3 mm denote defect radius (e.g. crack, knot, cross—sawing)
and defect nucleus diameter respectively. The latter quantity refers to "virgin
clear wood" where no real defect has yet been developed. Reference strength,
0, ,is strength of virgin clear wood substance between defect nuclei. Structural
wood and clear wood have strength levels FL < 0.2-0.3 and 0.2-0.3 < FL < 0.8
respectively. Virgin clear wood has FL 0.8 (at d/R = 1). Strength ratios of FL
> 0.8 can only be obtained by "healing" the damage structure of virgin clear
wood such that any defect nucleus becomes smaller.

The creep parameters, T and b, define local creep of wood at crack vicinities by

the well-known Power—-Law creep function formulated as follows by the author
in (6)

o =1+ (ot @)

with a creep power of b~ 0.25 and a relaxation time of T = 10 days (bending,
dry at 20 C) as suggested by the author in (4 S) The relaxation time is very
sensitive to climate. The actual value, however, is of no interest in the present
context as the analysis is based on non—-dimensional time (t/7).

The quality of the DVM—-theory to operate with non—dimensional time is very for—
tunate in lifetime analysis. Lifetime is predicted to be proportional to relaxation
time — and the influence on lifetime of temperature and moisture is easily con—
sidered (e.g. 4). The DVM~theory operates in general with non—dimensional
quantities (strength level, load level, damage ratio) which makes it independent
of orthotropy and mode of loading when wood is considered — and which
qualifies the method also as a so—called damage accumulation theory.

2.1 Lifetime expressions

Deadload lifetime, t.,¢, of a damaged viscoelastic material like wood is predicted
by the following relation presented in (5)

t 3
cat B

—=(4- 1)1/h 2 H()

T C
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where the parameters involved have the meanings expressed by Equations 4 -
10. The limit quantities in parenthesis apply at low strength levels (FL -> 0).

a=\(1 + B + b)/2 “)
- In(cos(mFL/2)) . 4 - SL'—z) (5)
In(cos(RFL*SL/2))
B=B +(1 -B)*cos(m*FL*SL/2) ; B =@ -b)/5) : (B =1 6)
C=1 - cos(usFL*SL/2) ; (C ~ m*FL*SL) /8) 7)
o
Hw) = [ dx (8)
+ X

AxB-1 when A%B 2 1
wo={ “)
0 when AxB < 1

In general H({1) can only be determined numerically. For special creep powers,
however, the integral involved can be developed analytically. Some useful
examples are given in (§8). For b = 1/4 which is used in the present study we get

4
Hp) =& -5 4
4 3

D

—p o+ ln@ + 1) (b = 1/4) (10)

NI

2.2 Strength and load distributions

We now consider a group of wood defined by a characteristic strength distri-
bution which we will fit non—dimensionally with respect to the S0-percentile
strength, 0.,(0.5). A number of mathematical expressions are available for this
purpose. We suggest a very simple one, namely

oy @ as+0 g
GM(O.S) 1l +a-0

Z=22@) = (11)

Z = 7(®) is the ®—percentile (relative)strength, while a and d are characteristic
distribution parameters. The example shown in Figure 1 with (a,d) = (0.01,0.20)
is a reasonable order of magnitude estimate of a strength distribution for
structural wood. (The parameter, ®, will subsequently also be referred to as
"member number" in an array where members of the group are ranked from ¢
=0 to ® = 1 by increasing strength).

The strength level of each member (number ® in Figure 1) is expressed by Z as
follows where the S0-percentile strength level is given by FL(0.5) =0..(0.5)/0,.
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FL(®@) = FL(0.5)*Z(D) (12)

It has previously been indicated that normal wood has a strength level which
cannot exceed 0.8. This means that Equation 11 (or another approximation) and
Equation 12 are tied together by the following condition

Z(1) = FL(0.5) £ 0.8 (13)

Each member experiences the following load level when the group is loaded with
o. The latter term in Expression 14 applies when o appears in the strength
distribution as 0 = 0. (® ), (see Figure 1).

o /o.. (0.5) *
SL@) = —= — ~ . (= 2@ )

