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Measurements of crack tip strain field in wood at
the scale of growth rings
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The fracture mechanisms of wood have often been interpreted on the scale of cell walls.
Although this scale is important, the scale of growth rings needs to be considered in the
same context. In the present study, the crack tip strain field of radial TR cracks at the scale
of growth rings is measured by electronic speckle photography. The methodology is
discussed in detail as well as the data reduction scheme. The tip is in the earlywood layer
and the crack plane of the TR crack is perpendicular to the stiffer latewood layer. Increasing
opening mode load is applied in-situ as the crack is observed by reflected light optical
microscopy. Strains are measured on direct images of the microstucture. In contrast to
some other methodologies, this allows direct correlation between strain field and
microstructure. In the softer earlywood, tangential strains extend considerable distances in
the tangential direction. Due to the stiff latewood, the strain is heavily constrained in the
radial direction. This nature of the local strain field has been largely neglected, despite its
obuius significance to TR crack growth mechanisms. © 2000 Kluwer Academic Publishers

1. Introduction with decreasing surface and subsurface damage. Al-
In the present study, we measured crack tip strain fieldthough our preference is for stable crack growth with
in order to improve our understanding of crack growthsmooth crack surfaces, experimental data unfortunately
in wood. Crack growth mechanisms in wood are ob-often demonstrate unstable and irregular paths of crack
viously critical in load-bearing elements. Failure ini- growth [1, 2].

tiation, as well as propagation, involves crack growth Wood is a highly anisotropic material with the prin-
through cell walls and through earlywood and latewoodcipal axis of anisotropy conventionally denotd?, T
areas of different densities. The often quoted variabilityand L for the radial, tangential and longitudinal direc-
of wood failure properties is related to details in thesetion respectively, see Fig. 1. The elastic modulus in the
crack growth mechanisms. Another area where craclongitudinal direction is about one order of magnitude
growth concepts are helpful is in cutting processes ohigher than in the other two directions. Also the frac-
wood. In particular knife cutting processes essentiallyture behaviour is linked to the material structure and
rely on crack growth. The knife may be pushed intoeight systems of crack propagation can be identified by
the wood material where it directly cuts through cell material symmetry [3]. Each system is commonly iden-
walls. In addition, the knife provides an opening mo-tified with a pair of letters, the first indicating the crack
ment which may drive the crack forward, ahead of thesurface normal and the second describing the direction
knife edge. From the point of view of industrial cut- of crack growth. In the present study we are concerned
ting processes, it would often be advantageous if crackvith TR cracks. The crack grows in the radial direc-
growth was stable, controlled and with a straight crackion, perpendicular to the alternating earlywood and
path in one plane. The resulting fracture surface wouldatewood layers.

be smooth and planar on the macroscopic scale. Since One example of irregular paths of crack growth is the
this scenario corresponds to a minimum of cell wallsurface roughness data measured by Ergesl. [1]
damage at the surface and in the underlying materiafor TR crack growth. Fracture surfaces were found to
the energy required for the cutting process would beéhave amplitudes up to 3 mm for cracks in the tangential
small. This is also beneficial in the context of adhesivedirection over a measured length of 25.6 mm. Regard-
bonding or paint treatment of the surface. The reasoing fracture mechanisms, the cell wall level is often
is that adhesion of paint or an adhesive is improvedliscussed in the literature. This is the focus of recent
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nisms at the growth ring scale. This was addressed by
in-situ observations of growth mechanisms for mode |
TRcracks [12]. It was noted tha@R cracks often show
“stick-slip” type of crack growth where the plane of
crack growth is also frequently changing as the crack
extends from one growth ring to another. This mech-
anism is likely to lead to enhanced toughness with a
_ [ jagged appearance of the fracture surface. Improved
'Jsfc'::lfg' e knowledge of the crack tip strain field may shed some
) light on the observed crack growth process. In the
present study, the objective is therefore to experimen-
tally study the state of strain at the crack tip at the
growth ring level in pine. Electronic speckle photog-
raphy, also termed the image correlation technique, is
used. The pin®inus sylvestrit. samples are sapwood
samples studied in the green state in order to avoid
damage induced by drying. Previous studies have indi-
cated cell wall damage as a result of drying of wood
[13, 14]. Because of the anisotropy of the individual
S1, S2 and S3 layers constituting the cell wall, con-
siderable drying stresses are expected at the cell wall

Figure 1 Axis of anisotropy,R, T andL for the radial, tangential and l€vel [14].
longitudinal direction respectively.

