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Abstract

The DVM-theory (Damaged Viscoelastic Material) previously developed by the author
to predict lifetime of wood subjected to static loads is further developed in this paper
such that harmonic load variations can also be considered. Lifetime (real time or number
of cycles) is predicted as a function of load amplitude, load average, fractional time under
maximum load, and load frequency. The analysis includes prediction of residual strength
during the process of load cycling. It is concluded that number of cycles to failure is a
poor design criterion. A simple time criterion is much better. The theory is successfully
compared with data from experiments representing different wood products. Master
graphs are developed which can be used in fatigue design of wood products in general.
These graphs are valid for any creep behavior (relaxation, moisture content) and materials
quality (grading, strength level).

It is demonstrated how the theory developed can be generalized also to consider some
non-harmonic load variations. An algorithm is presented for this purpose which might be
suggested as a qualified alternative to the Palmgren-Miner’s method normally used in
fatigue analysis of materials under arbitrary load variations. The Palmgren-Miner’s
method has the disadvantage of not considering creep which may cause considerably
overestimated time to failure, especially at low frequencies. Finally it is discussed how
the theory can be generalized also to consider other materials such as concrete and other
aging viscoelastic materials.

Keywords: Fatigue, Prediction, Lifetime, Residual strength, Variable load, Static load,
Viscoelastic materials, Wood, Concrete.

Résumé

Den sékaldte DVM-teori (Damaged Viscoelastic Material) tidligere udviklet af forfatteren
til prediktion af tres levetid under konstant last generaliseres i denne artikel til ogsa at
vere gyldig for harmonisk varierende last. Levetiden (tid eller antal svingninger til brud)
predikteres som funktion af lastamplitude, middellast, relativ tid under maximum last og
lastfrekvens. Analysen medtager prediktion af reststyrken (genanvendelsesstyrken) som
funktion af tid under svingningslast. Det pavises, at antal svingninger til brud er et darligt
designkriterium. Et simpelt tidskriterium er meget bedre. Der pavises god
overensstemmelse mellem teoretisk predikterede levetider og levetider fra forsgg med
forskellige treprodukter. Der udvikles standard-grafer til anvendelse for udmattelses-
design af trprodukter i almindelighed. Disse grafer er gyldige for vilkarlig krybning
(relaxationstid, fugtindhold) og trekvalitet (sortering, styrkeklasse).

Det demonstreres, hvordan den udviklede teory kan generaliseres til ogsa at kunne til-
godese nogle klasser af ikke harmonisk varierende last. I den forbindelse preesenteres en
computer-algoritme, der kunne foreslas som et kvalificeret alternativ til Palmgren-Miner’s
metode, der normalt anvendes i udmattelsesanalyser af materialer under varierende last.
Palmgren-Miner’s metode har den ulempe, at den ikke tilgodeser krybning, hvilket kan
medfegre betydelig overestimerering af levetid, specielt ved lave frekvenser. Sluttelig
diskuteres det, hvordan teorien kan generaliseres til anvendelse pA andre materialer som
fex beton og andre ®ldende viskoelastiske materialer.

Nggleord: Udmattelse, Prediktion, Levetid, Reststyrke, Varierende last, Statisk last, Visk-
oelastiske materialer, Trae, Beton.
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1. Introduction

Fatigue in engineering material is usually defined as the progressive damage and
failure that occurs when the material is subjected to repeated loads of a magnitude
smaller than the static strength. This definition originates from early lifetime
studies on elastic materials like many metals.

In the present paper where viscoelastic materials are considered the term fatigue
has a broader meaning which at high frequency loading or in the absence of creep
includes elastic fatigue - and at low frequency loading includes static fatigue
which considers lifetime of viscoelastic materials subjected to constant loads.

Fatigue reduces the materials strength and lifetime to a degree which has to be
considered in design of structures. The frequency of loading is a very important
parameter when viscoelastic materials are considered. This has been strongly
emphasized by the present author in (1). The number of load cycles to failure of
wood, for example, may decrease more than 100 times lowering the frequency
from 1 cycle per 10 seconds to 1 cycle per 2 hours. Thus, a number of cycles to
failure is not a very good design criterion. A simple time criterion is much better.
This fact which is considered in more details in this paper is often overlooked in
fatigue research on building materials. One cannot in general accelerate fatigue
tests on viscoelastic materials. Results needed for practical design can only be
obtained involving theoretical research on the nature and mechanisms of the
fatigue phenomenon. It is not, of course, realistic to think of experiments running
under forecasted live conditions.

LOAD HISTORY
CYCLING TIME: T — LOAD RATIO: p=0un/0ux

4 CREEP FUNCTION ¢(t)
Tax Tax 1
ety =1+ (U
<Q( E = Young ‘s modulus
9 1 = Relaxation time
b = Creep power
OMN TN ~,
E
b 2
l I 0 TMET
T T (T+8)T
TIME
Figure 1. Basic load variation considered:  Figure 2. Creep function for materials
Square wave loading. with so-called Power-law creep.

Methods are developed in this paper which predict fatigue lifetime (real time or
number of cycles) as well as remaining strength (residual) of viscoelastic materi-
als subjected to variable loads or constant load. The paper is based on a study on
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wood fatigue previously presented in (1). Auxiliary basic research work is repor-
ted in (2,3,4,5).

The basic load history considered in this paper is outlined in Figure 1. However,
at the end of the paper (Section 6.2) it is demonstrated how the method developed
can be generalized very easily such that some non-harmonic load variations can
also be considered.

Viscoelastic materials considered are such which exhibit Power-law creep as defi-
ned in Figure 2. Quite a number of materials such as wood, wood based materials,
polymers, and ceramic materials creep according to this "law" (6). Thus, the
methods developed are quite general with respect to materials. Unless otherwise
indicated, however, wood is always the prime material thought of in this paper.
Nearly all material properties, applications, and examples presented refer to this
material. It is, however, indicated at the end of the paper how the method can be
modified to consider viscoelastic materials in general - also aging materials such
as concrete.

1.1 Background and material concept

The fatigue analysis presented is based on exactly the same material concept
which applies for the so-called DVM-theory previously developed by the author
to describe the mechanical behavior of wood subjected to constant or nearly
constant loads, see appendix of (7) for example. It is therefor appropriate to
summarize very briefly some basics of this theory:

Wood is a Damaged Viscoelastic Material the mechanical behavior of which can
be determined by crack mechanical studies on an isotropic viscoelastic material
with cracks perpendicular to load (opening mode cracks). Generality with respect
to orthotropy is obtained introducing normalized load and material properties.

Normalized load SL (or load level) is load relative to strength in load direction.
Normalized strength FL (or strength level or material quality) is strength in load
direction relative to theoretical strength in that direction. Normalized creep is
creep in load direction relative to flexibility (inverse stiffness) in that direction.
Some modifications, however, have to be introduced which consider that creep at
damage locations is not necessarily as measured on bulk volumes of material con-
sidered. Guide lines for modifications are presented in (7) which are also used in
this paper.
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Application of the DVM-theory is not bound to a defect system which literally
consists of cracks. Dislocations, for example, not visible to the naked eye may
also be the defect source. It is known that the effects of a climbing group of edge
dislocations are described exactly by the same equations which govern the crack
problem. The DVM-theory is made general with respect to type of defects intro-
ducing non-dimensional "damages" (immediate crack length relative to initial
crack length) in stead of cracks. Thus, failure mechanisms are also considered by
the DVM-theory which are not associated with typical tensile crack surface tex-
tures. An example is wood in compression where failure expands along areas of
buckling fibres.

The advantage of the DVM-theory to operate in general with non-dimensional
load (SL) and non-dimensional materials quality (FL) means that these terms can
often be evaluated in a generalized way involving load on structure and strength
of structure in stead of stress and strength of material. For example, when load is
a normal tensile force P on a cross-section of a pole we may consider P as a
generalized load. Load level is SL = P/P, and pole quality is FL = P/P, where
P.r and P, are tensile forces which produce short-time failure and theoretical
failure (no cracks) of the pole, respectively.

The DVM-theory has recently been reviewed in (7) together with some examples
illustrating the potentials of the theory to describe successfully wood mechanical
phenomenons such as lifetime versus wood quality (8,9,10), residual strength
versus time under previous load (10), lifetime distribution versus strength distribu-
tion (11), and lifetime versus humidity. Strength reduction due to drying of
wood is considered in (12).

The DVM-theory has the potential to operate with many interacting defects (3,
13,14). This feature is important in the analysis of macro stiffness and macro
creep of wood. In strength analysis of wood, however, a single-crack model is
justified as failure is very often observed to be released by single major defects.
The lifetime studies previously referred to confirm that realistic lifetime predic-
tions can be obtained on the basis of a single-crack materials concept.

The flexibility of the DVM-theory to consider simultaneously the influences on
lifetime of loading, strength (materials quality, grading) and relaxation time (as
influenced by moisture) makes the theory very qualified in the field of static fati-
gue of wood. Thus, it seems justified that the DVM-concept of wood is a realistic
basis of developing further the theory such that fatigue lifetime under cyclic loa-
ding can also be considered.
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1.2 List of symbols

The symbols most frequently used in this paper are listed below. Load level and
strength level are introduced relative to short time strength properties in load
direction. Normalized creep is introduced relative to short time deformation in
load direction. Normalized time related properties such as load frequency are
introduced relative to creep relaxation time.

