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BRITTLEHEART AS A CRITICAL FEATURE FOR VISUAL
STRENGTH GRADING OF TROPICAL HARDWOOD -

APPROACH OF DETECTION

Hanna Kuisch'?, Wolfgang Gard', Erik Botter?, Jan-Willem van de Kuilen'”

ABSTRACT: Brittleheart is a well-known phenomenon in many tropical wood species which reduces the strength
properties considerably. According to national strength grading standards such as BS 5756 and NEN 5493, timber with
brittleheart has to be rejected. In many cases, however, brittleheart is not visible on the outer surface and the cross
section of sawn timber. This investigation has been focused on qualitative characterisation of compression failures in
tropical hardwood in conjunction with non-destructive detection methods. Five grades of compression failures have
been characterised by deformation and displacement of wood tissue. Preliminary results show that CT-scanning is a
promising technique for detecting the defined grades. However, limitation of detection is due to the resolution of the
scanners and contrast ability of imaging. Quantitative studies of brittleheart on mechanical properties are continuing.
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1 INTRODUCTION

Timber intended for structural applications must be free
of brittleheart. The term ‘brittleheart’ is mainly used in
wood industry and timber trade, and is related to the
presence of compression failures in tropical hardwood.
Therefore, in this paper the term ‘compression failures
will be introduced as a synonym for ‘brittleheart’.
Compression Failures (CF’s) are defects in the wood
structure. Their size can range from microscopic failure
lines to macroscopic failure areas of several millimetres
in width which can affect a great part of the stem’s cross
section. It is important to detect CF’s when timber is
strength graded and assigned to a strength class. In
Europe, the assignment to strength classes is based on
EN 14081 and is determined by visual and/or machine
strength grading methods. Certain national standards
reject the presence of CF’s when assigning timber to a
strength class, such as NEN 5493 and BS 5756. CF’s
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reduce the timber strength. In addition, timber with CF’s
often shows brittle failure when loaded in bending and
fails without any prior warnings.

On rough sawn surfaces of tropical hardwood CF’s
sometimes are very difficult if not impossible to detect
with the naked eye. In the most unfavourable situation
CF’s cannot be detected anyway, even after the final
processing step.

Non-destructive methods to detect CF’s do not exist yet
on industrial level. Until now, the only way to detect
CF’s is by means of visual inspection. However, this
manner is limited to detection of clearly visible CF’s, in
most cases on planed surfaces. A reliable detection
method and methodology, for both less visible and not
visible CF’s to the naked eye, are required in order to
fulfil the requirements of the visual strength grading
rules.

The purpose of this research is to investigate
morphological characteristics of CF’s and identify non-
destructive detection techniques to be used for different
types of CF’s. Finally these characteristics will be
related to the bending strength properties of selected
tropical hardwood containing different types of CF’s.
This paper presents a part of the on-going investigation.
It describes the morphological characteristics of the CF’s
in tropical hardwood with the aid of non-destructive
detection methods based on X-rays. In order to identify
the different types of CF’s, first the test specimens of
different hardwood species are characterised by visual
inspection, CT-scanning (3D), and microscopy.
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2 STATE OF THE ART

Research on CF’s in wood has been reported for more
than seventy years [1-5]. Many studies regarding CF’s
and their influence on timber strength properties,
accompanied by quantitative analysis, have been
conducted on softwood, but less so on tropical
hardwood. The morphology of CF’s has been examined
on softwood species by many researchers. Different
terms were used to describe CF’s [2-3, 5-12, 14]. For
hardwood species only a limited number of researches
on the morphology of CF’s have been conducted [1, 3-4,
13].

Arnold and Steiger [5: p.57] define CF’s in conifers as
“defects in the wood structure in the form of buckled cell
walls of the wood fibres”. They state these CF’s as “a
well-known natural phenomenon” and as “complex
three-dimensional geometric structures with more or less
fuzzy boundaries which appear in a broad range of
intensities” [5: p.58]. Both Arnold and Steiger [5] and
the U.S. Department of Agriculture [14] describe the
wide range of appearance of these CF’s in softwood
species, “from minute deformations in the cell wall to
wide bands of several millimetres in width, which can
affect more than half of the stem’s cross section” [5:
p.58]. The appearance of CF’s affecting the stem’s cross
section of hardwood species is also mentioned by Hillis
et al. [15]. In their investigation on young and mature
karri, Eucalyptus diversicolor, it was found that CF’s can
extend to the full length of the merchantable trunk. They
also state that these CF’s are extensive at different levels
of the tree, but in general not concentric. They found that
20% of the mature trees were affected by CF’s.

Different types of appearance exist for CF’s on timber
surfaces as defined by different authors. Ander and
Nyholm [11] present a nomenclature of some of the
different types of deformations and their characteristics
according to different authors. In addition, Hoffmeyer
[8] mentions definitions and characteristics for CF’s in
softwood, which is based on the microscopic
examination of Dinwoodie [2]. The terms provided by
Hoffmeyer [8] give the most logic sequence for the
appearance of CF’s. A simplification of the most
important definitions linked to their morphology is as
follows:

- slip plane a
microfibrils;

- microscopic CF’s 2 to 5 slip planes in depth
covering more than 2 cell walls in width;

- macroscopic CF’s more than 5 slip planes in
depth and several microscopic CF’s are
combined. Appears also as a local stability
failure and moderately visible to the naked eye;

- gross stability CF’s clearly visible CF’s to the
naked eye.

zone of re-orientation of

With regard to visual grading of timber, CF’s are usually
difficult to detect, particularly on rough sawn timber, as
stated by Arnold and Steiger [5]. By planing the surfaces
it is possible to detect some CF’s by visual inspection,
but only the bigger damages can be detected.
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Special efforts, such as optimum lighting may be helpful
for a better detection of CF’s with the naked eye.
However, sometimes CF’s could only be detected with
microscopic investigation because the failures are too
fine. Potential techniques like the ultrasound method and
the radiation method, Computerized Tomography (CT)
using X-rays, were investigated for softwood [16-18]. It
appears that the ultrasonic signals and the detection of
the small density differences by X-rays were not
distinctive enough to recognize the fine CF’s [16].
Sonderegger and Niemz [17] concluded that the ability
of CT and scanner technology for CF’s detection
strongly depends on the resolution of the equipment
used. They find that CT could easily detect the larger
CF’s and that higher resolutions are needed to detect the
fine CF’s. However, from this literature study it seems
that CT scanning has not been used for detection of CF’s
in hardwood.