. L . 2. Electronic speckle photography (ESP)
studies of longitudinal failure, relevant foR fracture 5 egp system is built from standard equipment, de-
[4-6]. In the present study, our interest iSTR frac-  gerjhed in Fig. 2. A CCD-camera, connected to a PC via
ture where we focus on the scale of growth rings. Let s, frame.grabber, collects images of the random pattern
compare the two fracture casesi@andTL fracture. It 5oqent on the object. The technique relies on that the
is interesting to note that the fracture toughness for the, J«.- 1 of this random pattern can be detected between
TRcase is higher than for theL case [7, 8]. Thisis de-  fames, therefore the quality of the pattern is crucial. An

Spite the fact tha_t the fract_ure P'ar‘?S are t_he same. T egant way to produce the necessary pattern is to use
TRcrack grows in the radial direction cutting through ,o"s4 called laser speckles obtained when illuminat-

alternating layers of earlywood and latewood. In consng 5 giffusely reflecting object with a laser. However,

trast, the front of &L crack grows in the longitudinal ' ,ginq aser speckles on wood at high magnification is
direction so that the front is present simultaneously in o convenient because of speckle decorrelation and
both earlywood and Iatewoo_d. low speckle contrast. Another method is to attach the
The crackplane is predominantly stableTarcracks 4 4om pattern onto the surface, for instance paint the
[9] whereas forTR cracks, the plane tends to deviate g5 ce with retro-reflecting paint [15], or attach carbon
from its original plane during growth [2]. The crack anicles as those found in photocopy toner cartridges
path is dependent on the stability of crack extensiong g the surface [16]. In some situations it is also pos-
Stable cracks result primarily in separation of neigh-gjp|e tq use the surface texture itself [17]. Once at least
boring cells from each other whereas unstable crack,, images of the test surface is captured, the relative
growth leads to a larger proportion of crack growth yisnjacement between them can be calculated.
through cell walls [10]. In recent work by Kifetewet al. [13] and Thuvander

Ashby et al. [11] conducted an interesting experi- o 5| [14], it was demonstrated that drying of wood most
mental study off R cracks byin-situ observations in a ||y leads to damage in the cell wall microstructure.
scanning electron microscope. Unstable crack growth

was confirmed and crack jumps of several hundred cell
diameters were observed. Itis of interest to explain why —
unstable crack growth tends to occur TdRcracks and  Object

why the fracture toughness is higher f6R as com- %ﬁggfgﬁir th @

pared withTL cracks. Not only would this improve — D
our basic understanding of crack growth in wood but @iﬁ—|

it may also be of some practical importance. Attempts

to produce stabl&R cracks resulting in smooth frac- PC Monitor

ture surfaces have so far met with limited success. |
this is due to fundamental difficulties, ti& mode of
crack growth is better suited for development of new
cutt@ng technologies where a smooth fracture surface i White light or laser light
desired.

The objective of the present set of studies is to im-
prove the understanding @R crack growth mecha- Figure 2 An Electronic speckle photography set-up.

illumination

6268



In order to ensure that the microstructure is undamagedes that can be made to overlap within the given correla-
the sample must therefore be kept in soaked conditiotion window. It is therefore advantageous to iterate the
during the experiment. In the soaked state the lumewross-correlation procedure with new choices of sub-
cavities are filled with water. The water in the lumenimage until the maximum overlap is found. For typical
makes it difficult to observe the structure and hencevalues, the present algorithm then manages to detect
provide pictures with good contrast. We found that if the displacement with a random error of 1% of the pixel
the surface was rubbed with a slurry of talcum powderpitch, which translated into object coordinates gives an
the gray scale in the picture was broadened and picturaccuracy of 0.um at a magnification of unity. Repeat-
quality was enhanced to an extent where it was possibleng the procedure in an arbitrary number of sub-areas on
to perform the calculation on the images. the object gives the in-plane displacement field, which