Load and strength

Load in general c
Strength in load direction Ocr
Theoretical strength in load direction ¢,

Strength level FL = o /0,
Load level SL = ¢/0
Minimum load Omin

Minimum load level SLuin = Oune/Ocr
Maximum load Crax

Maximum load level
Load ratio

Load range

Load level range

Damage

Crack length

Initial crack length

Damage ratio (or just damage)

Fatigue parameters
Damage rate constant
Damage rate power
Contact parameter
Efficient parameter

Stress intensity

Stress intensity factor (SIF)
Critical SIF

Normalized SIF

Maximum SIF

Minimum SIF

SIF range

Normalized SIF range

Time and creep
Time in general

Creep function in load direction

Flexibility in load direction
Normalized creep function

Relaxation time (or doubling time)

Creep power
Time shift parameter

SLyax = Omax/Ock

P = Oun/Omax = Shamy/Shuiax

AG = Opyax - Ouiy = (1 - P)Ouax
ASL= SLyjax - SLygy = (1 - p)SLyiax

1
10
=1,

aNzZ O

K = o¥(nl)
Ker = GCR‘/-(TCI )
K/K = SIVk
KMAX = Opma ‘>7_‘/-(7ﬂ)
Ky = Gy (1]
AK = Ky - Kyy = AoV (@) = (1 - p)K,,,
AK/K g = ASLYx = (1 - p)SLy Y

t
c(®) = (1 + (YT)%/E

1/E = ¢(0)
C=1+ @)
T
b

q = (0.5(1 + b)(2 + b
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Time and load

Cycling time T

Frequency f=1T
Number of load cycles N = t/T = f*t
Fractional time under max load B
Non-dimensional time <t>=t7
Non-dimensional frequency <> =1t =1/T



2. Basics of analysis

2.1 Elastic-viscoelastic analogy

The elastic-viscoelastic analogy (15,16) is an important tool used in the pre-
sent article to determine damage influence on the behavior of viscoelastic materi-
als. The analogy can be formulated as follows: Similar solutions apply to a line-
ar-elastic problem and to its exact but linear-viscoelastic duplicate. The only diffe-
rence is that coefficients of elasticity in the elastic solution are represented by
their viscoelastic counterparts (operators) in the viscoelastic solution.

This means, for example, that elastic displacements, ug;, and viscoelastic displace-
ments, Uysc, are related by Equation 1 where t is time and C(t) is the normalized
creep function defined by C(t) = E*c(t) where E and c(t) denote Young’s modulus
and the (conventional) creep function respectively.

! du
= |c@ - 0)_ELdo (1)
uVISC :{: ( ) dG

It is emphasized that the term "exact duplicate" includes boundary conditions
which is of significance especially when moving cracks are considered as they are
in this paper.

2.2 Creep

Wood and a number of other important building materials (6,17) exhibit Po-
wer-Law creep which is generally described as follows in the literature,

C(t) =1 + at® with constants a and b

It has been shown by the present author (18) that this way of expressing creep
is very unfortunate. No proper physical meaning can be given to the parameter a.
A simple re-writing, however, was suggested in (18) which completely changes
this feature. We re-phrase: Power law creep means that viscoelasticity is defined
by a creep function of the type presented in Equation 2 and outlined in Figure 1
where T and b denote relaxation time (or creep doubling time) and creep power
respectively,

¢ b
Cit) =1 + (_] (2)
T

10



Lauge Fuglsang Nielsen Lifetime and residual strength of wood

A complete rheological analysis of this expression has been made in (18). The
relaxation time is sensitive to changes in temperature and humidity while the
creep power, b, is practically independent of climatic conditions. The consequen-
ces of these observations are obvious: Standard lifetime solutions in <t> = t/T can
be developed which are invariable with respect to moisture content, for example.

2.3 Dugdale Crack

It has been discussed in Section 1.1 that lifetime studies on wood can be made
considering a single crack materials model. The model chosen in this work is
based on the Dugdale crack (19)
illustrated in Figure 3. Load, o, is
applied at infinity perpendicular to

DUGDALE CRACK MODEL

1.5

CRACK TIP
CRACK
FRONT

[} H TRESS O . o

g 08 o T . the crack plane. The uniformly di-

g 5 Gmecro stributed cohesive stress, G,, at the

P4

g My, | crack front may be thought of as
O ~0.5

FRONT AREA being the un-cracked materials

FRONT WIDTH, R CRACK LENGTH, | strength. (Material pulled out into

) the crack front zone is considered

s - TIP DISTANCE/R
to be stiff and perfectly plastic).

The width of the crack front zone,
R, and the crack front opening, 9,

Figure 3. Dugdale crack model. Ter-
minology used in the paper.

are expressed as follows (plane stress solutions).

o ©

Crack opening in general v and perpendicular to crack plane stress oy at the crack
front are given by the following approximations presented in (2) introducing the
non-dimensional coordinate, s = distance from crack tip divided by R,

0 when s <0
v 2 when 0<s<1 4

=~ |s
J 2\/s_ - 1/s when s > 1

11
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o, 1 - (2/m) arctany -s when s <0 (5)
— =1 when 0 <s<1
S, 0 when s> 1

Two other parameters well-known from the crack mechanics literature (e.g. 20)
are related to the crack front opening as shown in Equation 6 below. I is strain
energy release rate and K is stress intensity factor.

I

2
F=60=nzl . K =ET =oynl 6)

Remarks: The expressions presented apply for strength levels smaller than ap-
proximately 50 %. This restriction on the fatigue theory subsequently developed
is of no practical significance as any wood material known to day have lower
strength levels. It is noticed, however, that a generalization with respect to
strength levels of the fatigue-theory subsequently presented is possible using the
principles put forward. The mathematics to handle, however, becomes much more
heavy (10). The Dugdale model works with the simplest possible distribution of
cohesive stresses (uniform o). Other distributions can be introduced (21). The
changes of doing so, relative to the simple Dugdale results, are too small to jus-
tify the more complicated models - especially when recognizing that we know
very little about the real stress distribution.

Strength

Strength, G, of a cracked material is predicted by Equation 3 introducing the
following failure criterion: A crack becomes unstable when the crack front
opening, 8, approaches a critical value, d,. This criterion, sometimes named the
critical COD (Crack Opening Displacement) criterion, can also be formulated with
respect to critical strain energy release rate, I'cg = G,0¢g, Or critical stress intensity
factor, Koz = V(EIcg). Thus, strength of a material containing a crack of length
1 can be expressed as follows in three different ways all predicting a strength
equal to the well-known Griffith load capacity (22).

O = EOLcy = Hler = Kox Strength (7)
ok nl mi il

12
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State of reference and extended crack

In the analysis of cracks with increasing lengths 1 it is very convenient to relate
immediate crack properties to such properties of a reference crack of length 1..
For this purpose we re-introduce strength level and load level as follows together
with damage ratio. The critical damage ratio, K, 1S damage ratio at which the
material considered will fail when exposed to a load level, SL < 1.

GCR O .
FL = ; SL = — with O, at reference state, | =1

0, ~ Ocr (8)
K = with 1 £ K <X, = ___i? (damage ratio)

The following very useful expressions relating immediate crack opening to failure
criterion can now be developed from the Dugdale solutions previously presented

0
O wspt T = — €
- KSL?

Another useful expression is presented in Equation 10. Residual strength fraction
Si 1s strength remaining during crack propagation (crack length 1) relative to
reference strength at initial crack length 1 = 1.

o
= o) = ___1__ (residual strength fraction) (10)

GCR(Z()) \/E

Remark: It is noticed that a crack analysis based on the concept of a reference
state is much better than based on measured fracture parameters I'cy or Kz A
more direct and reliable "finger print" of the actual damage configuration in wood
is obtained with strength measurements.

Crack closure

Until now it has been assumed implicitly that load (and consequently crack
opening) is constant or increasing such that a uniformly distributed stress of
cohesion agrees with the assumption of rigid-plastic materials behavior in the
crack front zone. At decreasing load where the crack tries to return to its starting
configuration this assumption cannot be maintained. Rice (23) modified the
Dugdale solution also to consider a sudden reduction in load, AG = Gy,x - e

13
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by superimposing (on the max load situation) a separate Dugdale load range sol-
ution where load is -AG and cohesive stress is -20;. A compressive theoretical
strength, G = ©,, is hereby assumed. The results subsequently presented are
reproduced from a Dugdale-Rice crack analysis made in (2) from which some
results are illustrated in Figures 4 and 5. It is noticed that the width of the crack
front zone and the crack front opening are still defined by the Dugdale solutions
presented in Equation 3. Subscripts MAX and MIN are subsequently introduced
as shown in Equation 11 to remember that a Dugdale-Rice crack closure model
is considered.

; RICE-DUGDALE CRACK MODEL o RICE—DUGDALE CRACK MODEL
. | 7 Suae I
LOAD |RATIO P=0 ! / % °
] & 3 1%
i =
0.8 e e —_
[an)} 1 Qb/ < v
S 1 /5 9 o —
goe Ll < &
X [ &
o / rce Now @ o0
z i Z
§0.4 : ;
! (@]
| 2 os
0.2 : S
/ | &
ol G LOAD RATIO|p=0.2
0.0 2, -1.0
0.0 1.0 TS T

0.2 0.4 0.6 0.8 -
s — TIP DISTANCE/Ruax s Z°TIP DISTANCE/Ri
Figure 4. Crack opening predicted by the  Figure 5. Crack plane stress predicted by

Rice crack closure model. Ex: p = 0. the Rice crack closure model. Ex: p=0.2.
2
RMAX _ 7| Opax . 8MAX - TG pmax (1D
] 8| o, T Eo,

Crack opening is invariant and equal to the Dugdale solution when s < s, where

IR (R 12
lsaz(lp) (12)

Stress of cohesion is -0, for s 2 s, and somewhere between O, and -G, at s < s,
see Figure 5. The minimum crack front deformation dy;y and the displacement
range Ad = Oyax - Oy are given by

6MIN 1 Ad 1
MV =1 - (1 -p? ;A= = __(1 - p)? (13)
2( p) =3 2( p)

6MAX MAX

14
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Rice’s analysis disregards any contact of opposite crack surfaces at s > 1 which
means that the results are strictly valid only for load ratios p > 0. It is demonstra-
ted in (2) that opposite crack surfaces start contacting each other at the crack cen-
tre at p = 0. The Rice results, however, present valuable qualitative information
which must be considered in fatigue analysis. We continue accepting the existence
of a coordinate, s,, below which crack opening is invariant. An area of alternating
deflection is defined at s > s, where stress of cohesion alternates between o, and
-0;. The actual quantities, however, or combination of quantities, 1-s, and A8/3_,,
are left to be deduced from experiments or other experiences revealing a so-called

(surface) contact parameter Z such that

Z=A(1-5) ; 1-5,= g LA =2 Lz (14)

’ ’ 6MAX

The concept of a contact parameter Z to group an quantify crack closure peno-
menons was introduced into fatigue studes by the author in (1). The contact para-
meter of the Rice model is given by the first expression in Equation 15.