3 MATERIAL AND METHODS
3.1 MATERIAL

Four tropical hardwood species were selected for this
research. The selection was based on the number of
samples with CF’s available for each timber species, and
the market share of the species. The collected timber was
provided by five Dutch wood companies who import
these species from Africa, Asia and South-America. The
collected timber was visually rejected during grading
because of the presence of CF’s. The four selected
tropical hardwood species are presented in Table 1. The
results of sapeli and sapupira are reported in this paper,
which are representative for the four species used, in the
sense that observed CF’s in these two species are
comparable in size and magnitude to those observed in
the remaining two species.

Table 1: Selected hardwood species used for research
(FSC certified)

Trade name  Scientific name Continent of
origin

Azobé Lophira alata Africa
Banks ex Gaertn.f.

Louro faia Roupale montana South-America
Aubl.

Sapeli Entandrophragma  Africa
cylindricum
Sprague

Sapupira Hymenolobium spp  South-America

The dimensions of the samples prepared for the CT-
scanner Nanotom (further described in section 3.2) were
20 x 20 x 100mm’. These samples were also used for the
morphological characterisation of the CF’s. The samples
for the other CT-scanner Somatom (see section 3.2) had
dimensions of 72 x 122 x 600mm’ for both sapeli and
sapupira. The specimens used for the Somatom were
conditioned at a temperature of 20°C and a relative
humidity of 65%, whereas the samples for the Nanotom
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were kept in the room with a temperature of around 20°C
and a relative humidity of approximately 40%.

3.2 METHODS

Visual characterisation
Different experts have characterized visible CF’s on
board surfaces of softwood species in two ways. One
way is by measuring the width of the CF’s [5, 19], and
the other way is by visually assigning grades to CF’s [9].
Since most of the CF’s of the four tropical hardwood
species appeared as branched failures on the timber
surfaces, the method of visually assigning grades to CF’s
was preferred and applied. The visual assessment of the
visible CF’s was based on dry planed timber surfaces
having moisture contents less than 15%.
Six grades are used for the visual assessment of the
CF’s. These grades are based on Hoffmeyer’s
investigation [9] on CF’s in Norway spruce. The
specimens used for his research were conditioned at a
temperature of 20°C and a relative humidity of 65%. The
grades formulated by Hoffmeyer for dry timber surfaces
are as follows:
- grade 0 is used when there are no CF’s visible;
- grade 1 for CF’s not visible in dry wood, but
barely visible on wet surfaces;
- grade 2 for visible CF’s but very difficult to
identify;
- grade 3 for visible CF’s but difficult to identify;
- grade 4 for clearly visible CF’s;
- grade 5 for very distinct CF’s, often with fibre
separation.
The classification of the CF’s grades is illustrated in
Figure 1 for Norway spruce.

'x T =
== R il

Figure 1: Classification of CF’s grades in softwood [9]

X-ray scanning

Before scanning the samples with the CT-scanners,
samples of each timber species with CF’s are visually
characterized from grade O up to grade 5. The samples
for the Nanotom were scanned with a resolution of
30pum x 30um x 30pm over a length of 30mm, and the
samples of the Somatom were scanned with a lower
resolution of 0,3mm x 0,3mm x 1,0mm, but over a total
length of 200mm. A beam hardening correction of 7,0
was used for the Nanotom samples, and the timing used
by the detector to process a single frame was
0,5 seconds. The samples for the Somatom are scanned
with the spiral scan mode and with a slice distance of
1,0mm. The scan settings used for both scanners are
given in Table 2. These settings determine the contrast of
the scan images obtained.
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Table 2: Scan settings used for scanning the samples

Settings Nanotom Somatom
Voltage 90 kV 140 kV
Current 120 pA 250 mA
Filter - B50s
Both CT-scanners detect variations in densities

represented by different grey values in an image. In our
research a low density is represented by a black colour,
whereas a high density is represented by a white colour.

Microscopic characterisation

To determine the morphological characteristics of the
CF’s on the timber, a light microscope and an
environmental scanning electron microscope (ESEM)
are used. The magnifications used for the light
microscope were in the range from 6,3x up to 50x and
for the ESEM from 100x up to 2000x. The ESEM is
used for the morphological characteristics of the CF’s on
wood cell level.

4 RESULTS
4.1 MORPHOLOGICAL CHARACTERISTICS

Visual characteristics

Different types of CF grades on a dry and wet surface
are illustrated in Figure 2 and 3 (identical samples) for
sapeli, and in Figure4 and 5 for sapupira (identical
samples). These figures also show the development of
CF’s grades within one damaged area. If the surface of
the sample is slightly moistened with water (Figure 3),
the development and branching of the CF’s become
more expressed, compared to dry surfaces (Figure 2). As
shown in Figure 3 and Figure 5 (at the arrows), even
CF’s grade 1 become visible. The appearance of the
CF’s in Figure 2 to Figure 5 are representative for all
wood species examined. The development of grades
within one damaged zone was an important
characteristic for all four species. The occurrence of only
one CF grade on the timber surface was hardly noticed.

Figure 2: Classification of CF’s grades for a sapeli beam
—dry surface
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Figure 3: Classification of CF’s grades for a sapeli beam
— wet surface displaying grade 1 (see arrow)

longitudinal sections is presented in Figure 6 to 9. These
pictures are obtained by the light microscope with a
magnification of 40x to 50x. Figure 6 shows CF’s
grade 1 (image A) and grade 4 (image B) on a tangential
section of a sapeli sample, and Figure 7 for CF’s grade 4
and 5 on a tangential section of a sapupira sample. These
figures illustrate localized buckling of the wood cells in
the tangential direction for the large CF’s (grade 4 in
Figure 6 and 7). The buckling shape is either a horizontal
displacement or a combination of horizontal and vertical
displacements. The morphological structure of the fine
CF’s (grade 1) are barely visible and showing no distinct
O0.SAP.8 1.up fibre buckling (Figure 6A). These fine CF’s appear as
fine lines on the wood surface. The CF grade 5 is
characterised by broken fibres (Figure 7).

