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Tensile strain fields around an edge knot in a spruce specimen
J. Oscarsson1, A. Olsson2 & B. Enquist3
Abstract
Strain fields around a traversing edge knot in a spruce specimen subjected to
tensile loading were measured using a contact-free measuring technique based
on digital image correlation. The strain fields were measured by consecutive
load tests in which one side of the specimen was studied during each test. The
objectives were to examine 1. to what extent the strain fields could be detected,
2. the correlation between strain fields on different sides of the specimen, and 3.
the strain distribution around the knot. It was shown that the applied technique
is very useful for catching both overall and detailed information about the
behaviour of knots in wood members exposed to loading. Both clear wood
defects that could not have been detected by visual inspection or scanning and
the release of internal stresses were identified. The correlation between strain
fields on different sides of the specimen was very good. The correspondence
between measurement results and comparative finite element calculations was
surprisingly good, considering the fact that the used model was fairly simple.
1 Introduction
Present day methods for machine strength grading of structural timber are
based on somewhat limited relations between measured characteristics and
predicted strength properties. The latter are to a large extent dependent on the
occurrence of defects. The degree of importance that different defects have on
strength and stiffness has been investigated by e.g. Johansson et al. (1998)
and Johansson (2003). It was found that knots were by far the type of defects
that had the largest influence on the grading and that the major cause of
fracture was the presence of knots. Hence it follows that a thorough
understanding of the behaviour of knots and surrounding wood fibres in timber
members exposed to loading is of great importance for the development of
more accurate grading methods. In this matter, techniques for contact-free
strain measurement on timber surfaces could be very useful. One such method,
today widely used in for example the vehicle and aviation industries, is based
on white-light digital image correlation (DIC). The use of DIC in relation to wood
is, however, limited. A review of research carried out up to the year of 2005 was
presented by Serrano & Enquist (2005) who investigated strain distribution
along wood adhesive bonds using DIC technique. A number of additional
papers have been published in recent years (e.g. Young Jeong et al. 2009).
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2 Aim and scope
In this paper, findings from an investigation of two-dimensional strain fields
around a traversing edge knot (henceforth denoted Edge knot) in a Norway
spruce test specimen, see Figure 1 (left), subjected to tensile forces were
studied using a non-contact optical 3D deformation measurement system of
white-light DIC type. The aims were to investigate 1. to what extent the strain
fields could be detected, 2. the correlation between the strain fields measured
on different sides of the specimen, and 3. the strain distribution around the knot.
The development of strain fields were followed and measured by consecutive
cyclic load tests consisting of both loading and unloading. Only one side of the
specimen was studied during each test. Except for an initial test in which a
crack in the knot widened and propagated, the loading was kept within the
elastic range. Thus, the strain fields as function of load level were detected in a
comparable manner on all four sides of the specimen even though only one
side was studied during each test. The experimental results were also
compared with those obtained from finite element (FE) simulations.
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Figure 1: Test specimen (left); test setup with inset measurement area (right).
3 Test setup and measurement equipment
The test specimen was fixed by pin-ended steel yokes in a material testing
machine of fabricate MTS, see Figure 1 (right), with a force capacity of ±100 kN.
The applied cyclic load ranged from 0 to 30 kN, except for one test in which the
maximum load was 40 kN. The two-dimensional strain fields in longitudinal and
lateral directions and in shear occurring on the surfaces of the specimen were
detected using the measuring system ARAMISTM, by which strains in the range
of 0.05-200 % could be measured with an accuracy of up to 0.02 % strain
(GOM 2007). It includes two Charge-Coupled Device (CCD) cameras, in this
case with a resolution of 2048×2048 pixels. During loading, the surface
deformations and displacements are recorded by pictures taken simultaneously,
but from different angles, by the two cameras at fixed time intervals during the
entire load test. From each pair of pictures, stereoscopic images are obtained
and 3D-coordinates for a large number of points on the distorted surface are
calculated relative to a coordinate system defined through a calibration
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procedure prior to the test. In this research, pairs of pictures were taken at a
time interval of two seconds, corresponding with a load increment of 400 N.