Motion estimation is of general importance in imageis visualized in Fig. 3.
analysis and the various techniques used can be classi-From the materials point of view, the strain field
fied into three groups:pixel-recursive techniques (forrather than the displacement field is of primary interest.
instance optical flow), character tracking techniquesThe most direct way to obtain the strain is through nu-
(for instance particle tracking), and block-matching merical differentiation of the displacement field, in the
techniques (correlation). The various techniques withirfollowing triangular elements were used. The points of
these groups have their different advantages concerithe observed displacements were considered as nodal
ing accuracy, spatial resolution, noise tolerance, angoints and the Gauss point of the triangular elementwas
calculation efficiency. However, because of their noisehen set as the observation point for the strains. Since
tolerance and high accuracy, the block-matching techtriangular elements were used, only three points of dis-
niques are often a good choice for performing high qualplacement define the state of strain. The compatibility
ity deformation measurements. ESP is a technique thatithin the element is therefore always fulfilled and the
belongs to this group. The fundamentals of the specificumber of missing points is minimized.
algorithm used here have been described in detail else-
where [18, 19] and will therefore only be summarised
here. 3. Experimental procedure

Consider the correlation procedure schematically deFrom the sapwood of green pinRinus sylvestrid..,
scribed in Fig. 3. The mean displacement between thelocks of dimensions 2@ 20 x 30 mm were cut in
two sub-areas is given by the peak position of the spatiahe radial, tangential, and longitudinal directions of the
cross-correlation between them. The accuracy of thetem respectively. To prepare the surface for the future
cross-correlation function depends on the sub-imagetudy in the microscope, the surface was cleaned with
window, the spatial frequency content in the image (i.ea microtome at the axial surface to visualise the ultra-
the average speckle size and density), the sub-area ovestructure of the wood. A sample with a thickness of
lap, image distortion, and speckle correlation [19]. In6 mm was then cut from the square section with a sharp
other words, the accuracy depends on how many speckine saw. Two holes were drilled for application of the

load, see Fig. 4.
To enhance the contrast between the wood substance

M b in the cell wall and the lumen for the moist green wood,
et L ' a slurry of talcum powder was rubbed into the surface,
W ey e R ':' a thus filling the lumen with talcum slurry. The surface

AR R was then wiped clean with a piece of soft paper. The
- EPEEE 152 SRR | procedure of filling the lumen with talcum powder en-

abled us to maintain a high contrast in the picture.
e A crack was introduced using a new razor blade. The
o sample was then mounted in a tensile testing stage,
(Minimat by Polymer Labs), developed for use under
a microscope. While observed under microscope, the

Specimen hlicraacope Digitizer
| in

g 0 H e

Video g —

[ | Sglected area
Clutpaat; Pestium _
= Dhsplacement fied | — COmpuber —
-Btrainfield @ | @ i
ESP
Sillware

Figure 3 Principle of the correlation algorithm. Two subimages of size
m x n are extracted from the full images of sikéx N and are corre-
lated. The local deformation is given by the position of the correlation Figure 4 Schematic of the experimental procedure. From the images
peak. Repeating the procedure for new positions in the fullimages, givesaptured by the videocamera, an area of 8BA2 pixels was selected
the full displacement field. for the analysis of the strain field.
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sample was loaded under displacement control untif. Results and discussion
the crack started to propagate. Under maintained digh stress analysis of wood, the material is commonly de-
placement, the crack was allowed to propagate until iscribed as a homogeneous, anisotropic material. This
stopped. The opening displacement was then decreasagproach is often well motivated in mechanics analyses
until the crack was closed, so that the location of theof structures such as beams. However, it is not suffi-
crack at zero load was known. At the location of thecient if the goal is to understand structure-property re-
crack tip, a series of images were recorded as a refetationships and failure mechanisms on the microscale.
ence. An increase in crack opening displacement wak gradually changing the scale of observation from
applied to the sample in steps. At each incrementainacro- to micro-scale, it seems reasonable to choose
step, a series of images was acquired, averaged, atidle scale of growth rings as the first sub-scale. At this
stored. The stepwise increase in opening displacemetgvel, the dimensions of structural features are in the
was continued until the crack propagated. order of mm, perhaps down to one tenth of a mm. Al-
All the images were acquired from the video camerathough in an optical microscope individual cells are
in the microscope by use of the program NIH image,clearly observable at this level, we choose to disregard
shareware fromthe National Institute of Health. In orderindividual cells in this approach. The reason is that our
to decrease the noise in the video images, the picturegnalysis of the state of strain is simplified substantially
used for the displacement analysis were the average iffwe assume that each earlywood or latewood layer is
32 images taken at the same displacement. The equipromogeneous although anisotropic. In a stress analysis,
ment used was a Macintosh Power PC 7600 equippede may accomodate gradients in elastic properties at
with avideo card. The stored images had standard videthe interface between earlywood and latewood layers
resolution (PAL) with 256 gray levels. through the introduction of thin homogeneous layers.
From the set of images, an area around the crack tip There are some previously published measurements
of 1.1x 1.1 mm (512x 512 pixels) was selected for the of wood displacement fields. Zinkt al. 1995 [16]
analysis and the strain field was calculated at five levelapplied the technique of digital image correlation for
of crack opening displacement. the measurement of macroscale strain fields in wood