Grade 1
Grade 4
Figure 4: Classification of CF’s grades for a sapupira
beam — dry surface Figure 6: Sapeli, CF’s grades 1 (A) and 4 (B) on a

longitudinal tangential plane. Magnification 50x

Grade 5
Grade 4
Figure 5: Classification of CF’s grades for a sapupira
beam — wet surface displaying grade 1 (see arrow)
Microscopic characteristics
The CF’s are also microscopically investigated. The . .
anatomical structure for different grades on the Figure 7: Sapupira, CF’s grades 4 and 5 on a

longitudinal tangential plane. Magnification 50x
23
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The longitudinal radial sections are shown in Figure 8
for a sapeli sample for CF’s grade2 and 4, and in
Figure 9 for a sapupira sample for CF’s grade 4. Often
the CF’s on the radial sections appear as straight lines or
compressed areas perpendicular to the fibre direction.
This orientation of the CF’s applies to both the large and
fine CF’s. Furthermore, the CF’s grade 4 on the radial
sections (Figure 8 and 9) show no buckling of the fibres
compared to the tangential sections (Figure 6 and 7).

Grade 4

Grade 2

Figure 8: Sapeli, CF’s grades 2 and 4 on a longitudinal
radial plane. Magnification 40x

Grade 4

Figure 9: Sapupira, CF grade 4 on a longitudinal radial
plane. Magnification 50x

The morphological characteristics of the CF’s can be
observed and analysed to more detail using the ESEM.
In Figure 10 large buckling and compression of the
wood fibres is clearly visible on the tangential plane
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section (see arrow). The picture presented applies to CF
grade 4 on a sapeli tangential plane.

Figure 10: ESEM, sapeli CF grade 4 with large
deformations and displacements of the wood fibres (see
arrow). Tangential plane, magnification 125x

A horizontal displacement of fibre and ray cells can also
be observed on the sapupira tangential plane, see arrows
in Figure 11. As before, CF grade 5 is characterised by
broken fibres, as shown in Figure 12 (see arrows).

P
100 1
Y

Figure 11: ESEM, sapupira CF grade 4 showing
horizontal displacements of fibre and ray cells (see
arrows). Tangential plane, magnification 100x

Figure 12: ESEM, sapupira CF grade 5 with broken
wood fibres (see arrows). Tangential plane, magnification
100x

Figure 13 shows a typical example of CF’s grade 1 (see
white arrow), and even smaller (see black arrow). Here
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also fibre buckling is seen for these failures, but in a less
pronounced manner.

Figure 13: ESEM, sapeli CF grade 1 (see white arrow)
and smaller (see black arrow) showing fibre buckling.
Tangential plane, magnification 125x

Moreover, the compression of wood fibres perpendicular
to the horizontal part of the fibre length has deformed the
cell cross section (Figure 14). This deformation has been
in such a way that the cell lumens are hardly noticeable
anymore as illustrated in Figure 14 (see arrows). The
figure shows a radial/tangential plane, where the end
grain of the deformed wood fibres are visible on the
radial part. The cracks visible between the fibres cannot
be interpreted as a characteristic of the CF’s. These
cracks could be caused by the preparation of the sample.
The failure zone applies to CF grade 2 on the wood
surface.

Figure 14: ESEM, sapupira CF grade 2 showing end
grain of the deformed wood fibres (see arrow).
Radial/tangential plane, magnification 300x

4.2 RESULTS OF THE DIFFERENT CT-
SCANNING DETECTIONS

In this paragraph first the scan results of the 3D
Nanotom are presented, followed by the 3D scan results
of the Somatom.

Nanotom

A schematic illustration of the scanned sample with the
positions of the displayed planes of Figure 16 is given in
Figure 15. This illustration also shows the orientation of
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the x,y, and z-axis used in Figure 16 for the z-x planes
AtoD.

= cross section
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X

Figure 15: Schematic illustration of sample with the
longitudinal planes A to D

Figure 16 displays longitudinal images of a Nanotom
scan result of a sapupira sample. This sample had
visually assigned grades of CF’s grade 4 and grade 5
visible at the outer surfaces. The images in Figure 15
present CF’s grade 4 on the front outer face (image A),
and CF’s grade4 and 5 on the back outer face
(image D). The inner faces (image B and C) are obtained
by moving in the y-direction (see Figure 15). All these
images (A to D in Figure 16) show light-coloured bands
of CF’s shifting over the cross sectional direction of the
sample. In this figure the contrast between the densities
of the CF’s and the surrounded wood tissue represented
by the differences in grey values is visible. Image C
shows the development of branching of the CF’s. From
these pictures it is seen that the appearance of the CF’s at
the outer surfaces can change over the depth of the
sample, and other grades can be present in the inner part
of the sample.

Figure 16: Light-coloured bands in longitudinal images of
a sapupira sample with a grade 4 CF at the outer surface
— scanned with the Nanotom
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Figure 17 presents sectional images (A, B, and C) and a
3D image (image D) of a sapupira sample scanned with
the Nanotom. The Ilongitudinal section (image B)
displays an inner layer about one quarter of the wood
cube and the other longitudinal section (image C)
displays an inner layer about halfway of the wood cube.
Image D presents a 3D view of the wood cube where
only the highest densities have been selected. In this
view it is noticed that the ‘white’ bands of the sectional
images (see red cross) are represented by these higher
densities.

The contrast between the densities of the CF’s and the
surrounded wood tissue is visible for all CF’s grades in
the sectional images. This observation counts for all four
wood species scanned with the Nanotom.

e
s

.

Figure 17: Sectional images (A, B, and C) and 3D image
(D) of a sapupira sample — CF grade 4. Red cross
indicates the position in the cube. 3D illustration shows
higher densities where ‘white’ bands are present —
scanned with the Nanotom

Figure 18 shows a longitudinal section of a sapeli sample
scanned with the Nanotom. From this picture it is clear
that the Nanotom is also able to detect the fine CF’s,
such as grade 1. The detection of the CF’s grade 1
applies to all four hardwood species examined. In some
cases even finer lines than defined as CF’s grade 1 have
been detected.
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Figure 18: Longitudinal section of a sapeli sample
scanned with the Nanotom — CF’s grade 1 and grade 2

Somatom

Figure 19 presents sectional images (A, B, and C) and a
3D image (image D) of a sapeli beam scanned with the
Somatom. The white zones representing the CF’s
grade 4, show a clear contrast with the surrounding wood
tissue. Image D illustrates a 3D view of the beam for
only the highest densities. This 3D view shows the
geometry of the CF’s existing in the beam. The white
zones are pointed out by the red cross in the four images

Figure 19: Sectional and 3D images of a sapeli beam
scanned with the Somatom — red cross positioned in
white zones represents CF’s

Figure 20 illustrates sectional images (A, B, and C) and a
3D image (image D) of a sapupira beam scanned with
the Somatom. The barely visible light grey wrinkles
representing the CF’s grade 4, show an unclear contrast
with the surrounding wood tissue, contrary to the sapeli
beam of Figure 19. This is caused by the diffuse density
distribution in the sapupira sample.