Thus, a test with a maximum load of 30 kN consisted of about 150 load stages.
To be able to determine the displacements of a distinct point on the surface,
each picture is divided into partially overlapping square or rectangular image
sub-pictures, so called facets. The size in pixels of both facets and overlap
could be adjusted due to the spatial resolution and measurement accuracy
needed for the test in question. In this case, the system’s default settings, which
are square 15×15 pixel facets and two pixel overlap, see Figure 2 (left), were
selected. This resulted in a facet step of 13 pixels, corresponding with a spatial
resolution of about 0.67 mm. The default values are chosen as a compromise
between measurement accuracy and computational time (GOM 2007). During a
load test, each facet is identified for every subsequent stereoscopic image in
the recording. This requires that the object’s surface has an identifiable pattern,
in this case a random speckle pattern of sprayed paint, see Figure 2 (middle).
During a test, such a pattern deforms along with the surface distortion and by
use of correlation algorithms, the 3D coordinates of a facet are calculated as the
mean value of the coordinates of the facet corners. In Figure 2 (right), the facet
coordinates of 9 facets are shown as red and blue dots. The coordinates also
define and coincide with the measuring point of the facet. Displacements of the
facet coordinates in a 3×3 facet mesh are used to calculate the strains in the
measuring point (blue dot in Figure 2 (right)) of the centre facet of the mesh. By
following changes in position of a large number of facets, the strain field as
function of the load level can be determined and visualized.

Figure 2: Pixel facets of size 15×15 pixels with a two pixel overlap (left), random
pattern of a facet (middle), and facet mesh before and under loading (right).
4 Test specimen and loading
The experimental part of the research consisted of a test series in which the
specimen was exposed to five load tests, numbered A0-A4. Considering the
load eccentricity e of about 5.5 mm in the section through the knot, see Figure 3
(right), and in order to keep the stresses and strains within the elastic range, a
maximum tension load of 40 kN was chosen, equal to an average tensile stress
of 12.7 MPa. However, during the first load test (no. A0) an initial crack at the
pith of the knot expanded and propagated to the full depth of the knot, see
Figure 3 (right). Because of this, the load level was reduced to 30 kN for load
tests no. A1-A4, in which the strains on the specimen surfaces were measured.
The load application in all the tests was force controlled, which meant that the
load was both applied and detached with a constant load rate of 200 N/second.
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Figure 3: Knot dimensions (left), and load eccentricity e at Edge knot (right).
5 Test results and evaluations
Two ARAMISTM post-processing tools, contour plots and section diagrams,
were used to visualize the strain measuring results. By the first tool, a camera
image of a measured surface is overlaid with coloured strain contour plots
showing the strain distribution, for a defined load stage, over the surface. Such
plots offer a qualitative and easily conceivable impression of the specimen’s
behaviour under loading. To obtain quantitative information with a higher degree
of accuracy, sections, or paths, can be defined in surface camera images and
the strain variation along such sections can be shown in section diagrams.
5.1 Load test no. A0: Load 40 kN
As described under heading 4. Test specimen and loading, a tension load of 40
kN was chosen for this test in which the strains on the specimen surface that
shows a split section of the knot (Surface no. 1, see Figure 3) were measured.
Longitudinal strains (εy) for certain load stages are presented in Figure 4.
Stages no. 0-4 represent the undeformed and unloaded reference state and the
specified load level of 0.10 kN is considered as measuring noise.
Load stages no. 102-105 illustrate the load stages just before and after the
maximum load level of 40.1 kN was reached at stage no. 103. At this load, the
crack had propagated and widened to such an extent that it was no longer
possible to identify and follow displacements and deformations of facets in the
crack area by means of the random surface pattern of sprayed paint. Surface
points that were not possible to identify are shown as holes in the contour plots,
see detail in Figure 4. During the unloading phase the crack was gradually
closed and the pattern restored to a degree where the facet displacements
across the crack area were again possible to measure. However, considerable
deformations, shown as a thick red stripe in the contour plot of the last load
stage (no. 203), remained in the crack after completed unloading.
