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rRErFATE AND ARSTRACT

Crack growth in wood is promoted by drying. This pheno-
menon is unfortunate because cracks may reduce strength
considerably. It is well known that fast drying is more
severe in this respect than slow drying. This observa-
tion is the basis of any empirical rule which have been
suggested in drying technology to optimize economy (ti-
me?} and quality of wood.

The scope of this paper is to illustrate theoretically
that there 1is a ‘'safe' rate of drying below which the
original structure of wood can be maintained. This
means that the inherent defect nuclei in wood will not
grow into real cracks. We consider round poles being
dried from a moisture content which initially is uni-
formly distributed at a level lower than or squal to
the one defined by the fiber saturation point (25 -
30%). The potential cracks (to avoid) are those having
a leading edge parallel to the pole axis and a radial
direction of propagation.

The work reported has been carried out in the summer of
1986 at the Building Materials Laboratory, Technical
University of Denmark, as part of a research project on
“The mechanical Durability of Wood'" fonded by the
Danish Technical Research Council (StvF-16-3785.B-172).
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DAMAGE FREE DRYING
OF WOOD POLES

by

Lauge Fuglsang Nielsen

1. INTRODUCTION

Crack growth in wood is promoted by drying. This pheno-
menon is unfortunate because cracks may reduce strength
considerably. It is well known that fast drying is more
severe in this respect than slow drying. This observa-
tion is the basis of any empirical rule which have been
suggested in drying technology to optimize economy (ti-
me) and quality of wood.

The scope of this paper is to illustrate theoretically
that there 1is a ‘'safe" rate of drying below which the
original structure of wood can be maintained. This
means that the inherent defect nuclei in wood will not
grow into real cracks. We consider round poles being
dried from a moisture content which initially is uni-
formly distributed at a 1level lower than or equal to
the one defined by the fiber saturation point (25 -
30%). The potential cracks (to avoid) are those having
a leading edge parallel to the pole axis and a radial
direction of propagation.

The pecle material is modelled in the traditional way,
meaning that assumptions are made implying cylindrical
homogeneity and orthotropy as related to the pole axis.
The three principal axes referred to 1in this respect
are defined by the R(adial), T(angential) and L(ongitu-
dinal) directions of wood.
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It is furthermore assumed that the mechanical behavior
of wood can be described linear-viscoelastically accor-
ding to the Power Law description (e.g. 1). ~

= . MOISTURE CONTENT

The moisture content of the pole is assumed to be ax-
ial-symmetrically distributed as defined by the parabo-
lic profile shown in Figure 2.1.
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Figure 2.1. Distribution and time dependency

of pole moisture content, u. Location coordi-
nate is denoted by r. The pole radius is R.

The time-dependency of the moisture content is defined
by the moisture history at the center, us = uc(t) and
at the outside of the pole, ug = ug(t).

For simplicity we consider the pole to have a location
independent moisture content both, at t =0 and at t ->
@, The initial quantity, ux, is less than or equal to
the moisture content, u~ = 25 - 30 %, at fiber satu-
ration. The final value, u. (also =< ur), is the target
moisture content. Both moisture histories are assumed
to decrease exponentially such that

Ues = Ux - D*(1 - e-t/dc)

-t/
Uo = Ur - D*(1 - e /%o

(2.1)

where the parameters, ¢c and ¢n, define the drying rate
at the center and at the outside respectively of the
pole. The total muisture loss, D, as t -> @ is given
by,
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D = U — U (2.2)

The moisture differences, D, and D=, illustrated in
Figure 2.1 are of special interest for the stress ana-

lysis made 1in the following section. We get from Equa-
tion 2.1

-t/
D: = Uz - Us = DX(1 - e “)
-t/ ~t/d (2-3)
Dz = Uz - ug = D*(e “. e “y
X . SHRINKASE AND ELASTIC STRESS STATE

It is assumed that shrinkage strain, €sw, of wood and
molsture content, u, is related by

b

der,sn/du = s+; dem,sn/du = Se; de_,sm/du = S
(3.1)

where the subscripts, T
previously defined.