The wrinkles are pointed out by the red cross in the four
images. Image D illustrates a 3D view of the beam for
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only the highest densities. However, the expected higher
densities for the wrinkles are not visibly represented in
the 3D image. This 3D image shows higher densities for
other locations in the wood structure.

The sectional images (B and C) also show white zones in
the longitudinal direction of the wood structure,
representing higher densities than the surrounding wood
structure. These white zones are also visible in image A
following the orientation of the growth rings. Probably
these white zones are represented in image D having the
higher densities.

Figure 20: Sectional and 3D images of a sapupira beam
scanned with the Somatom — red cross positioned in the
light grey wrinkles represents CF’s

During this investigation it has been noticed that the
sapupira samples contain areas with higher distinctive
densities, compared with the surrounding tissue. The
high density areas were not linked to the CF’s zones, but
are part of the wood tissue. These higher densities are
shown in Figure 21 by the white spots (see red cross) in
the four images (A to D). It is noticed that the CF’s
which are also present in the beam, but having a lower
density than the white spots, cannot be displayed in the
3D view (image D).
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Figure 21: Sectional and 3D images of a sapupira beam
scanned with the Somatom — red cross positioned in the
white spots represents resin pockets

The limit of detection of CF’s grades by the Somatom
depends on the wood species scanned. For sapeli CF’s
grades 2 to 5 have been detected (Figure 22, left),
whereas for sapupira (Figure 22, right) CF’s grade 3 to 5
could be detected.

[UUE SR S g RIS N BE

Figure 22: Longitudinal images. Left: sapeli beam with
CF grade 2. Right: sapupira beam with CF grade 3

5 DISCUSSION
5.1 MORPHOLOGICAL CHARACTERISTICS

Mechanical properties such as bending and tensile
strength are about forty times higher in the direction
parallel to the fibres, than perpendicular to the fibre
direction. Therefore, the orientation of the fibres in the
CF’s zones influence the strength properties. The
orientation and the condition of the fibres have been
chosen as a microscopic characteristic for the different
CF’s grades. In the definition of the CF’s by Hoffmeyer
[9] these microscopic characteristics have not been
reported.
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For the visual characteristics all CF’s grades appear as
fault lines on the surface. These fault lines have an angle
between one and ninety degrees parallel to the fibre
direction.

On the light microscope a maximum magnification of
50x has been used. On this level different types of
appearance for the microscopic characteristics of the
CF’s grades have been distinguished on the tangential
and radial planes. The CF grade 1 still appears as a line
on the tangential and radial planes, while the CF’s
grade 2 to 4 show buckling of the wood cells (Figure 6).
These observations apply to the tangential plane. On the
radial plane dark lines or areas of highly compressed
wood tissue has been observed for the CF’s grades 2 to
4. The CF’s grade 5 has been characterised as broken
fibres on both planes.

The fine failures grade 1 show slightly horizontal
displacements of the fibres when higher magnifications
has been used, such as 125x obtained by the ESEM
(Figure 13). Larger deformations and buckling of the
wood tissue has been observed for the CF’s grades 2
to 4. The difference between the grades depends on the
volume of deformed and displaced fibres, and the
obtained strain level of the horizontal displacement. Due
to the complexity of fibre orientation and buckling, it is
not clear which stress component leads to the rupture of
fibres (CF’s grade 5). It is possible that the increased
longitudinal compressive stresses lead to tensile stress
components on the changed fibre direction, or to tensile
stresses perpendicular to the original fibre axis.

5.2 CT-SCANNING DETECTIONS

3D CT-scanning should have two advantages. Firstly, to
be able to follow the propagation of the CF’s in the
beam. Secondly, to be able to use this technique for the
non-destructive detection of CF’s on an industrial level.

The most interesting finding is the limit of detection of
the Nanotom, which was able to detect all CF’s grades,
whereas the Somatom was sensitive to detect some CF’s
grades depending on the wood species. The differences
of capability of CF’s detection of both Nanotom and
Somatom are caused by the voxel resolution and the
contrast of the scan images. The contrast can also be
influenced by the diffuse density distribution (see
Figure 20) within the specimen. The reason for this
distribution can be caused by the distribution of high
density extractives, such as resins (Figure 21) or crystals.

It is also interesting to note that the Nanotom and
Somatom display the CF’s zones by higher density areas.
The higher density is caused by the compression of the
fibre and ray cells resulting in squeezed cell wall
material. This is confirmed by the ESEM pictures
(Figure 14). The higher density for CF’s counts for CF’s
having a visually assigned grade up to grade 4. Since a
crack is detected as open space by the CT-scanners, a
low density is assigned to this area represented by black
zones. Thus, CF’s grade 5 characterized by fibre rupture
should have a lower density than the surrounding wood
tissue.
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Besides the limits of detection for CF’s grades, also
detection limits exist with regard to the sizes of the
samples. For the examination on the Nanotom, the
sample sizes are restricted to 100 x 100 x 290 mm’, and
the Somatom can scan cross sections up to
300 x 400 mm”. Regarding the length of the samples for
the Somatom, no length limitation exists. With this CT-
scanner however, the scan length is limited to 2000 mm.

6 CONCLUSIONS

The purpose of this paper is to present the qualitative
characterisation and non-destructive detection of CF’s in
tropical hardwood. The visual and microscopic
characteristics show two classes which can be
distinguished. Firstly class 1, where buckling of the
wood cells has been observed. This class contains CF’s
grade 1 (very fine CF, only visible to the naked eye on
planed wet wood surfaces) up to grade 4 (clearly visible
CF to the naked eye). The difference between the grades
depends on the volume of deformed and displaced fibres,
and the obtained strain level of the horizontal
displacement. Secondly class2, where class1 is
extended by fibre rupture. This class contains CF’s
grade 5 (clearly visible CF, accompanied by wood fibre
rupture). The different grades were visually assigned to
the observed CF’s on the timber surfaces. It can be
concluded that areas with CF’s have a higher density
compared with the surrounding wood tissue.
CF’s grade 5 can also have low density zones where
fibres have been separated.