In practice the phenomenon of crack surfaces contacting each other outside the
crack front area is a reality even if p > 0. When running cracks are considered
new crack surfaces of destroyed material created in the process of crack propaga-
tion are very likely to produce contact at decreasing load. This feature which was
first brought to attention by Elber (24) has been considered theoretically by the
present author in (2, Section 3.3.2) with the result that some crack surface contact
outside the crack front area can be considered by the Rice solutions only by re-
placing the load ratio p with p = (1 + p?)/2. Then Z becomes the latter expression
in Equation 15. The assumption of p = O still applies. Negative load ratios can to
day only be considered introducing empirical evidence into Equation 14. This
point is discussed in more details in Chapter 3.

- 4
.(l__ﬁ_ No crack surface contacts
7 - 8 (15)
(1 -p»*
—s Some crack surface contacts

15
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2.4 Failure criterion

The failure criterion previously applied to predict strength is generalized as fol-
lows to apply also when loads are alternating. A stiff-plastic front zone behavior
is hereby assumed in both tension (yield stress ¢;) and compression (yield stress
'G]).

Failure appears when total energy dissipation at the crack front approaches the
critical energy release rate previously introduced. The failure criterion is il-
lustrated in Equation 16 looking at the number of load cycles N = Ny a resting
crack with x = 1 can withstand before failure starts. The critical strain energy
release rate introduced is from Equation 9 with (3, K, S) = (Oyax»> 1, SLyax)-

T = (8, *+ 2NAB)G, = 8,,,0,(1 + 2NA) = 8,,,0(1 + 2N/2Z)
2
= F - GISMAX - 1 - SLMAX (16)
CR P N _—_—2__._
SLyax 2SL, V27

Remark: It is noticed that number of cycles to failure initiation Ny is ignored in
the present lifetime analysis as it is much smaller in most practice than total num-
ber of cycles N, leading to catastrophic materials failure.

16



3. Elastic fatigue

3.1 Damage rate

The rate of damage in an elastic material subjected to varying loads can be deter-
mined as follows: We consider a location, X, defined by the immediate crack tip.
The propagating crack will open up this location such that coherence fails after a
period of time, €2, which can be determined, as subsequently explained, con-
sidering the energy dissipation involved in the opening process. The associate
distance travelled by the crack is equal to the immediate crack front width, Ry,
meaning that crack (and damage) velocity is given by

2
al _ Ryux = dax _ T2FL? ¥SLyyy (17)
dt Q dN 8 Q/T

Assuming a locally constant rate of propagation position X will experience an
opening history which can be subdivided in two parts: 1) a parabolically
increasing opening history starting
V() with 6 = 0 at time 0 and finishing
A with Oy at time Q (so far
Sniax unknown) where the crack front is at
AS position X - and 2) an alternating
opening history starting with 0
OMin amplitude at time (1-s,)Q and ap-
proaching an amplitude of A9 at time
> Q. The amplitudes are approximated
to vary linearly between (1-s,)Q2 and
Q2. The energy dissipated at position
X in this process is given by

I = GlsMAl[l + SAS 1 - s(,)f-;—} = GZBMA,{l + Z%.j (18)

MAX

ALTERNATING OPENING

V=Cyax (BIQF

0 5.0 O

Figure 6. Opening history of a position
being penetrated by a crack.

where the terms in order correspond to the opening histories 1 and 2 just conside-
red. (Time under alternating opening is (1-s,)Q. Each cycling time, T, contributes
to dissipation with 2A86,. Average amplitude is A%/2).

As the crack front of a propagating crack is continuously failing we may deter-
mine Q from Equation 18 introducing I" = T'; expressed by Equation 9 with (5,
SL) = (Syax»> Smax)- We get

17
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1 - xSL}
DT Bt ,Q (19)

KSLjpax r

from which the crack velocity expressed by Equation 17 can be written as follows
where stress intensity factors have been introduced from the list of symbols
presented in Section 1.

dc _ mFL? Ly’ wFLr  (AKIKG)' z 20)
dN 8 1 - KSLI&IAX 8 I - (KMAX/KCR)2 1 - p)4

This expression forms the basis of damage rate prediction. The type of crack
surface contact outside crack front areas is considered by the contact parameter Z:

No surface contact

If there is no surface contact we introduce the contact parameter Z presented by
the former expression in Equation 15. The following expression is obtained with
with load level range ASL introduced as defined in the list of symbols presented
in Section 1.2.

de _ WFL? (ASL} ., _ wFL®  (AKK)* 21
dN 64 1 - KSLI;AX 64 1 - (K, /K

Except for the constant (96 in stead of 64) the latter expression in Equation 21
agrees with an expression obtained by Weertman (25) on the basis of dislo-
cation theory. Rice (23) used his own crack closure theory to derive dlI/dN =
constant*(AK)* which also compares positively with Equation 21.

Some surface contact

If there is some surface contact the following damage rate is obtained by Equation
20 introducing the contact parameter Z by the latter expression in Equation 135.

de _ WFL® (UASLY , _ mFL® (UAKIK)'
dN 64 1 - kSL,, 64 1 - (K, /K)* (22)

with efficient factor U = U(p) = > P
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This expression agrees very positively with the empirically based, so-called Pa-
ris-Erdogan-Elber Law (26,29)

% = A(UAKY  (Paris-Erdogan-Elber-Law) (23)

which is very often met in the experimental literature on fatigue of materials (e.g.
27,28) - especially metals - where it frequently produces an excellent data fit.
"A" is a materials "constant" which, however, to some degree is dependent on
load level. The efficiency factor U is also material dependent. Elber (29) sug-
gested U = 0.5 + 0.4p on the basis of data from experiments (p = -0.1) on
aluminum. M is a constant which for a number of metals has a magnitude close
to 4. Many materials, however, exhibit M-values significantly different from 4. M
=~ 2.3 was observed for a special steel in (30). The main rule seems to be M =
4 (31). For example, M = 5 and M = 8.5 were obtained for some polymers
(32) and wood respectively (33). The hypothesis is suggested by author in ()
that M is texture dependent such that M increases with increasing roughness of
the failure surface.

Remark: The results obtained by Elber indicate that Equation 23 can also be
used for negative load ratios. We proceed assuming that this is true.

Material dependent surface contact

The quality of the Paris-Erdogan-Elber Law to fit data (where G,y is not too
close to Ocg) is generally so convincing that any theory developed in the area of
fatigue must be able of "predicting” it. Thus, from comparing Equations 20 and
23 we suggest

-4

C AK C M
z=—20- piuM | - -S—[U(l - )] [KS%X}

CR

Mi2-2 (24)

where the damage rate constant C and the damage rate power M are considered
to be material dependent fatigue parameters which can be determined from ex-
periments as subsequently shown in Section 5.1.

Damage rate can now be expressed by the following expression obtained from
Equation 20 with contact parameter Z introduced as just suggested. This expres-
sion which complies well with the Paris-Erdogan-Elber expression forms the
elastic fatigue basis in the subsequent viscoelastic fatigue analysis.
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dx - Cr*FL* (UAK/KCR)M _ Cr*FL* (UASL™ K M2 (25)
dN 64 1 - (K, /K. 64 1 - xSLyay

The efficiency factor 1 = U = 0 is a measure of the efficiency of the crack closure
mechanism. The d-range Ad decreases with decreasing U which decreases crack
velocity. The following efficiency factor is suggested,

U =0 Max[1, 1 + p] when p 2 p, (26)
- U IMin[l, (1 - p /(1 - p)] when p < pg,
1=sg=(2/2)"2 ; A=(22)"* where po; 1S a critical load ratio
(0“1 (T=so)ace Aopee o below which lifetime is predicted
il b=} Pl to be independent of p (see subse-
£ el quent Equations 27 and 28). The
PP it ¢ efficiency factor suggested agrees
ﬂog EXAMPLE: . .
N Qosveson (Chpo=(1:4-0.75) well with the factor previously
c<°] (1~so)resar . .
ﬂ,o ——\ referred to as determined experi-
0 = mentally by Elber (29) and theore-
- LOAD RATIO — p tically by the present author, see E-
Figure 7. Efficiency factor U and its influ- quation 22. The influence of the
ence on crack closure. efficiency factor on the crack clo-

sure geometry at the crack front is illustrated in Figure 7.

3.2 Lifetime

Equations 25 can be solved analytically with respect to lifetime, Ny, integrating
between k¥ = 1 and ¥ = K = 1/Sy;,x°. The results such obtained are presented in
Equation 27 with examples illustrated by master graphs in Figure 8.

N 1 = SLyx” | - SLM
CAT — = -

GSLyux| (M = DSLysy (M = HSLyyy

1 1

Neg = ——5—|—5— = 1 * 102(SLy0 M =4 ez

G SLygax | SLusx

2

with G = S04 - p
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8 1.0
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SLuax=0.2 Bo.a
=4 g
S / 0.4 =
< — 2
L2 o
= / =
s 0.6 mOS
@ | |
3, e— % ‘
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FATIGUE POWER — M
Figure 8. Lifetime as a function of fatigue  Figure 9. Residual strength as a function
power M. of number of load cycles.