, R and L, refer to directions

The shrinkage coefficients have the following orders of
magnitude when moisture content is given in %,

S+ ¥ 4X107F/% 3 Smw B 2%X107F/%

b

; S N 1074/% (3.2)

Two works (2,3) have been reported recently on the
stress analysis of wood exposed to drying. The follow-
ing solutions, Or,e.. and om,=.., fOr the tangential and
radial stresses respectively in a pole subjected to a
parabolically distributed moisture content are develo-
ped by the present author in (2), (subscript el indica-
tes elastic solution),

Ir.=e _ 1-s [1-¢ﬂ(§)IN_1]xDl +
STET 1-N R (2.3)
1+n-S r.n .-, r ¥N-1
________ IyB_ = *Dom
+ (1TR)=N [(1+n)(R) JN(R) 1*D.
=,z _ 125 [1_(2){N—1]XDI + :
STET‘ 1-N R (3.4)
1+n-5 r.n_ ,r ¥N-1
+ mm =T ~ - = *Dow
(1 R)=-N E(R) (R) J*%Dzs

n is the degree of the parabola describing the moisture
distribution illustrated in Figure 2.1. The stiffness
ratio, N, and the shrinkage ratio, S, are given by

’
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N = ET/EN 8 0.5 and S = sm/s+ ¥ 0.5 (3.5)

where E denotes Young's modulus in the direction given
by the subscript. -

The location coordinates are given by the radius vec-
tor, r, relative to the pole radius, R.

The stresses given above are plain stress solutions,

meaning that the longitudinal stress, o_,w. = 6. Plain
strain conditions produce a finite o_,=..- The stresses,
Or,er. and Ow,=., however, are only changed insignifi-
cantly (2).

It is primarily the tangential stress which influences
the propagation of the cracks considered in this paper.
The influence is most significant at the outside of the
pocle. We will therefore limit our interest considering
only or,e=. at location coordinate, r/R = 1. Here we ha-
ve from Equation 3.3,

Or.=. _ 125 1rn-S

= ~=~Z—XD, + -—---—--2_ XDes 3.6
S+E+ 1+4N * 1+n++N ( )

or when introducing the moisture history described by
Equation 2.3, V

Ir.me. _ 123_, T/ e,
S+E+D ~ 1+4N
1tnzS_ /s "t/do
S e L ) (2.7)

Assuming a third degree parabolic moisture distribution
{n = 3) and parameter ratios according to Equation 3.5
we may reduce further the o¢+,=. expression. le get

Or, = “t /e

SISk - 9.26 + .45 g T/

0.74 (3.8>

The critical moisture difference, Dcm, is defined by E-
guation 3.8 introducing o+,e. = ©O+,ow (tangential
strength) and ®g = ©O together with t -> 8. We get the
following expression,

Dew = z-352=-=- (3.9)

We may now rewrite Equation 3.8 as follows where we ha-
ve introduced the load level, SLv,e. = Ov,el/0v,om,
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-t/ -t /e
- e ]

D
SL+, =L, = 5“‘*[@-39 + @0.681e (3.16)

TR

This expression is the one which will be referred to in
the following when numerical evaluations are made.

4 . VISCOELASTIC STRESS STATE

As previously mentioned we consider wood to be a linear
viscoelastic material behaving approximately according
to the Power Law creep function,

1 .(
cilt) = s-f1 + (5-y°%%1 . (1 = R, T,L) (4.1)
Ey Ti
where the power, .25, has been suggested in (1) to be
in general the best value. The "doubling time", T, is
the time, t = 7, at which deformation is twice its ini-

I

tial value.

The doubling time is shown in (1) to be very dependent
of both direction and climate. A value of Tw ® T+ & 50
days was suggested when perpendicular to grain creep is
considered at a moisture content of u = 15 % and a tem-
perature of T = 26 ©C. (This is about 180 - 1000 times
less than what applies to parallel to grain creep). At
constant climate, T decreases at increasing moisture
content and/or increasing temperature. However, clima-
tic variations, up or down, will always decrease the
doubling time.

The following factor, a, on T (suggested in (1)) may be
used when estimating the influence on creep of equili-
brium climatic conditions different from (u,T)> = (15
%,20 <C)

- 746 D) —
a 10(15 uy/10 + (26-TX/15 s o(u(%) < up) (4.2)

Another result obtained in (1) is that the following
relaxation function, r(t), applies for wood,

.25 _-1

-1 t
ro(t) & oy (t) = Eq01 + (2= 73 (i=R,T,L)
i

(4.3)

.
3

(The simple result, r(t) = 1/c(t), applies practically
for any Power Law material as long as the power is less
than 1/3).
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Knowing the viscoelastic properties of wood we can now
determine the actual drying stresses in a pole applying
the elastic-viscoelastic analogy (e.g 4,5) to the ela-
stic stress solutions. The actual tangential stress,
oy, for example, is obtained from Equation 3.7 simply
by replacing the elastic modulus, E+, with the so-cal-
led relaxation-integral-operator such that

Oy = =~ r'—r(t_e)_""':"“'de (4.4)

It should be noticed that we have here wutilized the
suggestion made above that Te ® T+ which implies creep
to be isotropic in the RT plane (E+c+(t) = Emcw(t) or
r+(t)/E+ = rm(t)/Em). A consequence of this concept is
that the stiffness ratio, N = E4+/Ew, appearing in the
elastic stress expressions can be considered as a real
constant without any time influence on the viscoelastic
solution.