Furthermore, it is concluded that the CT-scanners can
detect CF’s successfully. The Nanotom (high resolution
micro CT-scanner) can detect all CF’s grades. The
Somatom (medical CT-scanner) can detect CF’s starting
at grade 2 for sapeli and grade 3 for sapupira. Both types
of 3D CT-scanner were able to detect the propagation of
different CF’s grades throughout the specimens. Hereby
the branched CF’s and the changeover of divers CF’s
grades inside the wood could be detected, which could
not be linked to the visual grades on the surface of the
wood. In this respect 3D CT-scans are able to detect the
internal expansion of the CF’s.

Besides the limits of detection for CF’s grades, also
detection limits exist with regard to the cross sectional
dimensions of the samples. For the examination on the
Nanotom, the sample sizes are restricted to
100 x 100 mm?, and the Somatom can scan cross
sections up to 300 x 400 mm”.

Recommendations

Further research is needed to quantify the characteristics
of the different CF’s grades. Special attention should be
paid to the volume of the compressed damaged areas,
and the extension of the buckling of the wood tissue.

For the non-destructive detection, the 3D CT-scanning
technique is a promising method to detect brittleheart in
tropical hardwood on an industrial level.
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BONDED-IN GFRP RODS FOR THE REPAIR OF GLUED
LAMINATED TIMBER

Gary Raftery', Conor Whelan®, Annette Harte®

ABSTRACT: This paper describes an experimental test programme whereby the use of adhesively bonded-in glass
fibre reinforced polymer (GFRP) rods were examined for the reinforcement and repair of artificially fractured glued
laminated timber beams. The reinforcement technology was initially tested on control undamaged beams whereby it
was seen that the geometrical arrangement of the groove influenced the mechanical performance of the beams. The
mechanical behaviour of artificially fractured and fracture repaired beams was subsequently examined. By using
practical percentages of reinforcement, strategically located at the soffit of fractured beams, it was seen that the stiffness
of the beams can be satisfactorily restored to its original state. Furthermore, a significant increase in ultimate moment
capacity can be achieved with the use of these materials. No premature bond failures were recorded while undertaking
the testing. The paper also discusses the development of a 3-dimensional finite element model which incorporates
anisotropic plasticity theory. The results from the model agree with the experimental testing by demonstrating the
performance of the composite system can be enhanced by improving the geometry of the routed out grooves in which
the reinforcement is placed. The model also predicted with good accuracy the stiffness of the beams as well as the
nonlinear behaviour of the reinforced beams and is a useful tool for further optimisation of the repair system.

KEYWORDS: Glued laminated timber, Repair, Glass fibre reinforced polymers, Finite element modelling

1 INTRODUCTION of bonded-in reinforcements for upgrading structural
timber elements is associated with improved fire

protection as well as being visually more attractive in
comparison to externally applied reinforcements.
Furthermore, mechanical protection is provided to the
reinforcement material and the possibility of premature
delamination is significantly reduced because of the
greater bond area associated with using bonded-in
reinforcement techniques.

Timber is one of the oldest construction materials. As the
service requirements that are imposed on structural
members change with building function, mechanical
repair or upgrade of aging members becomes an
important issue. Current procedures for the repair of
timber structures vary depending on the level of
deterioration of the wood and the required increase in
load capacity. Designers in the construction industry are
becoming increasingly aware of the advantages offered 1.1 OBJECTIVES
by fibre reinforced polymer materials for structural
repair applications. Technical information on the use of
these materials in the rehabilitation of structural
members is available in the literature [1]. Guidance is
also available in relation to the surveying for repair and
rehabilitation work on timber structures [2, 3]. The use

This paper describes research undertaken at NUI Galway
to examine the use of adhesively bonded-in pultruded
glass fibre reinforced polymer (GFRP) rods for the
flexural reinforcement and repair of glued laminated
timber beams. The paper discusses the results of an
extensive experimental test programme whereby the
mechanical performance during static loading of
unreinforced, reinforced beams using different groove

! Gary Raftery, Department of Civil and Environmental
Engineering, The University of Auckland, Private Bag 92019,

Auckland 1142, New Zealand. arrangements, artificially fractured and fracture r.epaired
Email: g.raftery@auckland.ac.nz beams are compared. The development of a nonlinear 3-
% Conor Whelan, Civil Engineering, College of Engineering dimensional finite element model, which can accurately
and Informatics, National University of Ireland, University predict the mechanical performance of the reinforced
Road, Galway, Galway, Ireland. beams, is also undertaken. This model can be used to
Email: c.whelanl @nuigalway.ie analyse the geometric arrangement of the routed out
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Informatics, National University of Ireland, Galway,
University Road, Galway, Ireland.

Email: annette.harte@nuigalway.ie

grooves and also to optimise the repair system.
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2 EXPERIMENTAL TESTING
2.1 TEST PROGRAMME

The beam test programme involved the manufacture and
testing of twenty five glued laminated timber beams. The
five beam types, which were examined, included
unreinforced beams, reinforced beams using square
shaped grooves, reinforced beams using circular
grooves, artificially fractured beams and fracture
repaired beams. Five replicates for each beam type were
manufactured using mechanically stress graded spruce
laminations. An unbiased manufacturing approach was
adopted for the lay-up arrangements of the glulam beams
whereby the test programme involved careful staggering
the laminations in the different beam types based on the
mechanical stress grading data. Each of the beams
comprised five laminations giving an overall depth of
190 mm and had a span of 3420 mm. The artificially
fractured beams had a 3 mm saw kerf through the entire
thickness of the bottom lamination at midspan. The
reinforced and fracture repaired beams had two 12 mm
GFRP rods bonded into routed out grooves that were
strategically located in the soffit of the members (Figure
1). A two-part gap filling epoxy adhesive was used for
bonding the GFRP rods in both the reinforced and
fracture repaired beams. Careful surface preparation of
the wood involved vacuum cleaning prior to adhesive
bonding and wiping the FRP rods clean with methylated
spirits. The fracture repaired beams involved placing the
reinforcement into circular shaped grooves only due to
the performance difference achieved between the beams

Table 1: Beam test programme
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reinforced using square shaped grooves and circular
shaped grooves. The beam test programme is
summarised in Table 1.