Large remaining negative (compressive) strains appeared in the wood fibres
quite close to the knot. In general, strain changes measured by the ARAMISTM
system from one load stage to another are rather small and more or less
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foreseeable, but in this test the negative strains along the knot appeared
instantly, at load stage no. 104, immediately after the maximum load of 40.1 kN
was reach. In load stages no. 102 and 103 rather small negative strains were
discerned in the wood fibres just above the knot whereas distinct tensile strains
had developed below the same. During the two seconds that elapsed between
the moments when pictures of load stages 103 and 104 were taken, the strain
field around the knot was completely changed and large areas of considerable
negative strains emerged. A part of these remained after unloading, see load
stage no. 203. After the test and by use of a pocket lens, three longitudinal
cracks were discernible on Surfaces no. 2 and 4. One was situated at the knot
edge and two in the clear wood close to the knot. The cracks are highlighted in
the section diagrams of Figures 5-6 recorded for load tests A1-A4. A reasonable
explanation to the sudden strain field changes is that crack growth during the
test led to the release of internal stresses. It should also be noted that the stress
release occurred between the load stages no. 103 and 104, i.e. just after the
maximum load level was reached. This indicates that the release was, to some
extent, triggered by the change of sign of the load increment of 200 N/s.
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Figure 4: Contour plots for longitudinal strains (εy) on Surface no. 1, Load test
no. A0, Load stages no. 0-6, 102-105 and 203.
5.2 Load test no. A1-A4: Load 30 kN
In tests no. A1-A4, in which the final strain stage of test no. A0 was used as
undeformed and unloaded reference stage (stage 0), the specimen was
exposed to a tension load of 30 kN for which an elastic behaviour was
displayed. Contour plots and section diagrams referring to the load stage for
which the maximum load 30 kN was reached are shown in Figures 5-6. The
most conspicuous feature of the contour plots was the strain concentrations in
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the wood fibres close to the knot. In spite of the fact that the specimen was
exposed to tension loads, significant longitudinal negative strains were visible
on Surfaces no. 1 and no. 3, see Figure 5. The minor longitudinal negative
strains in Section y = – 40 mm on Surface no. 3 are explained by the load
eccentricity e that according to Figure 3 (right) occurred in the specimen. The
three strain peaks (εy ≥ 0.4 %) in the section diagrams for Surfaces no. 2 and 4
in Figure 5 are related to the previously described longitudinal cracks that were
observed by use of a pocket lens. What is measured and interpreted as surface
strain peaks are in fact displacements caused by gradual widening of the cracks
as load is applied. The local tensile strain of about 0.82 % registered at Section
y = – 40 mm on Surface no. 1 was also caused by the widening of a crack, in
this case located within the knot and shown as a red stripe in the contour plot.
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Figure 5: Longitudinal surface strains (εy) for maximum load 30 kN, recorded for
Load tests no. A1-A4. Top row: Contour plots. Bottom row: Section diagrams for
the sections (dashed lines) shown in the top row.
The lateral strains measured in Load tests no. A1-A4 are shown in Figure 6.
They were insignificant on Surface no. 1, since the contraction was prevented
by the presence of the knot. From a comparison of the contour plot of Surface
no. 3 in Figure 6 and the corresponding surface photo in Figure 3, a correlation
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between the annual ring width and the wave-like pattern of the plot can be
observed. This indicates a difference between Poisson’s ratios in early wood
and late wood for Norway spruce. Such a difference has been observed for
loblolly pine (Young Jeong et al. 2009). On Surfaces no. 2 and 4, large lateral
tensile strains developed close to the knot. They are shown as red areas in the
contour plots in Figure 6. However, the huge apparent strains that coincide with
the previously described cracks highlighted in the section diagrams in Figure 6
are in fact lateral displacements caused by widening of the cracks.
