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Observation of the "washboard effect" on the 
surface of quarter-sawn Pinus radiata boards 
under kiln-drying Conditions 
A.Deyev and R.B.Keey1 

Abstract 
This paper examines the onset of the "wash

board effect" or waviness of the surface of 
sapwood Pinus radiata boards on kiln-drying at 
moisture contents above fibre saturation. Green 
quarter-sawn boards were dried in an air tunnel 
at 4—4.5 m/s under high-temperature conditions, 
with the top surface viewed with a video camera. 
When washboarding appeared, the drying was in
terrupted to measure the specimen with a high-
resolution digital camera. The pressure was 
measured to produce a depression on the surface 
of the earlywood of similar size to that produced 
by the washboarding. The depth of most depres
sions was approximately 0.8mm, with the aver
age moisture content ranging from 97 to 122%, or 
about 80% of the initial moisture content in the 
earlywood rings 7 to 10mm wide. The depres
sions, however, did not reach the sides of the 
specimen. The waviness of the surface slowly 
recovered after further drying. 

Introduction 
Over the last decade, the New Zealand forest 

industries have processed increasingly younger 
radiata pine timber having relatively wide annual 
rings. Since much of lumber produced undergoes 
kiln-drying, it is of interest to know the extent of 
collapse and internal checking, which occurs in 
the earlywood layers of sapwood at moisture con
tents above fibre-saturation point. Both phenom
ena are caused by excessively high tension aris
ing in the sap during the early stages of drying. 
Another visible phenomenon associated with 
enhanced tension of moisture within wood is the 
so-called "washboard" effect, or waviness of the 
surface, which is believed to be a consequence of 
collapse. Thus collapse, internal checking and the 
washboard effect are interconnected phenomena. 
In practice, flat-sawn timber is more prone to in
te rna l checking , whi le qua r t e r - sawn to 
washboarding. 

The detailed mechanism of these phenomena 
is still not fully understood. Tiemann (1915,1942] 
explained them in terms of the high tension de
veloping in moisture-filled lumens of tracheids. 
He pointed out that, during drying, the moisture 
stress might reach tens of megaPascals. Consist-

Wood Technology Research Centre, Univer
sity of Canterbury, New Zealand 

ent values of the maximum tensile stress attain
able by columns of pure water were determined 
experimentally by Riggs et al. (1955). They found 
that at 8 deg C a water column breaks at the ten
sile stress of 270 atm (-27 MPa) and estimated 
that at 100 deg C the limiting tensile stress for 
water should be around 145 atm (-14.5 MPa). 

Australian ash-type eucalypts have a strong ten
dency to collapse and to form internal checks (see 
Ilic (1999), for example). In New Zealand, the 
study into collapse in other species has been 
undertaken by Booker et al. (1994, 1997) at Forest 
Research and by Chen et al. (1996) at the Univer
sity of Canterbury. These works have contributed 
significantly to our understanding of internal 
checking and washboarding. However, since most 
of the experimental results have been obtained 
from the observation of dried timber, many de
tails of the mechanism of these phenomena still 
remain unknown. 

Booker and Haslett (1994) have conducted some 
experiments on wood prone to internal checking 
during drying. They used acoustic emission 
equipment to record sounds produced by form
ing internal checks and measured simultaneously 
the average moisture content of the wood. They 
observed that approximately 90% of internal 
checks in Pinus radiata formed during the first 
six hours of drying at 120/70°C, as the average 
moisture content fell from 146 to 72%. 

Hence, for better understanding of these prob
lems, it seems to be worthwhile to collect more 
direct experimental data on these stress-related 
phenomena. To this end, we have directly ob
served a quarter-sawn board sample during dry
ing, noting the moisture-content distribution in 
the wood at certain times. 

Experimental technique 
A single-board drying tunnel, described in de

tail by McCurdy (1999), was used, in which an 
observation window was fitted, enabling photog
raphy and video-recording of a drying sample. 
The tunnel was fitted with controls for tempera
ture, relative humidity and air velocity. The av
erage moisture-content of wood was continuously 
recorded using a gravimetric method, and the 
moisture-content distribution over the cross-sec
tion of the sample board at any drying time could 
be determined by the slicing technique developed 
by McCurdy (1999). To obtain the patterns of 
moisture distribution over the cross-section of a 
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Table 1: Main parameters and results ofthe experiments 