2.2 BEAM TESTING

The global and local stiffness of all the glulam beams
was initially determined by testing in four point bending
as shown in Figure 2. Testing was carried out at the
facilities in Civil Engineering at the National University
of Ireland, Galway. A linear variable differential
transformer (LVDT), which was positioned in a hanger
and suspended from the neutral axis over a distance of
five times the depth of the beam, was used to measure
the local stiffness. These readings were taken in the zone
of maximum bending moment. A second LVDT which
was inverted on the compression face of the beam, was
used to measure the global stiffness of the beam. The
global deflection corresponded to the deflection at
midspan relative to the supports. The stiffness testing
was carried out at a constant crosshead displacement rate
of 0.57mm/sec [4]. The beams were laterally supported
approximately 300mm outside of the loading heads and
polytetrafluoroethylene (PTFE) strips were used to
reduce the effects of friction to a minimum. The test
configuration shown in Figure 2, was also used for
testing the reinforced, artificially fractured and fracture
repaired beams. After removal of the local stiffness
LVDT and associated hanger, the beams were tested to
failure and all beams failed in a time of 300+£120 seconds
as required by EN408 [4].

Beam Types Repetitions Beam Numbers
Unreinforced 5 1, 8,15, 22, 29
Reinforced using square grooves 5 3,10, 17, 24, 31
Reinforced using circular grooves 5 4,11, 18, 25, 32
Artificially fractured 5 6, 13, 20, 27, 34
Fracture repaired 5 7,14, 21,28, 35
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Figure 1: Arrangements for unreinforced beam, reinforced beam using square grooves and reinforced beam using

circular grooves.

Figure 2: Beam testing arrangement

3 NUMERICAL MODELLING
3.1 MODEL DEVELOPMENT

A 3-dimensional finite element model incorporating
anisotropic plasticity has been developed to predict the
behaviour of the unreinforced and reinforced beams. The
model employs double symmetry and uses 10-noded
second order tetrahedral elements. The geometry of the
model and loading arrangements corresponded with
thetest procedures undertaken during the experimentally
testing (Figure 3). Each lamination was modelled as a
separate entity so that the material characteristics of the
individual laminations could be incorporated in the
model. Perfect connections were assumed to exist at the
adhesively bonded surfaces between both the wood-
wood interfaces and FRP-timber interfaces as no
bondline failures in the glulam beams were observed
during testing. Furthermore, it has been reported that the
epoxy adhesive that was used at the FRP-wood bond
interface has formed strong durable bonds in previous
test programmes undertaken [5]. The model also
includes steel plates at the loading points in order to
avoid stress concentrations at these locations.

32

Figure 3: 3-dimensional model with quarter
beam modelled

The end support of the beam was modelled as a roller
support by restraining the beam from movement in the
vertical direction. Translation of the beam in the
longitudinal direction is permitted as was permitted
during the experimental testing. The models were loaded
by placing a surface pressure load on the steel plates,
which in turn transferred the load to the glulam beam.
The composite rod reinforcement and surrounding epoxy
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are finely meshed with an element edge length of 3 mm
in the reinforced beams which included both the square
and circular grooves. This is because the stress
distribution between the rods, epoxy and timber is of
particular interest. The remaining timber laminates and
the steel plates are meshed with a larger element edge
length of 20 mm. Sections of the fourth and fifth
laminations are meshed with elements having non-linear
anisotropic material properties. These sections between
the loading heads make up the zone of maximum
compression at the top of the beam. The loading
sequence consisted of separate load steps, each, placing
an increasing pressure on the plates which replicated the
testing procedure. A static small displacement analysis
was executed during each load step and the deflection at
midspan and reaction at one of the supports were
recorded.

3.2 MATERIAL CHARACTERISATION

The material properties, which were used in the finite
element model, were determined from known
relationships, published data and secondary test
programmes. A linear elastic, perfectly plastic material
model was employed for the behaviour of the timber
parallel to grain in compression while a linear elastic
material model is employed for timber in tension (Figure

4).
‘ oL

My x

o) [

' o'y

Figure 4: Stress strain behaviour of timber parallel to
grain.

The finite difference method was used to determine a
global modulus of elasticity for each lamination after
local readings at 100 mm intervals were determined from
the mechanical stress grading procedure.

Anisotropic plasticity theory was employed in the model
to include the plastic behaviour of the timber in the top
two laminations in the compression zone. The theory
includes bi-linear behaviour for the timber in the three
orthogonal directions as well as the three shear planes.
Therefore, normal compressive yield stresses are
declared for the longitudinal, f,°, radial, fz," and
tangential, fr, directions as well as yield shear stresses
in the three planes. Tangent moduli, E™ or tangent shear
moduli, G" define the behaviour of the material after
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yielding. The longitudinal yield stress in compression,
fi,”, was determined from a secondary test programme
[6]. A combination of established relationships and
published data were used to determine the remaining
parameters. While considerable variation is associated
with the mechanical properties in wood, the relationship
between the Young’s moduli in the three timber
orientations expressed by Bodig and Jayne [7] in
Equation 1 and the relationship between the three shear
moduli as expressed in Equation 2 were applied to the
timber in the model.

E :Er:Er=20:1.6:1 (1)

GLR:GLT:GRT ~10:94:1 (2)

where, E,Ep,Er are the Young’s moduli in the
longitudinal, radial and tangential directions and

Grr GL1,Grr are the shear moduli in the respective
planes. The relationship between E and Gy as expressed
in Equation 3 [7] was also used.

Er:Gir = 14:1 (3)

Poisson’s ratio values of 0.37, 0.47 and 0.43 for vir, Vir
and wvgr, respectively, were employed in the finite
element model and are given in the literature for Sitka
spruce [8]. The tangent moduli E' and the yield stresses
fy, in the three orthogonal directions and shear planes
that are used in the model are also available in the
literature [9]. The characterisation of the other materials
in the model was simpler than modelling the behaviour
of the timber. The FRP rod is modelled as a linear elastic
orthotropic material with a Young’s modulus of 40.8GPa,
and the epoxy adhesive and steel are treated as linear
elastic isotropic materials.

4 RESULTS

4.1 EXPERIMENTAL TESTING
4.1.1 Load-deflection behaviour

The load-deflection behaviour until failure for the
unreinforced series of beams is shown in Figure 5.