3.3 Residual strength

The materials strength decreases during the process of fatigue. The (relative)
strength, Sg, still remaining after a certain number of load cycles N - where da-
mage ratio has become x = ¥(N) - is described very easily by Equation 10. This
means Sy = 1/vk which leads to the following relation integrating Equation 25
between K = 1 and k = 1/Sg’. Residual strength can also be presented by master
graphs as illustrated in Figure 9.

-
vo 1 1 -8y°2 1 - sy
GSLysy | (M = 2SLyiy (M - $SLoyx 28)
1 |1-8
N = . —— + 2log,(S,) (M =4)
GSLMAX L SLMAX

3.4 Threshold

There are many speculations on the existence of a threshold on load alternation
below which no fatigue failure will ever occur in wood and other viscoelastic
materials. Information given by Kollmann and Coté (34, Table 7.21) indicate
a threshold load level ("endurance limit") of Sy = 1/4 - 1/3 for wood. Kollmann
and Coté state that the endurance limit for wood seems to be "as a rule higher
than for most metals". Their conclusions seem to presume that threshold is load
level below which the wood tested will survive 10° - 107 cycles. The data con-
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sidered were from tests made at relatively high load frequencies (f > 15 Hz). No
experimental evidence is present which supports the threshold idea at arbitrary
load frequencies.

The existence of a threshold is widely accepted in the literature on metal fatigue.
Irving and McCartney (27) suggested on an empirical basis that the threshold phe-
nomenon can be considered practically by replacing the stress range intensity
factor in Equation 23(M = 4) such that AK* becomes AK**(AK* - AK.,*) where
a threshold stress intensity factor range, AKy, is introduced as a materials con-
stant. Information given in (27) indicate AK /K = 10 %. Examples given in
(35) demonstrate, however, that AK,; cannot in general be considered as a ma-
terials constant.

In the authors opinion we still have to wait for convincing experimental evidence
on the existence of an endurance limit for wood. At the present it is a matter of
belief whether or not such limit exists - and, if it exists - can be associated with
some mechanism or natural explanation. The hypothesis is suggested in this paper
that there is a threshold parameter Dy = (A8/dg)my on D = Ad/S below which
the development of alternating crack opening (Ad) is suppressed even more than
predicted by the efficiency factor U in Figure 7. No special analytical precautions
are needed when

o o
D = BAS = 6A6 gIAX =A, SMAX =v2Z KSLA%!AX 2 Dy (29)

CR MAX T CR CR

Special analytical precautions, however, are needed when D < Dy which can also
be formulated as

D
Z < ZTH where Zm = i TZI
2| KSLysy
(4D C) ™ (30)
SL K < SL where S =
MAX TH TH U1 - p)

4D, /C)"™
ASLyx < ASL,, = _(__T’_’J_)___

We suggest that only extremely small alternating crack openings (Ad = 0) develop
when Z < Zy (D < Dyy). This means,
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we introduce Z =0 when Z < Z, is predicted by Equation 24 (3D

The consequences of using Equation 31 in a fatigue analysis are that the results
of a SLyax versus Ng,r analysis are truncated at SLy;,x = SLyy such that Ne,p =
oo are predicted for any SLy,y < SLyy.

It is emphasized that the hypothesis made is very preliminary. From examples
subsequently presented in Section 5.2 it seems that threshold parameters Dy =
0.001 to 0.0001 are orders of magnitudes which might be expected in fatigue of
wood.
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4. Viscoelastic fatigue

Lifetime of a viscoelastic material can be determined following a similar proce-
dure as previously used in the analysis of the elastic fatigue phenomenon. Modifi-
cations of the method, however, have to be introduced which consider creep and
the influence of crack closure on this phenomenon. Power law creep is assumed
with a special relaxation time T which is discussed in further details in Chapter 5.
Number of cycles to failure initiation Ny is ignored for the same reason as explai-
ned in Section 2.4: Ny is in practice much smaller than total number of cycles
Ncar leading to catastrophic materials failure.

4.1 Model

We model the opening history by "generalizing" the history applying to the "ela-
stic" Dugdale-Rice crack shown in Figure 4: A creeping Dugdale opening de-
velops at max load. When load drops to minimum a "frozen" Rice opening profile
is produced with crack openings kept from just before load dropped except in the
area s > s, where they are reduced with up to Ad at s = 1. When load jumps to its
maximum again a Dugdale opening profile is restored, and the history just explai-
ned repeats itself cycle after cycle. The concepts of the model can be studied in
Figure 13.

Remark: A minor modification of the model is introduced in the subsequent sec-
tion which considers that a frozen crack profiles cannot always be produced.

Creep of model

Two features are un-known in the opening history outlined: We do not know how
creep develops and how big are the 8-jumps associated with loads going from
minimum to maximum. To solve these problems we will use the elastic-visco-
elastic analogy expressed by Equation 1.

To do so we must first assure ourselves that the crack opening of an elastic dupli-
cate can be thougth of which equals a Dugdale opening (with coherent stress Gqy
= ¢,) when load is maximum - and that a relaxing closed crack opening can be
thought of (with relaxing coherent stresses | Gqoy | < 6,) when load is minimum.
Exact duplicates are vital preconditions for using the elastic-viscoelastic analogy.

There are no problems in thinking of exact duplicates when load is at its maxi-
mum. However, when load is at its minimum it is not that obvious that such du-
plicates exist. This feature has been considered in a new crack closure theory
developed by the author in (3, Appendix B). The result is positive as indicated in
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Figures 10 - 12 based on this theory. (o; and G are averaged coherent stresses
for s < s, and for s > s, respectively). The relaxation, however, is not unlimited.
It is explained in (3) that there is a lower limit of 8/8,,,, = p* on closure relax-
ation (load ratio p).

o

DOTTED LINE
IS DUGDALE

5.,/ B

CRACK OPENING = v/8yx

T

1
t So

'

1

i

1

I

1

1

1

i

t

| /
i /
| /
1

.

1

t

{

1

I

1

RELAXING
CLOSURE

o
o
o

0.50

.25

O'T/(T| ANOD G/GMAX

0.00

-1.0

DISTANCE FROM CRAGK TIP — s
Figure 10. Relaxing closure when p = 0.
Hlustrated 6/06, = -1 — -0.4.
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Figure 12. Relaxing closure as related to
G /0, increasing from -1. p = 0.
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Figure 11. Relaxing closure when p = 0.
Hlustrated 6,/6, = -1 — -0.4.

The missing quantitative information
previously mentioned on creep and
O-jumps can now be determined
solving Equation 1 with boundary
conditions explained by the model
previously introduced. An example is
shown in Figure 13 with free relaxa-
tion of the elastic crack. In the ex-
ample illustrated in Figure 14 the
elastic relaxation meets the lower
limit of 8/8y,x = p°, meaning that
the boundary condition, "constant

viscoelastic crack opening versus relaxing elastic crack opening" switches to
"constant elastic crack opening versus creeping viscoelastic crack opening”, (this
feature explains the modification of the model indicated in the previous section).
It is noticed that the lower limit of 8/8,;,x = p* corresponds exactly to the crack
front opening which would appear under a constant load level SL = SL,,,, see

Equation 9 for example.

It is convenient in the fatigue analysis of viscoelastic materials to introduce a
crack closure creep function C; defined as a continuous graph which envelopes
the viscoelastic peaks found in the process of solving Equation 1, see Figure 13.
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And it is very adequate to express this function approximately as a time shifted
original creep function, meaning C = C(t/h) with shift factor h.

In the authors experience h can be determined, with sufficient accuracy, from cal-
culated peak at the third cycle. A slightly less accurate way of determining h is
to consider the first cycle by elementary rheological rules and then modify the re-
sults by a computer analysis. The h-estimates such obtained are presented in Equ-
ation 32 applying for normalized frequencies <f> = f*1 > approximately 0.01.

b
C,(0~1+|| with h=08+02u
ht LB aaph (32)
-1/b - + <
where p = [ + (&' - A)<p?| " with A = v
<SP+ (- B

Remark: Expression 32 applies as long as A’ < 1 - p? is predicted (free elastic re-
laxation). When A’ > 1 - p*> we may put h = 1, meaning that the closure creep
function is approximated by the original creep function. It is noticed from Figure
14 that closure creep increases towards the original creep function when elastic
relaxation is restrained. To introduce h = 1 is safe with respect to lifetime predic-
tion. Equation 32 can be used in most practice - as reflected in any example sub-
sequently considered.

4o =025, 7/T=10, =01, p=0.5 (Ae=(22)"%) 4o =025, 7/T=10, B=0.1 p=0.95 (A=(22)'7%)
2 ~
~ ©
T I

3 3
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& ]
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ST 4 [0 p

[0 et =
2 I ' b P [%)
w DOTT_ED S_OLID: C=1+Q/-r) (original creep) = . ! .
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Figure 13. Associated elastic and viscoela-  Figure 14. Associated elastic and viscoela-
stic crack openings. Rice Z = (1 - p)*/8. stic crack openings. Rice Z = (I - p)¥/8.

4.2 Damage rate

We can now determine damage rate in viscoelastic materials applying exactly the
same procedure as used when elastic materials are considered, see Section 2.4 and
Chapter 3. In energy calculations, however, we have to modified deformations ac-
cording to the closure creep function established in the previous section.
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The time, €2, it takes a crack to propagate a distance, Ry,y, in a viscoelastic
material is determined by energy considerations just as in Section 3.1 looking at
elastic fatigue. Analytically the energy dissipation at the crack front can with suf-
ficient accuracy be expressed as follows

Q Ad Q Q Q
. =09, ./C.1°2Z 1 -s)2l=066_J]C. |22 il (33)
ce = Oy MAA{ a[qj + SMAX( 5,) le Y MAX{: CL[q) + T:'

where the former term(s) express energy dissipation developed by the crack ope-
ning in periods of time with max load including the time dependent part of ope-
ning jumps build up in periods of time with min load. The latter term(s) in Equa-
tion 33 represent dissipation due to the elastic parts of opening jumps.