Run number 

Percentage of heartwood in specimen 

Initial average percentage moisture content in 
sapwood, % 

Length of drying preceding the appearance of 
washboarding, min 

Average percentage moisture content of 
sapwood when washboarding appears, % 

Thickness of annual rings showing 
depressions, m 

Thickness of latewood layers for annual rings 
showing depressions, mm 

1 

50 

157 

50 

130 

8.5; 10.0; 
8.5; 8.0 

0.6 ~ 0.8 

2 

2 

155 

70 

122 

9.5; 9.0; 
7.0 

0 . 4 - 0 . 6 

3 

23 

137 

91 

107 

9.5; 9.0 

0.4 - 0.5 

4 

27 

125 

57 

97 

7.0; 7.5 

0.6 - 1.0 

sample, the material was cut into slices, and pic
tures of cross-sections were taken within 1 minute 
after cutting. The high and low moisture-content 
zones could be easily distinguished in those pho
tographs, as darker and lighter areas (see, for ex
ample, Fig. 3a). 

The washboard effect was studied using green 
quarter-sawn boards of Pinus radiata supplied 
by McVicar Timber Group Ltd, Canterbury. Speci
mens containing both sap- and heartwood had 
dimensions around 40 x 75 x 250mm and were 
prepared from larger boards in such a way that 
annual rings ran almost normally to their top and 
bottom surfaces. Thus, these surfaces were ori
ented in longitudinal-radial plane. An example 
of a specimen is shown in Fig. Ia. Specimens were 
dried at an air velocity in the range of 4 — 4.5 m/ 
s, at a dry-bulb temperature, T = 105°C, and at a 
wet-bulb temperature, Tw = 72.5°C. Before the 

Figure Ia 

beginning of drying, the wood sample was placed 
in a sealed plastic bag and preheated at an air tem
perature 95°C for 45-60 minutes. Moisture loss 
from the specimen during preheating was around 
lg, which corresponded to drop in moisture con
tent only by around 0.3% of its value. During dry
ing, the image of the top surface of a specimen 
was continuously recorded by a video camera. At 
a particular moment in time, usually when de
pressions had started to become visible on the 
surface [i.e. when washboarding appeared), the 
drying was interrupted to take measurements and 
pictures of the specimen with a high-resolution 
digital camera. Parameters determined in this way 
were the separate dimensions of the earlywood 
and latewood layers between the top and bottom 
surfaces of the specimen [i.e. in the tangential 
direction), the moisture-content distribution in 
the tangential direction (normally to the top and 
bottom surfaces) and the moisture-distribution 
patterns. 

Furthermore, the pressure was measured that 
was required to produce a depression on the sur
face of earlywood of similar size to those com
prising the washboard effect. This measurement 
enabled the estimation of the order of magnitude 
of tension in sap during drying at the point of 
collapse. 

Results 
The set of experiments consisted of 4 runs and 

their main parameters are summarised in Table 
1. 

Washboarding appeared at about 80% ofthe ini
tial moisture content in earlywood rings between 
7 to 10mm wide. 
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The direct observation as well as video record
ing of a sample placed in drying tunnel showed 
that no visible changes happened with the top 
and bottom surfaces of the specimen for an ini
tial period which ranged from 50 to 90 min (see 
Fig. Ia). Then suddenly, one or more distinctly 
visible depressions developed on the surface. 
These depressions were invariably confined to 
the earlywood layers ofthe sapwood. No depres
sions were found on the surface of the heartwood. 
At the particular moment, when only one depres
sion developed on the top surface, another one 
depression was formed in the same annual ring 
on the bottom surface also. As an example, the 
specimen with well-developed washboarding 
from the run 1 is shown in Fig. ib . This depres
sion along a single earlywood layer has developed 
very quickly, over a period of less than 1 minute. 
The depressions never reach the sides of a speci
men, as may be seen in Fig. ib . Normally, over 
the distance of 5 to 10 mm, the earlywood layers 
remained flat until the end of drying even if col
lapse had occurred. 

Figure Ib 

In run 1, the thicknesses of each earlywood and 
latewood layer of the specimen were measured 
several times during drying. The results are 
graphed in Fig. 2. 

Profile 1 shows that the top and bottom sur
faces were flat before drying. Profile 2 was re
corded after 106 min of drying, some time after 
the washboard effect had developed. 

By that time, the moisture content (MC) of 
sapwood had dropped from 157% to 107%. The 
maximum contraction of earlywood layers in tan
gential direction was 1.6 mm, which means that 
the depth of the most developed depressions at 
that time was roughly a half of this value or 0.8 
mm. The thickness profiles 3 and 4 were recorded 
at a mean moisture content in the sapwood of 70% 
and 21% respectively. 