60

40

Load (kN)

20

0
0 25 50 75 100 125 150 175 200

Defection (mmj)

Figure 5: Load-deflection behaviour of unreinforced
beams
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The beams all exhibited linear elastic behaviour until
their point of failure. The beams failed through tensile
failure of the bottom lamination with the majority of
failure cracks emanating from defects in the wood. As
can be seen in Figure 6, non-linear behaviour is
associated with the reinforced beams with square
grooves before failure occurs. Compression buckling
was present in all five of the reinforced beams. All
beams failed through tension failure of the bottom
laminate.

80
60

20

Load (kM)

1]
0 25 S0 TS5 100 123 150 175 200

Deflection (mmj)

Figure 6: Load-deflection behaviour of reinforced beams
(square grooves).

In comparison with the reinforced beams which used
square grooves, the reinforced beams which used
circular grooves experience a significant improvement in
the load carrying capacity as seen in Figure 7. It was
envisaged prior to testing that the circular routing would
create a more favourable stress distribution between the
timber and the reinforcement in comparison to the use of
square grooves. Judging by the load deflection data the
reduction in stress concentrations appears to lead to an
increase in load carrying capacity of the beams. All of
the beams failed through tensile failure at a defect in the
bottom lamination and exhibited large deflections before
failure. In a number of the beams, after the timber in the
bottom tension lamination failed, the reinforcement took
the reduced load. After a period of increasing load and
associated large deflection the beams eventually failed
through pull out failure of the reinforcement.
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Figure 7: Load-deflection behaviour of reinforced beams
(circular grooves).

The load-deflection response of the artificially-fractured
beams is shown in Figure 8. All five beams failed
through tension cracks emanating from the saw kerf. The
beams demonstrated linear elastic behaviour before
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failure and also exhibited lower stiffness as a result of
the saw kerf through the bottom tension lamination.
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Figure 8: Load-deflection behaviour of fractured beams

Figure 9 illustrates the load-deflection behaviour of the
fracture repaired beams. All of the beams demonstrated
non-linear ductile behaviour before failure. The
mechanical performance of the beams is considerably
improved when compared to the artificially fractured
beams. In addition to this, in comparison with the
unreinforced control beams, the beams which included
the reinforcement have not only regained their initial
load carrying capacity but exceeded this. With FRP
material being lightweight and the simple procedure for
the near surface mounted technique, these findings
highlight their potential for use as a retrofitting and
strengthening option.
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175 200
Figure 9: Load-deflection behaviour of repaired beams

4.1.2 Stiffness

The stiffness results for the unreinforced glulam beams
for both global and local testing are shown in Figure 10.
The local bending stiffness (EI) is in the range of 4.7-5
x10"" Nmm? and the global bending stiffness is in the
range 4.9-5.5 x10"' Nmm®. The average local stiffness is
5.164 x10'"' Nmm’ and the average global stiffness is
4.852 x10" Nmm’.
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Figure 10: Stiffness data for unreinforced beams
(Nmm°).

The reinforced beams which used square grooves were
tested twice in stiffness; after glulam beam fabrication
and again after the addition of the 12.7mm diameter
GFRP rods. In their unreinforced state, the beams had a
mean global stiffness of 4.88x10'' Nmm? with a standard
deviation of 0.402x10'"' Nmm? and a mean local stiffness
of 5.24x10" Nmm® with a standard deviation of
0.284x10"" Nmm®. In their reinforced state, the beams
had a mean global stiffness of 5.73x10'" Nmm?® with a
standard deviation of 0.428x10'"' Nmm? and a mean local
stiffness of 5.89x10"' Nmm? with a standard deviation of
0.452x10"" Nmm®. This corresponds to a mean global
stiffness increase of 17.00%, with a 2.08% standard
deviation, and a mean local stiffness increase of 12.40%
with a 3.60% standard deviation. The results for local
stiffness and global stiffness are illustrated in Figure 11
and Figure 12, respectively.
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Figure 11: Local stiffness data for reinforced (square
grooved) beams (Nmn’).
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Figure 12: Global stiffness data for reinforced (square
grooved) beams (Nmnt°).
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The stiffness of the beams, which included
reinforcement placed into circular grooves beams, were
also tested twice, once in their unreinforced state and
then again in their reinforced state. The results in relation
to local stiffness and global stiffness are illustrated in
Figure 13 and Figure 14, respectively. In their
unreinforced state, the beams had a mean global stiffness
of 4.88x10" Nmm® with a standard deviation of
0.402x10"" Nmm® and a mean local stiffness of
5.35x10'' Nmm”® with a standard deviation of 0.753x10"!
Nmm?. In their reinforced state, the beams had a mean
global stiffness of 5.73x10'" Nmm® with a standard
deviation of 0.428x10" Nmm? and a mean local stiffness
of 6.83x10'" Nmm’ with a standard deviation of
0.591x10"" Nmm?. After reinforcement was added, the
mean global stiffness increased by 17.47%, with a 2.09%
standard deviation, and the mean local stiffness
increased by 27.48% with a 9.00% standard deviation.
This shows a marked increase in stiffness with the
addition of the reinforcement in circular grooves in
comparison with the reinforcement being placed in
square grooves.

9E+11
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6EF11 -
SEFLL
4E+11 4
36411 4
26411 -
1E+11 |
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o Local Unreinforced

M Local Reinforced

Figure 13: Local stiffness data for reinforced (circular
grooved) beams (Nmm?).
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Figure 14: Global stiffness data for reinforced (circular
grooved) beams (Nmm?).

The artificially fractured beams were stiffness tested
firstly in their intact unreinforced form and then after the
addition of a 3mm saw kerf through the bottom laminate.
The results are presented in Figure 15 in relation to local
stiffness and in Figure 16 in relation to global stiffness.
In their non-fractured, intact state, the beams had a mean
global stiffness of 5.23x10"' Nmm’ with a standard
deviation of 0.397x10'' Nmm? and a mean local stiffness
of 5.63X10" Nmm’ with a standard deviation of
0.919x10" Nmm?. After the introduction of the artificial
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fracture, the mean global stiffness dropped to 4.53 x10"!
Nmm?® with a standard deviation of 0.44x10"' Nmm? and
the mean local stiffness dropped to 3.464 x10'" Nmm?
with a standard deviation of 0.693 x10'' Nmm?®. This
corresponds to a 13.52% loss in global stiffness with a
6.89% standard deviation and a 38.47% loss in local
stiffness with a 15.76% standard deviation.