The factor q in Equation 33 considers that the position considered which is pene-
trated by the crack does not experience maximum crack opening at once (in
which case q = 1). For a parabolically increasing opening history in a Power law
viscoelastic material q is developed in (7) as follows,

2

q = [“ D@ + b)r (34)

Equation 33 can also be written as presented in Equation 35 introducing the clo-
sure creep expression from Equation 32, critical strain energy release rate from
Equation 9, and normalized frequency <f> = t*f = 17/T.

b
1 =CCLE +Z_9_=1+ T +Z__%
KSL 7ax q T qh<f> T

I_KSLAZJAX= 1 be+ZQ
KSL.x gh<f> )\ T T

Q can be eliminated in Equation 35 introducing damage velocity, dk/dN accor-
ding to Equation 17 which can also be written

35)

2
L _or:®™ i @ = Tsi?, (36)
T dx 8

Now Equation 35 can be written as follows relating damage velocity to damage
ratio X,
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Y=AX*+AX-A =0 with X-= FLZ%IY. (37N
K

where Al, A2, and A3 are parameters to be calculated from Equation 38 with Z
expressed by Equations 24, 26, 30, and 31.

(D b
1T 2 1 - xSL?
(qh<f>] ith ® = ZSL, and A, = (38)
_ 8 «SL2,
A, = ®Z

4.3 Lifetime and residual strength

At a fixed damage ratio ¥ Equation 37 can be solved easily applying the Newtons
iteration principle,

AX? +AX - A
Xy =X = _ = i (39)
aY/dxX PAX"T + A,
Algorithm

Lifetime is then calculated by numerical integration as shown in the algorithm
presented in Table 1 with the following first estimate on initial damage rate and
K-steps Ax suggested in (1). Another first estimate migth be introduced. The one
applied, however, works well. The accuracy of calculations migth be increased
with smaller Ax. A number of tests, however, show that Ax as applied is adequate
for most analysis.

SLysx = D' |
X =Sl D7y 1

., _ — - 1| with p > 1000 (40)
SLyax Pl SLyux

The integration starts at K = 1 and stops at K = Ky = Syax~ Where the damage
rate becomes infinitely high.

Materials strength still remaining after a certain number of load cycles N is
predicted by the residual strength fraction Sy just as in Section 3.3 (or Equation
10) considering elastic fatigue. The result is presented in Equation 41 which pre-
dicts Sg = 1 at t = 0 and Sg = SLyx at N = Ngarp.
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_ 00 1 An

S =
ook k™

TABLE 1. Lifetime and residual strength of wood: Harmonic load variation

GIVEN: Material: FL, T, b, C, M, Peg Dy and  g(34)

LOAD: SL,,.. p. f, B

STEP: Ax = (1/SL.. - 1)/1000

START: %, t, N =1, 0, 0

wumE Calculate: U(26), Z(24,30,31), h(32+remark), (A,,A,A,)(38)
(SLygay =~ D™

Ifx=1X-=f1 (first estimate)
SLyax
[ Y = Ale +AX -A, ; dYldX = bA]X”'1 + A,
Y
X =X - ___ Newton
NEW dyldx ( )
X
If | ;‘?W - 1] < 0.00001 go to mm
X = Xy
goto M
EE X = X
AN = XAR A o AN
FL* f

=X +Ax;, t=t+Ar;, N=N+AN

S, = Ik

WRITE RESIDUAL STRENGTH. t, N, S,

If x> %, = goto MMM
SLytax
goto HERE
BRE ., =1 Ny, =N
WRITE LIFETIME: Leaps NCAT

The elastic fatigue results previously presented are predicted by the algorithm pre-
sented in Table 1 introducing a normalized frequency <f> — oo, meaning that T
and/or f — oo. Static lifetime (duration of load) is predicted introducing a load
ratio of p = 1. This feature 1s explained in further details in Section 4.4.
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Endurance limit

An example is constructed in Figures 15 and 16 to illustrate how the algorithm
just presented handles the question of a postulated endurance limit defined by a
threshold parameter of Dy = 0.0005 (endurance limit SLpy = 0.4). Other
parameters used in the example are: (FL,b,T) = (0.4, 0.25, 1 day), (C.M,pcr) = (3,
9, -0.75), (p.B) = (0, 0.5), and f = 1 Hz.

1.0 10
T NGO —-—— DEAD

0.8 0.8

0.6 0.8 <

o4 [ i ey esmpr g ey p e LS S ey T
R

endurance Imi pndurance limit \

0.2 0.2

0.0
10 -2

( LOG1o(Near) ' LOGso(teanh)
Figure 15. Number of cycles to failure Figure 16. Time to failure predicted with
predicted with endurance limit SLyy = 0.4.  endurance limit SLy; = 0.4.

0.0
4

Remark: It is noted that materials with Power-law creep will always fail irrespec-
tive of load level. This is a consequence of this creep function not having a finite
value as time proceeds to long times. Other materials with creep functions having
final values of C(eo) will have minimum thresholds of SLpy = (1/C(s0))"* below
which no fatigue failure will ever occur (14).

Generalized load history

Lifetime and residual strength of wood subjected to load histories defined in Figu-
re 1 are considered immediately by the algorithm presented in Table 1. Other load
histories, however, can easily be considered. This feature is considered in more
details in subsequent Section 6.2 and Appendix A at the end of the paper where
a generalized algorithm is presented.

4.4 Static load (dead load)

Deadload lifetime and residual strength are obtained by the algorithm in Table 1
introducing a load ratio of p = 1. Analytical solutions, however, can be obtained
directly from Equation 37 which relates damage and time as follows with p = 1
and normalized time <t> = /1.

30



Lauge Fuglsang Nielsen - Lifetime and residual strength of wood

dx _ (nFLy KSL?
E 8q’C [(KSLZ)-I _ l]llb

(42)

B
<t>FL?* = 8¢ Y dx  with B
niSL2y 1 + x C

1/SL? - 1
1/(xSL?) -1

Lifetime: Time to catastrophic failure is determined from this expression introdu-
cing a critical damage ratio of Ko = 1/SL? meaning o = 0. Closed formed life-
time solutions to Equation 42 are presented in Equation 43 reproduced from (7).

. 1

2 = -

<tCAT~>FL = with g = K 1

3 2

3'1i—_}£~+p—log(p+1) b=i

SL?| 3 2 3 43
32=4 3 2 1 ()
ko [l S ) b= _

SL? 4 3 2 4

[/ 4 3 2
ﬁﬁ.-f_+ﬁ_—i+p-log(p+1) b=l
SL? 5 4 3 2 5

Residual strength: Residual strength (strength fraction Sg) remaining during the
fatigue process is easily determined by Equation 42 introducing k = 1/S;% This
means that residual strength and time are related simply by introducing a lower
limit of integration o = (Sg/SL)*-1. Residual strength starts at S, = 1 and ends at
Sg = SL where o = 0. We get

) 1 Sq
<t>FL* = withp=_—_ -1,m-= -1
] SL? SL?

3 3 2 2
3-121u n o n+”_n_10gu+} po L
SL* 3 2 n-+1 3 (44)
4 _ 4 3 3 2 _ 2
32\ -m" _w - u LU +n+1og“+1b=i
SL*| 4 3 2 n + 1 4
3.2 1u5-ﬂ5_u“-n4+u3-n3_u2—n2+u_n_10gu+l po L
NEE 4 3 2 n + 1 5

Illustrative examples on predictions of static lifetime and residual strength are pre-
sented in Figures 17 and 18.
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Figure 17. Lifetime of wood with creep po-
wer b = 0.25.
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Figure 18. Residual strength of wood with
creep power b = 0.25. Load is SL = 0.5.

Remark: It has been shown in (13) that the theory developed for static loads can
be applied also for moderately varying loads when rate of loading does not violate
Equation 45. If it does, crack closure is encountered.

dsL o _ SL

dt 21(1/(kSL?) - 1

)I/b

(45)
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5. Theory and experiments

Experimental results are compared in this chapter with theoretical predictions ma-
de by the algorithm presented in Section 4.3. The procedure of comparing is ar-
ranged such that materials data not known are introduced by calibration. Calibra-
ted values, however, must show consistency with similar data deduced in other
ways, experimentally or theoretically. Such data, named "OM-estimates" (orders
of magnitudes) are presented in the subsequent section. The concept of load level
representation of experimental data is also considered.

5.1 Preparation of algorithm
Strength level, FL.

Strength levels of damaged materials can be estimated by the following theoreti-
cally based expression presented in (10). A characteristic micro structural dimen-
sion of the material considered is denoted by d. Crack length is denoted by 1.
When wood especially is considered we may estimate d = (fibre length*fibre
diameter)'” =~ 0.3 mm. A smaller crack length of ], = 1.5 mm for normal clear
wood has been estimated from (36). Generally we estimate normal clear wood
to have 0.5 > FL > 0.2-0.3 and structural wood to have FL < 0.2-0.3. The term,
“clear"”, should not be taken too rigorously. Badly treated clear wood may easily
exhibit a "structural" wood strength level.

FL= |1 - exp —_‘1 = _C_i.
\ Ly Ly (46)
d= 03 mm micro structural dimension
Wood: |, = 1.5 = 4 mm  normal clear wood
[ >4 mm structural wood

Load level, SL

Load levels are based on reference strengths Gy determined as follows: Strength
at load ratios p = 0O is strength measured traditionally (compression, tension, ben-
ding). Strength at load ratios p < 0 is Gy,x With failure appearing after a few (2-
3) fast cycles with load ratio p used in lifetime experiment. The rationale behind
this suggestion is that similar mechanisms initiate both tension failure and com-
pression failure (1,7) although final failure textures may look completely different.
If special O,-tests are not made, Oy is estimated from extrapolating backwards
to a few cycles on the experimentally obtained lifetime graph.
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Strength and lifetime data are very sc- :tered in fatigue experiments on wood. The
most common way of handling this problem is to present data by average values
of strength and lifetime. Unless otherwise indicated experimental data presented
in this paper are based on this concept of data representation. A more rational
way of treating experimental data has been introduced into fatigue research by
Borg Madsen in (37). The Borg Madsen’s method (MB) of data representation,
discussed and evaluated by the present author in (7,11), respects the individuality
of any member being tested without loosing consistency with the common way of
data representation. Experimental data subsequently referred to from (38) are
treated according to the BM-method.