Equation 4.4 may be rewritten in terms of load levels.
We only have to divide on both sides with the strength,

Ov,cm, See text immediately before Equation 3.10. We
get

1
SL+ = é_ r+{(t-8)--=-z--=de (4.5)>

The viscoelastic 1load level in our example is given by
Equations, 3.10, 4.3 and 4.5. We get

t

t-8_ .25 _- -8/4d . -
SLe = =2- [1+¢522) 1'% o :61_"8/dc

DDHJ T ] [ &

)

ide
(4.86)

When this expression is evaluated numerically it is no-
ticed that a sufficiently good and simple approximation
of the load level considered is given by
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SLT B4 SLT,EL*rT(t)/ET ® ;:z;;;;:ia (4.7)

where SL+,e. 1is the elastic load level as expressed by
Equation 3.18. Theoretical arguments given in (&) sup-
port the validity of the approximation given by Equati-
on 4.7 as long as the exponential functions in Equation
4.6 can be considered practically congruent with the
time dependent part of the relaxation function.

. DAMABE FREE DRYING, ONSET OF CRACKING

The time, te, at which cracks start propagating in an
isotropic viscoelastic material may be determined by
the following expression, developed by the present au-
thor in (e.g. 7, see alsc 8},

Cex

E* c(ts-68)°SC de = 1 (5.1)
} ae

0}

As usual Young's modulus, the creep function and load
level are denoted by E, c(t) and SL respectively.

Equation 5.1 also applies for the material, wood, con-
sidered in this paper: a viscoelastic material with
plane-isotropic creep and crack planes perpendicular to

the plane of isotropy. The normalized creep function,
Ec(t), to be used 1is E;C;(t) as expressed by Equation
4.1 (i =T = R). The load level is given by Eguation

4.7. Then the wood specific version of Equation 5.1 be-
comes

Tes
2(=2-72 £1+¢%228,-251y(5:%%am71 = 1 (5.2)
Do j T de
(0]
where Y, according to Equations 3.10 and 4.7, is given

by
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-
Y(e) = --**T":zé7;‘5:£5 ——————— (5-3)

We will use Equation 5.2 to determine the maximum mois-

ture l1oss, Dmax/Dew, which just provokes crack propaga-
tion. We get

te

17¢8)%%4e3"1/% (5.4)

9?35 tm‘e)-25 d
de

= MIN.{2 [1+(=2-%
T
y
c

Dow

where min. means minimum with respect to te.

When drying of wood poles is made at D/Der < Dmex/Dewx
no defect nuclei will be transformed into cracks. In
other words, such a drying procedure is damage free.

Some results of Equation 5.2 are shown in Figure 5.1.
For the examples illustrated it is noticed that the in-

fluence of the doubling time, T, on Dmax/Deowm is sur-
prisingly low. This means that the estimate of 7 is not
too critical. We will suggest a value of 7 determined

by Equation 4.2 with an average moisture content of Uav
£ (2[1;:""(1,,,)/3.

An example: The central parts of a pole is drying ac-
cording to Equations 2.1 and 2.2 with ux = 25 %, 0z =
50 days and Ua. = 15 % (D = 10 %). The temperature is T
= 20 ®C. Strength, shrinkage and stiffness are given by
(0+,cm,S+,Ev) = (&6 MPa, .004/%,400 MPa). How should we
dry the outside of the pole in order not to damage the
structure ?

A critical moisture loss of Dok = 3.4 % is derived from
Equation 3.9. Thus D/Dew = 2.7. A doubling time of 7 =
20 days has besn estimated from Egquation 4.2. Then

Figure 5.1 tells us that a drying process with dg > 3
weeks will maintain the original wood structure. If a
more severe drying process is chosen (dg < 3 weeks) a
final moisture content of u = 15 % can not be obtained
without wood damage.