; at o =0, (fI)*)) (14)
Z(®) PA())
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Figure 1. Strength distribution accor-
ding to Equation 11 with (a,d) = (0.01,
0.20).
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Figure 2. Variation in strength level
and load level according to Equations
12 and 14 respectively. FL(0.5) = 0.2.
Strength distribution from Figure 1.
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The variations of strength level and load level per "experiment" defined in the
following section are predicted by Equations 11, 12, and 14 and presented
graphically in Figuge 2. A load level of SL > 1 is not possible, meaning that the
members with @ < & will fail during the process of loading.

o LIFETIME_ DISTRIBUTION - FL(0.5)=0.2 — LOAD o=0u(4)
of /7 ~u

. / / , /
/Y]

e
@

e
>

¢"=30% —

AC-DISTRIBUTION

-

0.2 ——

|
NN
N

55| |

0.0

-8 -6 2 o

-4 - y 4
LIFETIME — LOG1o(Tear/7)

Figure 3. Lifetime distributions associated with the
strength distribution given in Figure 1 and loads
as indicated.
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Figure 4. Lifetime of wood recorded at constant
loads as indicated. Wood quality is FL(0.5) =0.2 with
strength distribution given in Figure 1.

2.3 Lifetime distribution — an example

A group of wood with shorttime strength defined by the distribution given in
Figure 1 is used in three lifetime "experiments" with loads given by the 5-, 15—,
and 30-percentile strength, i.e.o0=0.:(0.05), 0.-(0.15), and 0..(0.30) respect-
ively. A creep power of b = 0.25 is estimated as suggested in (5).

Algorithm: Lifetime for each member (number @) of the group is predicted by
Equations 3 - 10 with strength level and load level determined by Equations 12
and 14 respectively with ® going from O to 1, see Figure 2.
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Lifetime distribution: The lifetime of each member is related to its number (@)

in Figure 3 which then represents the distributions of lifetimes obtained in our
experiments.

Lifetime: The tc,t—SL results are shown by full lines in Figure 4. Notice that
each graph represents a constant load on a material of varying quality
(members with different damage structures). The true lifetime of a certain
quality wood is constructed by connecting points of equal FL between graphs.
It is, however, remarkable how qualified a lifetime estimate in our example can
be obtained directly from Figure 4. Apparently the effects of SL getting lower
and FL getting higher with increasing ® neutralize each other practically such
that lifetime at some average strength level is well described by data from only
one experiment. This statement is justified comparing the full lines of Figure
4 with the dashed line which is lifetime as predicted at a strength level of FL
= FL(0.5). It should be noticed, however, that broader selected wood (than
defined by Figure ! approximately) will increase separation between the graphs
of Figure 4 and reduce the quality of the simple lifetime prediction method.

3. CONCLUSIONS AND FINAL REMARKS

The constant load "experiments" made in Section 2 show that lifetime observa—-
tions may differ by approximately 4 decades between load levels, SL ~ 0.9 and
SL ~ 0.6. This is an order of magnitude also met in real experiments (e.g. 7.8).
It seems then justified to suggest that lifetime distribution is in fact a logical
consequence of strength distribution.

Each experimental lifetime observation reflects the behavior of an individual
and should be respected as such. This feature has been considered in Section
2 from which the following summarized procedure is suggested to obtain a
maximum of lifetime information from experiments: Lifetime data from a number
of constant load experiments are plotted (as in Figure 4) against individual load
ratios determined by Equation 14. Each point is marked with its strength level
according to Equation 12. Lifetime of wood of quality "FL" is then constructed
by connecting data points marked "FL" between graphs.

A simplified version of this procedure is justified by the example of Section 2.3:
When wood is better selected than given by Figure | approximately we may skip
the "FL—- marking" and consider the lifetime-SL graph (obtained by only one
experiment) directly as real lifetime applying to the average quality of the wood
material considered. Smaller sections, however, of lifetime information are
described in this way as selection quality increases (d => 0 in Equation 11). The
well-known Borg Madsen method (e.g. 7,9) of treating experimental lifetime
data is consistent with the simple procedure just described. The statement
made in Section 2.3 that T.,t~SL graphs come closer when materials selection
becomes narrower complies well with the experimental data reported in (7.8)
with (8) representing the narrower selection.

Finally, it should be mentioned that the results presented in this paper are
valid in principle for any building material which can be modelled like a
damaged viscoelastic material. This feature is explained in more details in (4,5).
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