Damage rate power and damage rate constant

The damage rate power M can be determined as follows from experimental life-
time obtained at higher load frequencies (where creep effects are relatively small).
The data are presented in a log,o(Ncar) - SLyax graph. From this graph M is deri-
ved by Equation 47 developed in (2).

| disL,,, ]
o . . (47)
[ 0g,o( )] wt dllog (N, )]LLMAX = 0.6

AT

Damage rate constant C can be deduced very easily from a similar data represen-
tation utilizing that this parameter is responsible for parallel shifting only. In this
way M = 9 and C = 3 (at FL = 0.4) were deduced in (1) from lifetime data repor-
ted in (39) from fatigue tests on Pine heartwood with (p,f) = (-1,50 Hz).

In this paper (M,C) = (9,3) are declared OM-estimates for damage power and
damage rate constant in wood. We re-call M = 8.5 previously mentioned in this
paper which was deduced from experiments reported in (33).

Critical load ratio and threshold factor

A critical load ratio of ps = -0.5 has been deduced in (1) from the data on Pine
heartwood (39) previously used to deduce M and C. The quantity of pcp = -0.5 is
declared as an OM-estimate for critical load ratio in this study. The efficiency
factors U = (1 + p)/2 for p 2 0 theoretically determined by the present author and
U = 0.5 + 0.4p empirically suggested by Elber for p > -0.1 are described very
well by Equation 26 for any pe < O.

A threshold parameter of Dy = O is considered as an OM-estimate in this study.
As previously indicated, very little is known in the area of thresholds in fatigue.
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For illustrative purposes, however, estimates of Dy, = 0.0001 and 0.001 are intro-
duced in two examples presented in the subsequent Section 5.2.

Creep

In the present context creep refers to a combined opening mode and sliding mode
viscoelasticity in the vicinity of a crack. For two reasons we can only estimate the
relaxation time for this process very roughly. We know relatively little on aniso-
tropic creep of bulk wood (40, review) - and we know almost nothing on
microstructural creep in wood. The orders of magnitudes on T presented in Equ-
ation 48 are estimates (see 1,7) based on what is known (e.g. 41,42) on bulk
creep versus loading modes. A factor of 10™! is included which considers the
microstructural aspects that cracks propagate in areas of minimum resistance (the
softer areas), and that creep locally is higher at the higher stressed crack front
areas than it is in the lower stressed bulk material.

Equation 48 relates T to relaxation time Ty g measured in bending of bulk wood
at a reference equilibrium moisture content of u = ugg (at reference temperature
Trer = 20°C). A Typer of =10° days at ugge = 10%-12% might be estimated if
information on bulk creep is insufficient. Unfortunately, this is almost always the
case when fatigue results are reported in the literature. Other equilibrium moisture
conditions than u = 10%-12% are considered by the factor dy presented in E-
quation 48.

log,,W(days) = loglo‘cB’REF(days) -35x1+d with

U,.. %o - u%
Uz__f.Ef_O_____i  if u> 30%, then u = 30%
10 (48)

Tension L to grain has the lower T and b = 1/3
Compression || to grain has the lover T and b = 1/4
Other loading modes have the higher T and b = 1/4

The moisture factor dy is an average and might therefor easily differ from factors
deduced from tests on specific types of wood. For example, Hoffmeyer suggested
a factor equivalent to dy = (Ugg% - u%)/5 from experiments on red spruce
(43). Dynamic moisture changes influence relaxation time dramatically - possi-
bly by factors less than 0.1. The creep power, b, can be considered independent
of moisture content. A theory has recently been presented in (44,45) by
which harmonically (such as yearly) varying humidity variations can be con-
sidered as fictitious equilibrium conditions. It is obvious how this feature
increases the potentials in practice of the theory presented. It has been indicated
in (44,45) that the so-called phenomenon of mechano-sorptive creep is not very
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important in practice. Mechano-sorptive creep is, like in concrete, structural con-
solidation which is normally massaged away by normal handling of material long
time before it takes a load carrying role.

It has been indicated that static lifetime is predicted fairly well with relaxation
time estimated by Equation 48. Equation 48 is therefor declared as OM-estimates
for relaxation time also in fatigue analysis.

Remarks: Temperature variations influence creep in a similar way as moisture
content. A temperature factor equivalent to dy = (Tyg:°C - T°C)/15 in Equation 48

has been suggested in (1).

. . Mat-prop: FL, b, T (days) Fatigue-prop
Figure Material Load Reference stren’gti,l Gcg OF S C, M, peg> Dy Exp-reference
1921 Spruce compression || grain (sq) 0.4, 0.25, 1 3,9, neg, 0 Bach (46)
- p=0,f=10%-0.1Hz || Compress-strength 6 = 37 MPa
2204 Doug-Fir defected]  tension L grain (sq) 0.2, 1/3,0.5 . 3,9, neg, 0 Nielsen & Madsen
s || grain p=0,f=10% 10*Hz Tens-strength Ggg = 2.35 MPa” (38)
25.96 Spruce Glu-lam | bending with p = 0 (sq) 04,025, 1 3,9, neg, O Marstrand & Kri-
- u=20% f = 2*%107%, 0.05 Hz SL given by authors stensen (47)
97 Pine-heartwood rotational bending 04, 0.25,1 3,9, -0.6, .001 Kraemer
p=-1,50Hz Estim oz = 116 MPa (= bend-str) (39)
o8 Particle- and tension & interlam-shear 04,025, 1 3,9, neg, 0 McNatt
Hardboards p.f=0.1,15Hz SL given by author (48,49)
29 bending (s) with
p,f=0.1,15Hz 0.4, 0.25, 10
Khaya 4-Ply - - Estim O, = 95 MPa (= bending 3, 15, -0.75, 0 Ansell & Tsai
30 reversed bending with strength) (50)
p,f=-1,10Hz
31 Doug-Fir fin- tension || grain 04, 0.25,1 3, 9, neg, .0001 Bohannan et al
ger joints p, f=01,15Hz SL given by author (51) (52) & McNatt (51)
32 Spruce compression || grain (sq) 0.4, 0.25, 0.2(12%)-0.03(18%) 3,12, neg, 0 Clorius, Pedersen et
u=12& 18% | p=0,f=001-10Hz SL = 0.80 given by authors al (53)

Table 2. Fatigue tests: Loading, material properties and fatigue parameters applied. Type of loading
is sinusoidal except when square wave loading (with § = 0.5) is indicated with (sq). Unless otherwise
indicated clear wood with a moisture content of u = 12% applies. Critical load ratio p.r = neg
means arbitrarily negative. *) SL = 0.7 and 0.8 relative to 2.35 MPa, data treated by BM-method,

see Section 5.1.

5.2 Experiments versus theory

The results of comparing experimental lifetime data with theoretically predicted
lifetime are presented in this section. Experiments considered are identified in
Table 2 together with material properties and fatigue parameters used theoretical-
ly. The theoretical status of experiments with sinus varying load and square wave
varying load are considered approximately equal. Graphical representations of re-
sults are presented in figures indicated by the former column of Table 2. Experi-
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mental data are indicated by dots - theoretical data with solid and dashed lines.
Individual comments on experiments or theory applied are appropriate to some of
the examples presented in Table 2. They are as follows:

Figures 19 and 20: Another way of illustrating the frequency dependency of fati-
gue lifetime of spruce subjected to compressive load, is shown in Figure 21. This
figure clearly confirms the statement that fatigue of wood is very much a function
of load frequency.

Figures 23 and 24: The experiments on artificially defected Douglas-Fir were
made as outlined in Figure 22 on specimens of size 140 mm perpendicular to
grain = load direction. Cross-section is 1740 mm. A 10 mm parallel to grain
crack is cut through the specimen in the centre of the 40*140 mm face. A
strength level of FL. = 0.3 is introduced in analysis for this specimen. The ar-
tificial damage declassify the wood considered to wood of medium quality. A
creep power of b = 1/3 considers that load acts perpendicular to grain.

1.0 1.0
——— EL-FAT -~ DEAD
0.8 0.8
* 7,
~
. O,
~
0.6 0.6
~
Ny ~
E: N } 0783
3
04 04
o2 " 0.2
Frcgn top: ‘1;0' Hz
107%Hz, 107°Hz
10~*Hz, 107%Hz
0.0 T 0.0
[ -2

LOG+o{Near) LOG1o(tear,h)

Figure 19. Fatigue of spruce compressed
parallel to grain with p = 0. Elastic fati-
gue indicated is predicted lifetime at very
high frequency.

N

LOG1o(Near)

0

L ]

LOCro(f.HZ)
Figure 21. Fatigue of spruce in (46) com-
pressed parallel to grain with p = 0.

Figure 20. Fatigue of spruce compressed
parallel to grain with p = 0. Experimental,
predicted 10° Hz, and predicted deadload
lifetime coincide.

P ARTIFICIALLY DEFECTED
Steel end plate with
B et
Glu-lam
40 beam Test specimen
o £
g 15 y Ark15 £ Lever arm
= — & Waooden
2 - gz load box
z £ Lead and
= sand bags
o Air controled scissor table:
Table down means load on
Table up means load of f
L B 7 7
T l TEST LOADING
P SPECIMEN ARRANGEMENT

Figure 22. Test setup in fatigue experi-
ments reported in (38).
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Figure 23. Lifetime of artificially damaged
Douglas-Fir tensile loaded perp to grain
with p = 0. "El-fat" is lifetime predicted at
very high frequency.
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Figure 24. Lifetime of artificially damaged
Douglas-Fir tensile loaded perp to grain
with p = 0. Predicted "dead" coincides
practically with f = 1.e-4 Hz.