""‘*“"'-"agme

L)
ot

4 o.oo08

B " M 1 o.008

..ﬂ‘ ltﬁ..ﬁgﬂ s

"ilil ., ¥ ...' \ “ st + 0.002
.{T e R - {0

' { -0.002

T [mm)

Figure 5 Crack tip at position a: The first load increment showing negligible strain levels in the overall structuseafiiéhe corresponding number
(in dimensionless strain) mark the corresponding strain.
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specimens under compression. A speckle pattern ofall of one cell. A local cell wall may be subjected
carbon particles were applied to the surface. A relatedo large displacements very different from the aver-
approach was adopted by Chagial. [20, 21] to study age continuum displacement we are interested in. For
the microscale failure of wood in compression fromthis reason, the subimage size must be large enough
microscopy images. In the present study, rather thato represent the continuum displacement. The choice
using an imposed pattern as was done in the referenced subimage size is therefore based on an optimization
[16, 20, 21], we use the structure of wood itself in ourprocedure balancing criteria for continuum representa-
measurements. This allows us to directly correlate theéion and spatial resolution.

measured strain field with the wood microstructure. In the present analysis we used a subimage size of
32 x 32 pixels 70 x 70 um). This exhibits a smooth
deformation field and an acceptable spatial resolution.
When the same image was analyzed with a subimage

Inthe present study we measure displacements of poingze of 16x 16 pixels, large local variations in the defor-

in the micrographs, as the wood specimen is deformedhation field were qbserved, incompatible with a con-

The displacement data are then transformed to straifi"ulm representation. In order to exclude that this was
data. The measured displacements are obtained by tlj; _effe_ct of erroneous peak I_ocatlon because of insuf-
correlation procedure described in the experimentaicient information in the subimage, the same area on
section. These displacements are obtained as an aif€ Sample was analysed at double magnification with

erage over a subimage of a given size. Our micrograpif SUPimage size of 32 32 pixels. This gave the same
in other words, is divided into subimages each of which ocal variation in the calculated displacement field as

provides one displacement data point. The spatial rest-h.e §ub|mage size 1616 pixels, which |nd|c_ates that
olution of the displacement field will be restricted by thiS i notan effect of erroneous peak location.

the size of this subimage. If the subimage is smaller, the

spatial resolution increases. However, we runinto prob4.2. Strain field data

lems if we reduce the size of the subimage to such affhe calculated strain field is given as iso-strain curves
extent that, as an example, it resides entirely within theprinted on top of the micrograph from which it was

4.1. Scale of measurements
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Figure 6 Crack tip at position a: The second load increment. The strain field starts to develop. It extends in the tangential direction close to the

latewood layer passed by the crack. Hhand the corresponding number (in dimensionless strain) mark the corresponding strain.
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calculated. As the cracked specimen is increasinglys because of limitations in our spatial resolution of 16
loaded, the reduced digital image data provide the straipixels (0.03 mm). At the second incremental increase
field. The in-plane strain components were calculatedn load level, the strain field presented in Fig. 6 is ob-
by the triangular element method, as described previtained. We notice a rapid decrease in strain level in the
ously. Our data include normal radial strajg in-plane  plane of the crackl = 0.5 mm) as we move away from
shear straimrt and tangential straigr. Sincesg and  the crack tip aR=0.7 mm towardsR = 0.4 mm and
ert Were found to be low and not very sensitive to lower R—values. However, in the tangential direction
increased loading, our discussion is focused on tanthe strain field is extended significantly, producing a
gential strainet. In Fig. 5, the strain field is plotted total strain field very different from that in a material
in colour code, with the optical micrograph as back-with homogeneous properties. Note that the measured
ground. The latewood is apparent as two dark layerstrains are quantitative in the sense that we can de-
where the cells have thicker walls. The earlywood layettermine the actual homogenized strains relative to the
inbetween is of fairly uniform density. The density tran- reference image.
sition at the lower earlywood/latewood interface isdra- In Fig. 7, the load level has been increased further.
matic from one row of cells to the next. This is the Strains are higher and the size of the strain field is
interface where latewood growth stops in the fall andincreased. An interesting strain field geometry devel-
earlywood growth commences in the spring. At the up-ops with increasing load. In the plane of the crack
per earlywood/latewood interface, a more gradual den¢T = 0.5 mm), strains decrease rapidly and are low al-
sity transition is discernible, corresponding to the startready atR < 0.4 mm, only 0.3 mm away from the crack
of latewood growth. tip. In contrast, in planes to the leff (=0.2 mm) and
The tip of the crack is located at the tip of the ar-to the right T = 0.7 mm) of the crack, strains are sig-
row in Fig. 5, the specimen is a compact tension specanificant in the rangd&R = 0.7 mm toR=0.2 mm.
imen to which increasing load is applied in a tensile The shape of the strain field geometry is unusual and
test machine (see experimental description). The strainbviously a consequence of the large stiffness differ-
levels are low at this first load increment. One may noteence between the earlywood and latewood layers. Note
some jagged irregularities in the strain field data. Thighe low strains in the earlywood region close to the
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Figure 7 Cracktip at position a: The third load increment. The strain field is further developed and the extension in the tangential direction is enhanced.
The+ and the corresponding number (in dimensionless strain) mark the corresponding strain.
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lower part of the upper latewood layer. This is becausés now apparent with a visible crack opening displace-
of the stiffening effect of the latewood. Finally, the ten- ment. Strains are small in the stiff latewood regions
dency of the strain field to exhibit unsymmetric features(dark areas). In the tangential directioh«direction),