Figure 2 

Distance flora tlie left-hand side of tlie specimen, mm 

To characterise the trend in washboarding with 
the drop in moisture content a parameter w is 

L 
introduced, which may be called "waviness", 
where 5" is the average depth of depressions or 
height of ridges on the surface determined rela
tive to the average thickness of the specimen, I . 
The "waviness" so calculated was greatest after 
around 1.5 hours of drying, soon after the appear
ance of washboarding, slowly waning during the 
rest of drying. 

In runs 2 to 4, the drying of the samples was 
conducted only until the visible collapse had oc
curred for one or more earlywood layers. 

Then the specimen being dried was taken out 
of drying tunnel and samples were cut from it to 
determine the moisture-content distribution over 
the sapwood in the tangential direction (normally 
to the top and bottom surfaces) and for observing 
and photographing the freshly cut cross-sections. 

All measurements were conducted as quickly 
as possible to minimise moisture loss and redis
tribution. 

Observation of freshly cut cross-sections re
sults in following points: 
• No checks or other types of material disconti

nuity were found in any cross-section; 
• If a cut crosses the earlywood layer having a 

depression, this depression recovers almost 
completely over the distance of 5 to 10 mm from 
the cut within 1 to 2 minutes; 

• The cross-section in the tangential-radial plane 
enables one to get picture of moisture distri
bution over that plane, because tracheids satu
rated by moisture look distinctly darker than 
those being far below saturation, as shown, for 
instance in Fig. 3. 
The last point, however, requires further con

firmation from local moisture-content measure
ments, but this verification was beyond the scope 
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Figure 3 a 

of the experiment. Nevertheless, it appears that 
the dry-looking regions in cross-sections relate 
to moisture contents below or slightly above fi
bre saturation, and those regions looking "wet" 
relate to saturated or almost- saturated tracheids. 
If one looks at a section immediately after it has 
been cut and a half an hour after that, Fig 3bii,one 
can see how moisture from damaged tracheids 
has spread over the section and filled those 
tracheids that were looking "dry" in the freshly 
cut sample. Since our estimate of the average 
moisture content of sapwood when washboarding 
develops lies between 97 and 122% (see Table 1, 
runs 2, 3 and 4, on neglecting the run with con
siderable latewood), many of tracheids might still 
be fully saturated with sap. Additionally, the 
visual information obtained is consistent with the 
data of Harris (1961) who stated that, in radiata 
pine, lodgepole pine and Douglas-fir, many of the 
latewood cells are air-filled rather than moisture-
filled, while the earlywood contains sap. We note 
in passing that, if a photograph of a freshly cut 
section permits the identification of saturated 
and almost empty tracheids, this picture might 
be a useful way to study the mechanism of mois
ture movement above fibre saturation. 

Thus, the moisture-distribution patterns at the 
moment in t ime when the depress ion in 
earlywood layer occurs, as shown in Fig. 3a dem
onstrate that tracheids in latewood layers are 
mainly air-filled, as are some adjacent earlywood 
tracheids. At the same time, most of earlywood 
tracheids are sap-filled and form a continuous 
zone spreading from the core of the specimen to 
the thin dry layer at the surface. 

To determine the moisture-content distribution 
in a tangential direction, samples, having dimen
sions in longitudinal-radial plane of around 30 x 
30 mm, were cut from the sapwood of the speci-

Figure 3bi 

men in such a way that the earlywood layers with 
visible depressions were incorporated into this 
sample. Then slices, having average thickness of 
around 0.7 mm, were cut out, one by one, begin
ning from the upper side of the sample. Each slice 
was weighed twice: immediately after cutting, and 
after it had been dried for 24 hours in a vacuum 
oven at a temperature of 90°C. The moisture con
tent (MC) for each slice was calculated on the 
assumption that that the oven-dried slice was 
moisture-free: 

W-W , fo1 

X= ^ 2 

o.d 

(where W and Wo d are the weight of the slice im
mediately after cutting and its oven-dry weight, 
respectively). The overall moisture-content dis
tribution was obtained through aggregating the 
data on the moisture content of each slice. 