Figures 25 and 26: The experiments on Spruce glu-lam were made at a moisture
content of u = 20 %. Thus, a low relaxation time is expected for plain spruce.
However, a glue delaying effect on creep is thought to increase the relaxation
time to T = 1 day being used in the analysis.
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Figure 25. Lifetime of laminated spruce,
bending with load ratio p = 0.
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Figure 27. Lifetime of Pine-heartwood loa-
ded in bending with (p, f) = (-1, 50 Hz).
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Figure 26. Lifetime of laminated spruce,
bending with load ratio p = 0.
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Figure 28. Lifetime of particle boards and
hardboards loaded in tension and interla-
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Figure 29. Lifetime of Khaya 4-ply loaded  Figure 30. Lifetime of Khaya 4-ply loaded
in bending with (p, f) = (0.1, 15 Hz). in reversed bending with (p, ) = (-1,
10 Hz).

Figures 29 and 30: Apparently Khaya ply-wood does not creep and fail like other
woods such as spruce and fir. A relaxation time of T = 10 days might be explai-
ned by a creep delaying effect of the glue (epoxy) used. A fatigue parameter of
M = 15 (determined from the experimental results by Equation 47), however, can-
not be explained immediately. Does Khaya wood have a more rough fatigue fai-
lure surface than other wood products? No information is given in (50) to evalu-
ate the hypothesis made in Section 3.1 that increasing roughness increases M.

Figure 32: This experiment (53) on lifetime of spruce subjected to compressive
repeated loads || to grain reveals a fatigue parameter of M = 12. The question can
be asked if the failure texture in this experiment is more rough than in the very
similar experiment (46) illustrated in Figures 19 and 20 where M = 9 was dedu-
ced. There is not enough information on failure texture in (46,53) to decide on
this question.
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Figure 31. szetime ?f Doug-{’ ir ﬁnger - Figure 32. Fatigue of spruce considered in
Joints loaded in tension [ grain with (p,  (53) compressed with SL,,,, = 0.8 parallel
f) =(0.1, 15 Hz). to grain with p = 0.

39



Lifetime and residual strength of wood

Lauge Fuglsang Nielsen

Special observations

Load ratio and moisture

Figure 33 demonstrates how the theory predicts lifetime to change with load ratio.
The material and fatigue load assumed are the same as referred to in Figure 30:

Khaya Ply subjected to 10 Hz fatigue (50).

The predicted results agree in orders of magnitudes with test results reported in
(54) for this test setup. A detailed discussion between the two set results in (50)
and (54) cannot be made, however, as the tests in the latter reference were made
with load dependent frequencies. A special "saw-tooth" load procedure was appli-
ed with constant rate of loading (up and down) which implicates a test frequency
as predicted in Figure 35, reproduced from (5), which clearly disregards any

influence of creep on fatigue.
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Figure 33. Predicted influence of load

ratio on Khaya lifetime at f = 10 Hz

———mey

\\

0.8

0.8

02

From tog:
u=5,10,350/0

0.0
0

LOG1o(Near)

Figure 34. Predicted influence of moisture
content on Khaya lifetime at f = 15 Hz
dy = (Uggr - u%)/5 is used.

Figure 34 demonstrates how the theory predicts lifetime to change with moisture
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Figure 35. Load dependent frequency used

by Ansell.
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special "saw-tooth” load procedure previously discussed disregarding any
influence of creep on fatigue.

Peak loading

Peak loading is block loading according to Figure 1 with fraction of time B under
max load being considerably different from the B = 0.5 hitherto considered. The
theory presented in this paper predicts relatively little difference between = 0.5
lifetime and peak load lifetime with 3 = 1 (constant load with instant off/on loa-
dings). This is illustrated in Figure 36 with (p,f) = (0,10 Hz). Peak load lifetime
with B = O (constant load with instant on/off loadings) is shifted to longer
lifetimes with less than 1/4 decade relative to lifetime with 8 = 0.5. This shift is
reduced to almost nothing at increasing load frequency. We may summarize these
observations as follows: Lifetime is practically independent of § at load frequen-
cies higher than f = 107 - 10* Hz.

1.0 1.0

;R%MS TOP;j ,85=Q‘ °
=0.5, and g= ~2ap *
0.8 0.8 S

3 . .“'.. o

0.6 (-X] -
£=0.5
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f=0.0001 Hz
0.2

£=0.8
=0.1
§=o.5

* 0
O~G

0.0 T T 0.0
o] Q

LOGso(Near) LIFETIME — LOG10(N)

Figure 36. (FL,b,t) = (0.2, 1/3, 0.5 day), Figure 37. Lifetime of artificially defected
(CM,pegDry) = (3, 9, neg, 0), (p.f) = (0, Douglas-Fir tensile loaded perp to grain,
10* Hz) load ratio p = 0. (PILOT TESTS).

The experiments (38) previously referred to in Figures 23 and 24 on artificially
defected Doug-Fir specimens were designed for 8 = 0.5 load histories. Some pilot
experiments, however, were made to look at the influence of B # 0.5. The results
are presented in Figures 37 and 38 together with the 8 = 0.5 results from Figure
23, including the theoretical lifetime prediction (solid line).

Considering the large data scatter which is usually associated with lifetime ex-
periments Figure 37 seems to confirm the statement that lifetime is not very much
influenced by fractional time £ under maximum load.

A somewhat peculiar behavior of lifetime data is noticed in Figure 38. Almost the
same lifetime is observed for § = 0.17 and B = 0.83 at a frequency of f = 0.01
Hz. This "common" lifetime is shorter than lifetime at 8 = 0.5. These observations
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10 = can, in the authc; opinion, only be
explained as a result of a missing
ability of the very simple test set-up
to handle fast block load variations:
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Figure 38. Lifetime of artificially defected
Douglas-Fir tensile loaded perp to grain,
load ratio p = 0. (PILOT TESTS).

that the test specimen is "overloa-
ded" due to forces of inertia and
other disturbances in the test system.
This feature will magnify the energy
dissipation due to crack opening alternation (Z in Equation 35 fx) with the result
that shorter lifetimes are experienced.

5.3 Residual strength

The DVM-theory has been shown in (7) to predict residual strength very well for
wood subjected to static load. In fact, this feature was used qualitatively by Borg
Madsen and co-workers (55,56) to verify the theory and its underlying mate-
rials concept by identifying different stages of crack propagation in wood. As
previously stated, residual strength of wood subjected to repeated load can be
predicted very easily at the same time as lifetime is predicted by the algorithm in
Chapter 4. Two examples are presented in Figures 39 and 40. Unfortunately no
experimental data have been found by the author to verify these predictions.
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Figure 39. Residual strength at (Syuxp.f3,
f) =1(05, 0, 0.5, 0.1 Hz).
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Figure 40. Residual strength at (Sy,p.f5,
f) =1(05,0, 0.5 0.1 Hz).

Material data for Figures 39 and 40 are: (FL,b,7) = (0.4,0.25,1 day), (C,M.,pc,
Dqp) = (3, 9, neg, 0).
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5.4 Discussion

Material properties and fatigue parameters have been deduced in Section 5.2 from
comparing experimental lifetime data with theoretically predicted lifetime data. A
satisfactory agreement has been found between these deduced quantities and the
OM-estimates (order of magnitude) set up in Section 5.1.

Relaxation times T and fatigue rate powers M, however, do not fully agree with
the OM-estimates. The former observation is expected as there are not sufficient
creep measurements presented in the literature which can support better estimates.
The latter observation cannot be immediately explained. Rate powers of M = 9
apply. The most common value, however, is M = 9 by which the shorter lifetimes
are predicted. A damage rate constant of C = 3 seems to valid in general.

Critical load ratios of pe = -0.6 to -0.75 have been deduced which are somewhat
lower than the OM-estimate of pey = -0.5 in Section 5.1. For load ratios p < 0
shorter lifetimes are predicted with po; — -1. In the present context p = -0.75
is the safer value (with respect to lifetime prediction).

Arguments are presented indicating that lifetime is not very much influenced by
fractional time of maximum loading 8 when frequencies are f > 10 - 10* Hz.
The shorter lifetimes are predicted with 5 = I corresponding to a time shift factor
of h = 1, see Equation 32.
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6. Conclusions and final remarks

A satisfactory agreement has been demonstrated in Chapter 5 between theory and
experiments made at ambient temperatures of T = 20°C and moisture contents of
u = 10-18%. Frequencies and load ratios considered are f = O (dead) to 50 Hz and
p=-1tol.

It can be concluded that the theory is basically sound and that safe estimates of
lifetime and residual strength, within ranges of load and climatic conditions consi-
dered in Chapter 5, can be made by the theory when relaxation time T is known
and fatigue parameters are introduced with (C,M,pcr,.Dry) = (3,9,-0.75,0) together
with a time shift factor of h = 1. The estimates such calculated consider any frac-
tional time under maximum load.

The quality of lifetime estimates in practice depends very much on the quality of
relaxation time estimates used as theoretical in-put. The ideal relaxation time to
use is the one which defines creep in front of damage areas. In practice this ideal
value is very hard, or impossible, to get. In most cases we have to estimate the
relaxation time as indicated in Section 5.1 from creep experiments on bulk wood.

Shorter lifetimes are predicted by the theory at increasing moisture content. Life-
time in general is inversely proportional with quality of wood (FL), meaning, for
example, that structural wood has a longer lifetime than clear wood subjected to
similar load levels (SLyax.p)-

The following statements made in Chapter 1 are strongly emphasized by the the-
ory: Fatigue design of wood members cannot be based on the concept of a critical
number of load cycles. Severe mistakes can be made by doing so. The number of
load cycles to failure of wood, for example, may decrease more than 100 times
lowering the frequency from 1 cycle per 10 seconds to 1 cycle per 2 hours. Thus,
parameters needed in fatigue design of wood cannot be determined from accelera-
ted tests.