It should be noticed that drying time can be reduced
increasing the temperature. This will increase creep
(reduce T, see Equation 4.2) which again, according to
Figure 5.1, will reduce 0dgo.
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D/Dcr 8 D/Der

= 50 days T = 20 days -

1 ! | |
ac =150 days ac = 50 days ,
T

J ..
) o

ol
2 IﬂI - 2 meyi
1
; o | |
.01.02.05.1 .2.5 1 2 5 1020 50 .01.02.05.1.2 .5 1 2 5 1020 30
G'Ol days C‘o, days
D/Dcr D/Dcr

®) [T 11T g l l

¢c = S0 days ac = 50 days

T = 10 days T =1 day 4
6 6 -

l £ / |
4 S

~

('
Q&

2k . 2 m 5~

2
e
~=

e M 02
[l eciiansnasall ]IHI O ﬁﬂmﬂﬂ'm'"
1 1
0 ! . 0
.01.02.05.1.2 .5 12 5 1020 50 ,01.02.05.1 .2 .5 1 2 5 1020 50
GOI days uol days
Figure 5.1. State of surface damage as rela-

ted to total moisture loss, D, during drying
of a pole. 1) Below shaded area: No damage.
2) Shaded area: Moderate damage. 3) Above
shaded area: Total damage. (Symbols used are
explained in the text).

e 1 - DRYIND WITH STMRUCTUMRAL DAMADCE

Drying at  D/Dem < Dmax/Dem has been shown in the pre-
ceding section to ensure a damage free wood product.
This does not necessarily mean that a more severe dry-
ing will completely destroy the material. Defect nu-
clei, however, will expand into cracks which produce a
lower strength end product.
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Equation 4.7 (or more exactly Equation 4.4) may be used
to determine an upper bound, Duerrer/Dew, which cannot
be exceeded without materials destruction. We only in-
troduce SL+ = 1, meaning that the tangential stress,
oy, equals the tangential strength, o+,cw- When the ap-
proximate Expression 4.7 is used we get

Bueren _ N, cyceyd ! (5.5)
Dere :
where min. means minimum with respect to time. The ab-
breviation, Y, is given by Equation 5.3. Some results

of Equation 5.5 are shown in Figure 5.1. It is noticed
that Durrer 1is relatively more creep influenced than

DMQX N

Let us consider the same numerical example as presented
in Section 5 with D/Dgw = 2.7 and v = 20 days giving
safe (damage free) drying rates corresponding to o > 3
weeks. Figure 5.1 tells us that we can dry faster if
strength loss is accepted. A total loss, howsever, is
the consequence of drying faster than defined by &g =< 1
wveek .

A temperature increase while drying will have a similar
effect on drying time (reducing ®w) as explained in the
numerical example on damage free drying in Section 5.

It should be emphasized that the upper bound for D as
determined by Equation 5.5 1is not the best bound. A
true bound must consider that cracks propagate because
of creep during drying when D > Dumax- This phenomenon
means that o+,cw decreases implying a more restrictive
upper bound than the one shown in Figure 5.1. However,
to day we cannot give a better bound. We first have to
overcome the mathematical complexity of predicting re-
laxation stresses in a cracked viscoelastic material
the stiffness of which also changes Dbecause of crack
propagation.

“ . FINAL REMARKS

Assuming we have a true upper bound of D. Then three
areas define the effect of drying: 1) D < Dmax: Origi-
nal wood structure is maintained. 2) Dmax £ D < Dummmm:

10
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Wood structure is increasingly damaged resulting in
strength reduction. 3) Dumrem < D: Wood structure is
badly damaged causing total 1loss of strength. Area 2)
is represented by the shaded sections of Figure 5.1.

We recall that we have considered especially the areas
at the surface of a pole. This should be kept in mind
when evaluating the statements made on drying with da-
mage. For example, the pole considered doss not neces-
sarily lose 1its strength totally when deep cracks ap-
pear at the surface. The first cracks developed may ve-
ry well produce a stress relaxation inside the pole
which reduces the chances that damage will occur 1in
this area. Mathematically the drying problem of wood
components with propagating cracks is extremely diffi-
cult to solve. This has already been indicated in the
preceding section-

It is, however, very satisfactory that the drying pro-
cess which leaves wood with its best end-quality is ac-
cessible for analysis. This paper has given an example
of that: Poles drying as shown in Figure 2.1. Other ex-
amples, involving other cross-sections and moisture
histories may be analyzed in exactly the same way.
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