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Figure 6: Lateral surface strains (εx) for maximum load 30 kN, recorded for Load
tests no. A1-A4. Top row: Contour plots. Bottom row: Section diagrams for the
sections (dashed lines) shown in the top row.
6 Numerical analyses
The results of the experiments were compared with those obtained from FE
simulations using the ABAQUS FE software (ABAQUS 2008). In the FE
calculations, a 3D linear elastic model of the specimen’s behaviour under
loading was used. The model comprised about 113000 elements and 483000
nodes resulting in 1449000 degrees of freedom.
The material data needed for the numerical calculations, expressed in terms of
elastic constants for spruce with a moisture ratio of 12 %, were obtained from
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Kollman & Côté (1968). The constants used for both clear wood and knot were
EL = 13500, ER = 893, ET = 481, GLR= 716, GLT =500 and GRT =29 MPa for the
moduli of elasticity and the shear moduli, and νLR = 0.43, νLT =0.53 and νRT =
0.42 for Poisson’s ratios. The indices L, R and T refer to the longitudinal, radial
and tangential directions, respectively, of the modelled orthotropic wood
material. The longitudinal direction of the clear wood was oriented parallel with
the longitudinal direction of the specimen, whereas the longitudinal direction of
the knot was oriented perpendicular to the mentioned clear wood direction.
The applied FE model was fairly simple. The crack that widened and
propagated in the pith of the knot during load test no. A0 was included, but the
material orientation deviations that always occur in clear wood close to knots
were not regarded. Nevertheless, the simulation results presented in Figures 7
show, on an overall and qualitative level, a degree of correspondence with the
experimental results in Figures 5-6 that is surprisingly good. In terms of strain
features on a closer level, it should be noted that the longitudinal negative
strains measured on Surface no. 1, see contour plot in Figure 5, also could be
found on the corresponding plot in Figure 7. The most conspicuous differences
between measured and calculated strains concern the large apparent tensile
strains, both longitudinal and lateral, which occurred close to the knot, see
Figures 5-6. These apparent strains, which in fact were displacements caused
by the cracks that were identified by use of a pocket lens, could not be seen in
the results of the simulations since these cracks were not included in the model.
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Figure 7: Results from FE simulation: Longitudinal strains (left), Lateral strains
(middle) and FE mesh (right).
7 Conclusions and future work
The objectives of this research were to investigate to what degree strain fields
around a knot could be detected by use of DIC technique, to analyse the strain
distribution around the knot and to examine the correlation between strain fields
measured on different sides of a test specimen. Regarding the two first
objectives, it could be concluded that the DIC technique is a very useful tool for
catching both qualitative and quantitative information about the behaviour of
knots in wood members exposed to loading. The observation of release of
internal stresses close to the knot must be considered as rather interesting. The
graphical representations of the strain measuring results by use of contour plots
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and section diagrams for all load stages in a load test provide valuable
information about the strain distribution and development around knots. It is
also possible to detect clear wood defects that are difficult to identify otherwise.
For example, the three cracks on Surfaces no. 2 and 4 of the specimen could
not have been detected neither by scanning nor visual inspection. It is very
likely that the cracks will serve as indications of fracture and in the plans for
future work, a fracture test of the specimen is included. In such a test, the
progress of fracture will be documented by use of the ARAMISTM system.
With reference to the objective concerning correlation between strain fields on
different specimen surfaces, it has been demonstrated that the strain match
between adjacent sides is very good, taken into account that only one specimen
surface was measured during each load test.
Finally, the correspondence between measurement results and FE simulations
are indeed very promising, especially considering the fact that the applied
model was rather simple. The DIC technique used in this research will, with a
high degree of probability, be of great interest for calibration of finite element
models for analyses of fracture mechanical behaviour of knots in wood
members. Such models would be of great importance for the development of
more accurate strength grading methods based on scanned information
concerning the occurrence of knots liable to initiate fractures in wood members.
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