The moisture-content distribution for run 4 is 
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Figure 4 
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plotted in Fig. 4, and is representative for all our 
experiments. It supports the data obtained by 
McCurdy (1999) for Radiata pine under similar 
conditions. The distribution given in Fig. 4 dem
onstrates that, except for a dry layer at the sur
face of the board, the moisture was evenly dis
tributed along the tangential direction, which 
implies that most of the sapwood is still highly 
permeable at the moment when collapse takes 

place. However, our technique provides only an 
average over the slice's moisture content and can
not show the difference in moisture content be
tween the earlywood and latewood bands. 

There is no uniform opinion in literature, how
ever, whether the washboard effect and internal 
checking are necessarily associated with collapse 
of tracheids or only with their contraction. To 
clarify this point in our experiments, the sam
ples of oven-dry wood from the regions adjacent 
to the depressions on the surface were prepared 
by trimming slivers of 1.5—2 mm thickness with 
a scalpel to obta in microscopic images of 
tracheids. Fig. 5 shows the portions of earlywood 
from run 1 and 4, respectively, taken at the depth 
of 1.5 mm below the surface of an annual ring 
containing a depression. 

Although many collapsed areas can be distinctly 
recognised in Fig. 5a, only a few signs of collapse 
were found for wood from run 4. At the same time, 
for oven-dry wood from run 1, depressions on 
the surface partially recovered, but still remained 
significant, some depressions still being 0.3 mm 
deep. 

However, for wood used in run 4, signs of de
pressions were almost invisible after drying had 
been completed, their residual depth being only 
0.03 mm. For run 1, no collapsed tracheids were 
found immediately below the surface, while only 
at the depth of 0.25-0.5 mm areas of collapsed 
tracheids could be observed. These areas largely 
disappeared at the depth of 10 mm. 

Figure 5 
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Figure 6 a & b 
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Discussion 
The experimental data obtained in these tests 

confirm the generally accepted opinion that, un
der kiln-drying conditions, a high tension devel
ops in sap as moisture is drawn towards the sur
face of the wet line where it evaporates. At the 
same time, our data provide some information 
about the mechanism of washboarding and in
ternal checking. 

Three observations may be made from our data: 
1. Depressions appear on the surface of earlywood 

layers only; they appear suddenly and practi
cally simultaneously from the both sides ofthe 
same annual ring when the mean moisture con
tent of the board is about 80% of the green 
value. No checks were found inside the mate
rial; microphotographs show the closed-up 
type of tracheid collapse arising near the sur
face of those earlywood layers having depres
sions. 

2. The moisture-content distribution is uniform 
over the most of specimen [cf. Fig. 7); the pho
tograph in Fig.3a suggests tha t most of 
earlywood tracheids are sap-filled and compose 
a continuous zone spreading from the core of 
the specimen to the thin dry layer at the sur
face; tracheids in latewood layers are mainly 
air-filled. 

3. Depressions never appear close to the edges of 
specimen; if the wood is cut, depressions par
tially relax in short t ime, but relaxat ion 
spreads only over the distance of 5 ~ 10 mm 
from the cut. 
All three observations suggest that layers of 

earlywood are subjected to compressive stress, 
which is caused by tension in the sap inside the 
continuously moist zones, which are confined ex
clusively to earlywood layers. The third obser
vation, as well as the photograph shown in Fig. 
3a, provides evidence that earlywood tracheids 
adjacent to the surfaces of a specimen are air-filled 
as well as latewood tracheids, and they do not 
take part in generation of stresses inside wood. 
The uniform moisture-content profile in drying 
sapwood means that earlywood within the moist 
zones remains highly permeable. In other words, 
most of the pits relating to the tracheids belong
ing to those zones have not aspirated by the time 
that washboarding appears. It follows, then, that 
the pressure is uniformly distributed inside the 
moist zones for this species. Since the genera
tion of high tensile stresses in sap is possible only 
in a tightly sealed volume, we therefore conclude 
that the earlywood tracheids at the outer perim
eter of moist zones have all their pits completely 
aspirated. 

Now the question arises, how the forces com
pressing the earlywood layers are applied? The 
most likely point for application of compressive 
forces is the layer of earlywood tracheids sur
rounding the moist zones and having all their pits 
tightly aspirated. Tension transmitted from the 
sap to the perimeter layer of the moist zone will 
pull this layer towards the core of the zone. This 
pull compresses the material within that zone, 
should there be a high degree of adhesion be
tween the sap and the interior walls of tracheids 
and their interconnecting pits. 
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Figure 6 c & d 
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The above qualitative model may be expressed 
by the diagram shown in Fig. 6a, which relates to 
the initial stage of drying preceding the appear
ance of washboarding. At this stage, the stress in 
the sap is rising, but the strength of the cell walls 
is still sufficient to withstand compression, and 
mainly elastic deformation of wood takes place. 
When the compressive force exceeds the strength 
of material, collapse occurs at the top and bot
tom sides of compressed zone, where material is 
less supported by the surrounding tissues, as 
shown in Fig. 6b. 

