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A Rheological Model for Mechano-sorptive Deflections of Beams 

By R. H. LEICESTER 

Division of Forest Produc~s, CSII~0, Melbourne* 

Summary 

Most of the increase in deflection with time that occurs during the drying of initially green 
beams under load is known to be due more to the change in moisture content (a mechano- 
sorptive phenomenon) than to the passage of time. A first approximation rheological model 
for this deflection is presented. The validity of the model was assessed by tests on small 
messmate stringybark (Eucalyptus obliqua) beams. I t  was found that during the initial drying 
about 85% of the total deformation was attributable to the proposed first approximation 
rheological model. 

Introduction 

Most measurements  of creep in t imber have been made with no~dnally constant  
stress conditions. I n  order to use these measurements  to predict  the long durat ion 
effects of vary ing  loads on structures,  it is first necessary to ident i fy  the sub- 
components  t ha t  contr ibute to the tota l  deformation.  

One field of practical  application in which the  effect of vary ing  stress is of 
prime impor tance  is the design of t imber columns. A s t ructural  t imber  column 
always contains some initial crookedness or material  inhomogenei ty  which causes 
it to  deflect laterally when subjected to an axial load. This lateral deflection, 
which increases with time, is of p r imary  s t ructural  significance as it leads to  
bending forces on the column. Reliable measurements  of column lateral deflection 
over periods of several years are not  readily available and consequent ly  it is 
usually necessary to base predictions of column creep on the recorded observations 
of apparen t  creep in beams. However ,  as il lustrated b y  the  example shown in 
Fig. 1, the relationship between a measured beam creep and the corresponding 
predicted column creep is very  dependent  on the  choice of rheologieal model  for 
creep. 

A few tests to  determine the effects of varying stress levels on t imber  s tructural  
members  have been reported previously, bu t  these have been concerned primari ly 
with creep at  constant  moisture content  [e.g. GaOSS~AN, I~NGSTON 1963]. 
However ,  it is now accepted tha t  a far greater port ion of the observed apparent  
creep occurs due to changes of moisture content  (see all references cited at the 
end of this paper) and consequently it is this mechano-sorpt ive deformation t h a t  

* The theological terminology used in this paper (see Fig. 6) was agreed on by scientists of 
the Division of Forest Products, CSII~O, working in the area of wood rheology. 

The author is indebted to W. G. POY~TE~ who performed the experimental work de- 
scribed herein. 
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is of ma jo r  impor t ance  in p rac t i ca l  appl ica t ions .  I n  the  following, a f i rs t  approx i -  
m a t i o n  rheological  mode l  is proposed,  and  some exper imen t s  to  assess i ts  v a l i d i t y  
are  descr ibed.  
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Nomenclature 

functions of moisture content defined in Eq. (3) and Fig. 11 
lateral bending stiffness of column, Fig. 1 
constant defined in Eq. (2) 
average moisture content 
parameter of force on beam 
force on theological element, Fig. 1 t 
time 
parameter of total deflection of a beam 
deflection of a rheo]ogical element, Fig. 11 
elastic component of deflection 
irrecoverable component of mechano-sorptive deflection 
total mechano-sorptive component of deflection 
initial elastic deflection 
recoverable component of meehano-sorptive deflection 
viscoelastic creep component of deflection 

Note: The components of deflection are defined by Eqs. (1) to (3) and in Figs. 2, 11 and 12. 

A First Approximation Rheological Model 

On the  basis  of p r e l i m i n a r y  tes t s  and  f rom publ i shed  works,  i t  was dec ided  to  
choose the  model  i l l u s t r a t ed  d i a g r a m m a t i c a l l y  in Fig.  2 to  descr ibe  the  def lec t ion  
of in i t i a l ly  grcen beams  dur ing  the  f i rs t  d ry ing  cycle. I t  is emphas ized  t h a t  th is  
mode l  is not  i n t e n d e d  to  r ep resen t  the  phys ica l  s t ruc tu re  of wood.  I t  is pu re ly  a 
d i a g r a m m a t i c  r ep re sen t a t i on  of the  m a t h e m a t i c a l  equa t ions  t h a t  re la te  the  
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response of a beam (as described by a deflection parameter A) in reply to an input 
function of the loading paramater P. 

The model shown in Fig. 2 contains two elements in series. These will be 
denoted an elastic and a mechano-sorptive element. The total deflection A is taken 

EiosUc elemenl Mechono-sorptive I 
(delt ecUon = Zle) element 

(deflection =A m) 

Fig. 2. Schematic representation of a f i rst  approximat ion rheologieal model 

to be made up of an elastic component Ac and a mechano-sorptive component A m 
that  are related to the load parameter P as follows. 

A = A e + A m  (1) 

Ae = K P (2) 

dA m 
- -  P .  l ( m )  (3) dm 

where m is the average moisture content of the beam, K is a constant and [ (m) 
is a function of moisture content. Eq. (3) describes a type of deformation that  
will be denoted herein by the term irrecoverable mechano-sorptive deformation. 
The similarity between the proposed model and a Maxwell rheological model is to 
be noted. In  the two following sections of this paper is a description of tests to 
assess the validity of the proposed model. 