Examples are demonstrated in the following sections on how the theory can be
utilized in practice: Design graphs are presented in Section 6.1. A generalization
of the theory is presented in Section 6.2 which considers lifetime and residual
strength of wood subjected to some non-harmonic load variations. Potentials of
the theory to be used on other materials are discussed in Section 6.3. Finally,
some future projects are outlined in Section 6.4.
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6.1 Design - master graphs

Any result obtained in this paper can be presented in so-called master-graphs
where lifetime and residual strength can be related to frequency and time under
load as shown in Figures 41 - 44. This feature is a result of the extensive use
which has made in the analysis of non-dimensional (or normalized) strength, load,
time, and frequency. It seems justified to suggest the hypothesis for practice that
the fatigue behavior of wood and wood related materials in general (including
material with fingerjoints) can be described/predicted by common master-graphs
irrespective of loading mode. The hypothesis has recently been successfully tested
in (4) on glu-lam beams with various slopes of lamella.

Figures 41-44 apply for safe predictions, meaning that any fractional time under
maximum load is considered, and that the underlying fatigue parameters are those
presented in the introductory paragraph of this chapter.
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Figure 41. Master graph for number of Figure 42. Master graph for time to failu-
cycles to failure in wood with creep power  re in wood with creep power b = (.25,
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It is noticed from the master graphs shown in Figures 41 and 42 that lifetime is
practically not influenced by creep at non-dimensional load frequencies f*7 > 10°.
At the other hand lifetime is practically not influenced by load frequencies at f*7
< 1. In a transition area 1 < f*1 < 10° (5 decades) both creep and elastic fatigue
mechanisms are active. Easy safe estimates for p = O can be made as shown in
Equation 49.

dead load lifetime (Eqs 43,44) when ft < 1
Lifetime = |elastic fatigue lifetime (Eqs 27,28) when ft > 10°
straigth line log-log interpol when 1 < ft < 10°

(49)

From Figures 43 and 44 is observed that strength reduction starts becoming seri-
ous when the material considered has experienced 1/3 of its lifetime. The tran-
sition area of 5 decades between plain elastic lifetime and plain deadload lifetime
shifts to higher frequencies at increasing load ratio p. It drops to lower frequen-
cies at decreasing load ratios. The statement on strength reduction keeps valid.

6.2 Non-harmonic load variation

Non-harmonic load variations such as illustrated by examples in Figures 45 and
46 can also be considered by the prediction method presented in this paper: Local
load frequencies must be essentially higher than frequency of the local enveloping
SLyax-line. Sections of load history with load fractions p = 1 (SLyux = SLyy =
SL) must have non-negative slopes (or some negative slopes restricted by Eq. 42).
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Figure 45. Residual strength and lifetime  Figure 46. Residual strength and lifetime
of wood subjected to load as indicated of wood subjected to load as indicated
with (FL,b,t) = (0.4, 0.25, 1 day). with (FL,b,t) = (0.4, 0.25, 1 day).

With these conditons held we may easily modify the algorithm previously presen-
ted to consider other load variations (than harmonic variations). We proceed
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stating that rate of damage dx/dt = f*FL¥X (see Equation 37) at time t is defined
by state of damage and load specifications at that time only. Then we just have
to introduce a subroutine into the algorithm presented in Table 1 which updates
(SLyax:p-f,8) as functions of time t, immediately followed by updated x-steps. A
generalized algorithm is presented in Appendix A at the end of the paper.

Simple examples of residual strength and lifetime predictions by this algorithm
are shown in Figures 45 and 46. The same basic assumptions of h = 1 and pe, =
-0.75 are assumed as justified in the introductory paragraph of this chapter.

For load variations considered in this section the generalized algorithm presented
in Appendix A is suggested as a qualified alternative to the well-known Palm-
gren-Miner’s method (57,58) normally used in the field of lifetime prediction
of materials subjected to arbitrary load variations. The Palmgren-Miner’s method,
however, does not consider the influence of creep on fatigue and is therefor not
reliable in fatigue analysis of wood, especially at low load frequencies.

6.3 Other viscoelastic materials

Glass fiber reinforced epoxy

Wood has been the prime material considered in this paper. Other materials with
Power-law creep, however, can also be considered by the lifetime theory develo-
ped. An example is shown in Figure
T 47 where life time data are presented
- from fatigue tests with (p,f) = (0.1,
s ¥y 19-34 Hz sinus) on uni-directionally
- glass fiber reinforced epoxy (59)
loaded in tension || to fibres. Life-
time prediction is made with (FL,b,
T) = (0.4, 0.25, 1 day) and (C,M,pc,
° LIFETIME —  LOGyo(N) Dry) = (3, 9, neg, 0.0001). A refe-
Figure 47. Fatigue lifetime of glass fiber rence strength of 6 = 1320 MPa is
reinforced epoxy. Tension in fiber directi- estimated by "backwards" extrapola-
on. Predictions for f = 19-34 Hz coincide. tion to a few number of cycles on
the experimental real stress-Ng,; graph. It is noticed from the figure that there is
practically no influence of frequency on lifetime. This means that lifetime is not
influenced by creep at frequencies used in the experiments.

o
o

@
@
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Aging viscoelastic materials - concrete

The lifetime theory developed in this paper can easily be generalized to apply for
viscoelastic materials others than such defined by Power-law creep. The principles
in this paper just have to be combined with a more general handling of creep
functions as described in (e.g. 13,60). A more easy way, however, to analyze
numerically the fatigue behavior of materials not exhibiting Power-Law creep is
to subdivide time into intervals where creep is approximated to follow a Power
Law description. The algorithms presented in this paper can easily be adapted for
this purpose by introducing a "creep conversion" subroutine at the top of the pro-
grams. This subroutine may also consider viscoelastic materials with time depen-
dent strength and creep. Applications of the algorithms such extended have been
demonstrated in (61,62,63) to predict the fatigue behavior of concrete and
other aging viscoelastic materials.

6.4 Some future research

Relaxation time at crack fronts has been identified in this paper as the prime
material parameter responsible for the viscoelastic part of fatigue. At low load fre-
quencies it is justified to estimate this parameter from moisture content and
temperature in resting (not loaded) wood. At high frequencies it might not be
justifiable. In crack front areas large amounts of heat may develop from crack
closure mechanisms which will increase local temperature dramatically. This may
change relaxation time and fatigue parameters (C,M,peg,Dry) significantly - and
consequently also lifetime of the material considered.

With respect to the viscoelastic part of fatigue: Higher load frequencies provoke
local temperatures to increase which lower the local moisture content. From a
fatigue point of view two counter-acting mechanisms are then activated. Damage
rate increases with increasing temperature (reducing 7), while damage rate decrea-
ses with decreasing moisture content (increasing T). In the authors opinion (obtai-
ned by inspection of various fatigue experiments) the two effects neutralize each
other at frequencies f < approximately 15 Hz, meaning that fatigue analysis at
lower frequencies can be based on climatic conditions applying for resting wood.

It is emphasized, however, that this simple approach is purely empirical. Better
estimates can only be achieved through more basic research on load induced local
climates, on viscoelasticity in crack front areas, and on the general influence of
moisture and temperature on material properties and fatigue parameters. The crack
closure model presented in this paper may be useful in this context. Local tempe-
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ratures can be calculated from energy dissipation in crack front areas as represen-
ted by Equation 33 for example.

Finally, a method is needed very much in practice by which lifetime and residual
strength can be estimated for wood subjected to real arbitrary load variations.
More efforts should be made, theoretically and experimentally, to develop such a
method. In this context it might be worthwhile to test the possibilities of using the
algorithm presented in Appendix A (regardless of theoretical conditions) as a
point of departure in developing an approximate method by which experimental
data can be described sufficiently well. Alternatively, a semi-theoretical approach
for lifetime estimation might be established modifying the Palmgren-Miner’s me-
thod to consider creep implementing lifetime solutions for harmonic load vari-
ations as predicted by the algorithm presented in Table 1.
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Appendix A - Non-harmonic load variation

TABLE A. Lifetime and res-strength of wood: Non-harmonic load variation.

MATERIAL: FL, ©, b, C, M, p . D, and q(34)
ACCURACY: Ay, (Max At. Typical At,,, = minutes)
START: x, t, N = 1,0, 0

mmmm CALL LOAD(t, SL,,,,. p, f > 0, B)
(FL*SL At

)
(SLiae = D" 7

Calculate: U(26), Z(24,30,31), h(32+remark), (A,,A,.A,)(38)

(SLyax = D™

fx=1X-=f ; (first estimate)
SLyax
= Y=AX?+AX -A, ; dYldX = bAX"" + A,
X =X Y (Newton iteration)

vew =T VI
X
If | %EW - 1] < 0.00001 go to um

X =Xew
goto W
mE X =X
Ar = XK
FFL?

K=X+Ax, =1+ At

S, = Ik

WRITE RESIDUAL STRENGTH: t, S,

goto EHR

Ifx>x, =
MAX
goto HERER

MEE 1
WRITE LIFETIME: ¢,

EEE RS EEEEEEEEEEESESEEESEEEEESEEEEEEEESEEEES ST

SUBROUTINE LOAD(t, SL,,,, p, f > 0, B)
SL,,.=SL,@® ; p=plt) , f=f) ; B =Pp®

The algorithm in Table 1 used to predict lifetime and residual strength of wood
subjected to harmonic load variations is generalized in Table A such that also
some non-harmonic load variations can be considered. Classes of variations and
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the principles of generalization are outlined in Section 6.2 in the main text. Notice
that a more refined Ax-expression is used which is activated at every cycle of
calculation. The accuracy of analysis migth be increased with smaller Aty,y
introduced. Depending on the problem studied it might be necessary to vary Aty;,x
in analysis until no further improvement of results are obtained.
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