The virtual absence of a pressure gradient in
side the moist zones of sapwood means that all 
forces applied to the microelements of the wood 
structure, except those applied to the perimeter 
of the moist zone, compensate each other. If, in 
first instance, we neglect the micro-stresses cre
ated by tension in the sap in cell walls located 
within the moist zone, considering only the re
sulting force pulling the perimeter of that zone 
toward its centre, the pull may be replaced by an 
external one pushing the perimeter in the same 
direction, see Fig. 6c. In other words, the cross-
grain response of the material is virtually the 
same whether an external pressure or an internal 
tension is applied. This principle may be used 
to estimate of tension in sap at the moment in 
time when washboarding develops. 

To estimate this sap tension, a cylindrical item, 

having the same radius as that ofthe depressions 
on the wavy, washboarded surface, was pressed 
from the top into the earlywood layer of a speci
men placed on the flat dynamometer, until the 
depth of depression produced equalled that for 
the washboarded surface. The specimen for this 
measurement was taken from run 4. After run 4 
had been completed, the specimen was kept into 
sealed plastic bag for one week, then it was heated 
up to 100°C and tested at that temperature. It was 
found that, under pressure of 3 ~ 4 MPa, no sub
stantial depression was produced on the surface. 
An external pressure of 6 ~ 7 MPa generated the 
depression being similar to those composing the 
washboard effect. If external pressure exceeded 
10 MPa, the depression was too deep and checks 
developed on the surface. Thus it may be consid
ered, that the order of magnitude of an external 
pressure leading to similar distortion of the sur
face as that produced by tension in the sap net
work is around 6 — 7 MPa. Thus, if our assump
tions are correct, the tension in sap at the mo
ment when washboarding appears should be of 
the same order of magnitude. This value found 
is consistent with the estimated value of maxi
mum tension in sap of living trees of 3 MPa 
(Booker 1989) and with data of Briggs (1955) on 
the maximum stress of 14.5 MPa that pure water 
can withstand at 100°C. 

On using Laplace's equation for pressure drop 
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DP on the curved meniscus in a capillary of ra
dius R, we have 

2. a 
AP-— (3) 

For the surface tension o of sap of 0.05 J/m2 
(Stamm et al. 1970) give 15 nm as the maximum 
radius R of openings in the cell walls that can 
withstand a capillary pressure of 6.5 MPa. Be
cause the pores in a pit margo in Pinus radiata 
seen in scanning electron microscopy have di
ameters of up to 1 jim (see, for example , 
Kininmonth et al. 1991), all pits in the layer of 
tracheids adjacent to the perimeter of moist zone 
in earlywood must be tightly closed, otherwise 
in accordance with equation (3) the maximum 
tension possible in the system of tracheids would 
be only around 0.2 MPa. 

Finally, relaxation of washboarding as drying 
proceeds, as seen in Fig. 2, may be easily ex
plained as by the breakage of continuous sap col
umns when the moisture content falls below 
maximal irreducible saturation limit, when the 
tension in sap ceases. Another possible cause of 
such relaxation would be more intensive shrink
age of latewood rather than earlywood when 
wood is dried at moisture contents below fibre 
saturation. 

The values of the estimated tensile stresses ap
pear greater than the ultimate tensile stress for 
earlywood in tangential direction. Consequently, 
any air-filled group of tracheids within the 
earlywood layer may cause the formation of a 
check in a manner shown in Fig. 6d whenever 
the stress in the sap column is great enough. Such 
air-filled zones may exist in wood before drying, 
as may be seen in the photograph of freshly cut 
green wood, Fig. 7. It is also understandable, why 
quar t e r - sawn t imber is more p rone to 
washboarding, while flat-sawn more to internal 
checking. Since washboarding also appears on 
the surfaces of flat-sawn timber, the principal 
difference between both cutting orientations of 
the boards is in the length of the portions of an
nual rings incorporated in the board. Flat-sawn 
timber has much longer portions of annual rings, 
and has substantially longer earlywood layers. 
When the washboarding develops on the surface 
of flat-sawn timber, it does not release tension in 
sap to the same extent as that for quarter-sawn 
timber with its shorter layers of earlywood. 
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