Experimental Procedures 

All tests were made with messmate stringybark (Eucalyptus obliqua), a hard- 
wood that  is susceptible to some collapse on drying. The beams were 25.4 mm 
wide, 12.7 mm deep and quartersawn to minimize warping due to anisotropic 
shrinkage. A single log was used as the source for all test specimens. 

m ~ B  

i / ~ g00mm / 
~--250mm~ ~250 mm~q 

~.~25.4mm~ 

Sec~i0nA-B I 
Fig. 3. Method of loading beams 

The beams were loaded as shown in Fig. 3, so that the central portions were 
subjected to bending moments only. The deflections, designated A, of the beam 
midpoints relative to the supports were measured with a eathetometer. Measure- 
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merits were made for both sides of the beams in order to compensate for warping 
effects. The load applied to the beams was about 15% of the short term ultimate 
load capacity of green beams. Preliminary experiments with load levels from 
5% --  20% verified that  the test beams were being stressed within the known 
approximate range of constant "relative" creep values [KII~GSTO~ 1962]. 

The experiments were carried out in a laboratory with a controlled temperature 
of 21 ~ ~ 1 o C. There was no other control on the test enx4ronment. The relative 
humidity ranged from 30 to 50% during the overall testing period with a maximum 
range of 8% during any one test. Each test lasted about 400 hours. 

A few tests were made at nominally constant moisture contents by sealing the 
test beams in polythene wrap. Most tests, however, were made on beams during 
air-drying in the laboratory. For this case the beams were taken from a saturated 
environment to the laboratory about 2 to 3 hours before a test commenced. The 
average moisture contents were in the range 60 to 70% at the start of the tests 
and 11 to 14% at the end. Moisture contents of continuously loaded specimens 
were estimated by weighing matched control beams. Preliminary tests indicated 
that  this method gave values accurate to within 1% moisture content. 

Experimental Assessment of the First Approximation Model 

~ e ~ h o d  of A s s e s s m e n t  

The validity of the first approximation model was assessed by measurement of 
the magnitude of the rheological effects that  are not in accordance with the 
predictions of the model. These measurements are described in the following 
sections. All measurements are expressed relative to zJ0, the initial elastic deflec- 
tion of green wood at time zero. 

E f f e c t  of M o i s t u r e  C o n t e n t  on E l a s t i c  S t i f f n e s s  

An elastic deflection A e is defined herein as the total increment in deflection 
that  occurs up to 6 minutes after the application of an increment in load. For a con- 
stant load parameter P, Eq. (2) implies a constant elastic deflection, i.e. ~r = d 0. 
The measured effect of moisture content on elastic deflection was a change of less 
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Fig .  4. Ef fec t  of d r y i n g  on  e las t ic  def lec t ion  

than 10% for the test conditions and is shown in Fig. 4 for two beams. This effect 
is due to a reduction in cross-section due to shrinkage and the increase in u  
modulus of the wood. 
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V i s c o e l a s t i c  C r e e p  

The rheological model described by  Eqs. (2) and (3) does not predict any 
viscoelastic creep, defined here as the creep tha t  occurs at constant moisture 
content and denoted by  A v. The measured viscoelastic creep at constant load for 
two green and two air-dry beams is shown in Fig. 5. The maximum value of 
relative creep zJv/LJ 0 is about 10~o for the test  duration. On unloading the green 
beams, it was found tha t  the viscoelastic creep was completely recoverable. 
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T h e  N a t u r e  of M e c h a n o - s o r p t i v e  D e f o r m a t i o n  

The mechano-sorptive deflection, denoted by  A m ,  was measured on beams 
allowed to air-dry. This component of deflection will be defined as the residual 
after subtracting the elastic deflection and viscoelastic creep (predicted from the 
measurements described in the section on viscoelastic creep) from the measured 
total  deflection. For beams loaded continuously from green (60 to 70% moisture 
content) to air-dry (11 to 14% moisture content), the measured relative mechano- 
sorptive deflection A m/A o was in the range 1.4 to 2.0. In  Fig. 6 the significant 
magnitude of the mechano-sorptive deflection is shown by  the comparison with 
the other deflection components for a typical beam. 

Fig. 7 shows the mechano-sorptive deflection for a set of three matched beams 
tha t  were unloaded sequentially during air-drying. The recoverable component, 
denoted by  At, tha t  was measured is predicted to be zero by  Eqs. (1) to (3) ; and 
hence it represents an error in the first approximation model. The recoverable 
mechano-sorptive deflection measured in this way for two sets of beams is shown 
in Fig. 8. In  a manner  analogous to the creep of a Kelvin model this deflection 
approaches a maximum value asymptotically. The measured maximum relative 
value is about 0.2. 