is primarily because insufficient data were collected inhigh strains are present over a significant range, espe-
the very left part of the micrograph. The crack itself cially at they-coordinate R~ 0.6 mm) corresponding

0.008

A (mm)

0004
0.002

0008

0.2 0.4 0.6 0.8 1.0
T [mm]
Figure 8 Crack tip at position a: The fourth load increment. The strain field has now developed and reached the upcoming latewood layer. In front of

the cracktip, however, there is alocal area of small strains close to the upcoming latewood layeantttee corresponding number (in dimensionless
strain) mark the corresponding strain.

Figure 9 Schematic description of the strain field development with increasing opening mode loading of a preexisting crack. Upper and lower parts
of the images correspond to latewood layers.
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Figure 10 Tangential strain field calculated by FEM [24]. Width of the growth rimg= 1.6 mm.

to the tip of the crack. In the upper right part of the up-rection. This feature is also predicted by the theoretical
per latewood layer, no data are given. The reason is thanalysis.
the displacement exceeded the number of pixels in half
the subimage size, in this case 16 pixel9(03 mm),
which is the limit set in the correlation algorithm. The 5. Conclusions
information in Fig. 5to 8 is summarized by the sketch inTheTRcrack tip strain field in wood was determined by
Fig. 9, where one of the isostrain curvatures is used aselectronic speckle photography. Strains were measured
boundary for a large strain area. The strain field extendsn direct images of the microstructure, allowing cor-
significantly in the tangentiall, direction, but is con- relation between strain field data and microstructure.
strained in the radialR, direction. This is particularly Reported data were for the transverse strain field at the
true in the plane of the crack. level of growth rings. The scale at which the strain field
The tangential modulus of the latewood layers iswas observed was of crucial importance for the out-
about 20 times as high as it is in the earlywood. Thiscome of the experiments. This scale was determined
estimate is based on the elasticity models for cell agin an optimization process. The error from viewing the
gregates given by Gibson and Ashby [22] (the densitymaterial as a continuum was balanced with respect to
ratio between latewood and earlywood required as ineur ability to observe effects from local microstructural
put is about 3 foRPinus sylvestrid.. [23]). Recently, variations.
the TR crack considered in the present study was also In the softer earlywood, strains extended consider-
studied by finite element analysis [24]. Tangential strainable distances in the tangential direction. Due to the
field data from that study are presented in Fig. 10. Thestiff latewood, the strain was heavily constrained in the
shape of the calculated strain field correlates well withradial direction. Inspired by these results, a correspond-
the measured shape. Strains extend in the tangential diag theoretical FEM-study has been conducted [24].
rection. In the radial direction, the tangential strain fieldThese FEM results for the crack tip strain field show
is constrained by the stiff latewood layer. good correlation with the present data. The nature of
From the summary in Fig. 9, it is apparent that asthe local strain field at the scale of growth rings has
we move from the plane of the crack in the tangentialbeen largely neglected, despite its obvious significance
direction, strains extend a bit further in the radial di- to TRcrack growth mechanisms.
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