An alternative estimate of the recoverable component of mechano-sorptive 
deflection was obtained by  sequential loading of a set of matched beams. Typical 
desorption deflection curves for such a set are shown in Fig. 9. All beams in a 
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matched set commenced drying together and (except for applied loads) were at 
all times subject to the same environmental conditions. Consequently, within the 
limitations of matching, all beams in a set had identical moisture contents at all 
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Fig. 7. Mechano-sorpt ive  deflection on un load ing  b e a m  set  ' J '  

times. Eqs. (1) to (3) imply that regardless of previous loading histories, a pair 
of matched beams with identical moisture contents and loads should exhibit the 
same increments of mechano-sorptive deflection. Consequently the quantity 
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3 b -  5a indicated in Fig. 9 is a measure of the recoverable mechano-sorptive 
deflection tha t  is not par t  of the predicted behaviour of the first approximation 
model. Fig. 10 is a collation of the recoverable deflection measured in this way 
for four sets of beams. In  these tests the average of the measured maximum values 
of relative recoverable mechano-sorptive deflection was about 0.3. 

C o n t r i b u t i o n  of t h e  F i r s t  A p p r o x i m a t i o n  M o d e l  

The following are typical measured values of the components of the final total  
deflection of the continuously loaded, initially green, messmate str ingybark beams; 

Rela t i ve  ini t ia l  e las t ic  def lect ion,  d0/`d 0 1.00 
t~elat ive i n c r e m e n t  in  e las t ic  def lect ion,  (A e - -  d o ) / A  o 0.10 
Re l a t i ve  v iscoelas t ic  creep, A v / A o  0.10 
I~elative recoverab le  m e c h a n o - s o r p t i v e  def lect ion,  d r / d  0 0.25 
l~elat ive i r recoverable  m e e h a n o - s o r p t i v e  def lec t ion  d i r r / d  o 1.25 

l~elat ive to t a l  f inal  def lec t ion  d / d  e = 2.70 

The contribution of the first approximation rheological model is represented 
by the initial elastic deflection and the irrecoverable mechano-sorptive deflection. 
Hence, this model contributes to about 85% of the final total  deflection of the 
beams. 

An Improved Rheologieal Model 

Many rheological models may  be devised to fit the experimental  data  reported 
herein. One example is a model formed of the elements defined in Fig. 11 and 
connected as shown in Fig. 12. This model consists of a series arrangement of three 
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Fig. 11. Basic rheologieaI elements 
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uni t s ;  these  are  an elastic,  a viscoelast ic ,  and  a mechano-sorp t ive  uni t .  The t ime  
d e p e n d e n t  un i t  has  been  comple te ly  uncoupled  f rom the  mechano-so rp t ive  uni t ,  
as the  resul ts  of r a p i d  desorp t ions  expe r imen t s  [ARMsT]~O]~G, CmCISTE~SE~ ~ 1961] 
have  shown t h a t  the re  is l i t t le ,  if any ,  effect of t ime  on the  magn i tude  of mechano-  
sorp t ive  deformat ions .  Of course,  fu r ther  tes t s  would be necessary  to  assess the  
v a l i d i t y  of th is  or a n y  o ther  p roposed  improved  rheological  model .  

Conclusions 

The expe r imen t s  have  shown t h a t  in a i r -d ry ing  over  a 2-weeks '  per iod  under  
load, about 85% of the total deformation of green messmate stringybark beams 
occurs according to the first approximation rheologieal model defined by Eqs. 
(I) to (3) and depicted schematically in Fig. 2. A refined model to fit all the 
experimental data is suggested, but for most practical purposes the first approxima- 
tion model  should  be adequa te .  I n  the  subsequent  paper ,  t he  au thor  will descr ibe  
the  use  of the  a p p r o x i m a t e  mode l  to  p red ic t  the  l a te ra l  def lect ions of wood beam-  
columns dur ing  dry ing .  A n o t h e r  in te res t ing  app l i ca t ion  of the  model  has been 
made  b y  G ~ o s s ~ A ~  [1971]. 

Comment on the Derivation of a Practical Rheologieal Model 

I n  t he  l i fe t ime of p rac t ica l  t i m b e r  s t ructures ,  a large p ropor t ion  of the  t o t a l  
creep p r o b a b l y  occurs due to  smal l  changes in  mois ture  con ten t  caused b y  var ia -  
t ions  in the  re la t ive  h u m i d i t y  and  t e m p e r a t u r e  of the  s t ruc tu ra l  env i ronmen t  a f te r  
the  t i m b e r  has  r eached  an  a i r -d ry  condi t ion.  This  creep m a y  no t  be s imilar  in  
na tu r e  to  t h a t  which occurs dur ing  the  f irst  d ry ing  cycle, a n d  indeed  the re  is 
expe r imen t a l  d a t a  [CmcIS~E~SE~ 1962] which shows qui te  c lear ly  t h a t  the  f irst  
a p p r o x i m a t i o n  rheologica l  model  shown in Fig .  2 cannot  a d e q u a t e l y  descr ibe  
mechano-sorp t ive  de format ions  dur ing  adsorp t ion .  Consequent ly ,  i t  is of con- 
s iderable  p rac t i ca l  impor t ance  t h a t  an  inves t iga t ion  be u n d e r t a k e n  to  de t e rmine  a 
rheological  mode l  for mois tu re  cycl ing condi t ions.  
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