JE+LIL

GE+1L

SE+1L

4E+11

SE+1L ® |ocal Unreinforced

W local Fractured
2E+11

1E+11

Beamb Beam 13 Beam 20 Beam 27 Beam 34

Figure 15: Local stiffness data for artificially fractured
beams (Nmnt).
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Figure 16: Global stiffness data for artificially fractured
beams (Nmn).

Results from the stiffness testing of the fracture repaired
beams are presented in Figure 17 in relation to the local
stiffness and in Figure 18 in relation to the global
stiffness. In their unreinforced intact state, the beams
recorded a mean global stiffness of 5.05 x10'" Nmm?
with a standard deviation of 0.444 x10'"' Nmm® and a
mean local stiffness of 5.53 x10'' Nmm? with a standard
deviation of 0.682 x10'"' Nmm®. After the fracture and
repair procedure for the beams, stiffness testing was
undertaken again. The second stiffness test resulted in a
mean global stiffness of 5.81 x10'" Nmm® with a
standard deviation of 0.502 x10'"' Nmm? and a mean
local stiffness of 6.564 x10'"' Nmm® with a standard
deviation of 0.665 x10'"' Nmm®. This corresponds to a
15.21% increase in global stiffness with a 3.88%
standard deviation and an 18.67% increase in local
stiffness with a 4.80% standard deviation.
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Figure 17: Local stiffness data for fracture repaired
beams (Nmnt).
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Figure 18: Global stiffness data for fracture repaired
beams (Nmnt).

4.1.3 Ultimate Moment Capacity

The ultimate moment capacity My, achieved by the
unreinforced and reinforced beam configurations is
given in Table 2. As with the load deflection data, there
is a substantial deviation in ultimate moment capacity
between the use of bonded in rods being placed in square
shaped routed-out grooves and in circular shaped routed-
out grooves. The reinforced beams using square shaped
grooves achieved an average ultimate moment capacity
of 27.35 kNm with the reinforced beams using circular
grooves achieving an average of 32.18 kNm. This
corresponds to a respective 42.83% and 68.00% increase
in ultimate moment capacity compared to the
unreinforced controls. The only major difference in the
manufacture of these reinforced beams was the shape of
the routing head.

The reduction in ultimate moment capacity
resulting from a fracture in the bottom tensile lamination
is demonstrated in Table 3. For the beams, which were
artificially fractured by means of a 3mm saw kerf
through the bottom lamination, an average ultimate
moment capacity of ultimate moment capacity of 8.81
kNm was achieved. This corresponds to a 54.00% loss in
ultimate moment capacity in comparison with the
unreinforced control specimens. The potential for use of
near surface mounted FRP rods in retrofitting and repair
of existing timber structures is demonstrated when
beams that are artificially fractured and subsequently
repaired achieved an average ultimate moment capacity
of 24.69 kNm. This corresponds to a 180% increase in
ultimate moment capacity when compared to the
fractured beams and a 28.89% increase in ultimate
moment capacity when compared to unreinforced control



Auckland New Zealand

w@ i 15-19 July 2012

World Conference on Timber Engineering

beams of phase A. Therefore, not only does the use of
the technology restore the beams to their initial
unreinforced condition but an increase in performance
can be achieved.
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Table 2: Ultimate moment capacity for unreinforced and reinforced beams.

Unreinforced \Y N Reinforced My Reinforced \Y N
(kNm) | (square grooves) (kNm) | (circular grooves) (kNm)
Beam 1 2294 | Beam3 26.59 Beam 4 34.03
Beam 8 19.78 | Beam 10 27.11 Beam 11 32.80
Beam 15 17.45 | Beam 17 29.50 Beam 18 34.09
Beam 22 18.58 | Beam 24 28.15 Beam 25 31.75
Beam 29 17.01 Beam 31 25.42 Beam 32 28.22
Average (kNm) 19.15 | Average (kNm) 27.35 Average (kNm) 32.18
St dev (kNm) 2.38 St dev (kNm) 1.55 St dev (kNm) 2.42
Median (kNm) 18.58 | Median (kNm) 27.11 Median (kNm) 32.80
Increase (%) - Increase (%) 42.83 Increase (%) 68.00
Table 3: Ultimate moment capacity for artificially fractured and fracture repaired beams.
Artificially M. Fracture M.
Fractured (kNm) | Repaired (kNm)
Beam 6 8.15 Beam 7 26.39
Beam 13 6.86 Beam 14 25.11
Beam 20 9.97 Beam 21 27.47
Beam 27 8.41 Beam 28 20.63
Beam 34 10.66 Beam 35 23.83
Average (kNm) 8.81 Average (kNm) 24.69
St dev (kNm) 1.51 St dev (kNm) 2.64
Median (kNm) 8.41 Median (kNm) 25.11
Increase (%) - Increase (%) 180.18
4.2 NUMERICAL MODELLING 807
4.2.1 Load-deflection behaviour -
A non-linear finite element model was developed for the g P
unreinforced, reinforced using square shaped grooves g 40 e
and reinforced with circular shaped groove beam 3
configurations with the material properties of specific 20
experimentally tested beams included in the model. The
models were incrementally loaded up to the peak load 0 ! b i i "

recorded during the testing and the resultant model and
experimental load deflection curves were compared in an
effort to verify the accuracy of the finite element models,
which in turn vindicates the use of the modelling method
for further parametric analyses. The comparison of
experimental and finite element model data is presented
below.

Deflection (mm)

Figure 19: Predicted versus experimental behaviour for
unreinforced beams.

As illustrated in Figure 19, the load-deflection behaviour
predicted by the finite element model is in close
agreement with the experimentally determined load-
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deflection behaviour. As there is no composite
reinforcement material, the loading range is low and
behaviour is entirely linear elastic.

B0

L]
g = Heinloioed
Ew AMSYS
1

20

L]

0.00 2500 50.00 T5.00 100.00 125.00 150.00 175.00 200.00

Deflection (mm)

Figure 20: Predicted versus experimental behaviour for
reinforced beams using square grooves.

The load-deflection behaviour predicted by the finite
element model for the reinforced beams which
incorporated square grooves shows close agreement with
the experimentally determined load-deflection behaviour
as illustrated in Figure 20. The non-linear load-
deflection behaviour of the experimental beam before
failure was also emulated in the finite element model,
proving the finite element model to be accurate past the
linear elastic range. The stiffness predicted by the FE
model is conservative in comparison to the measured
stiffness.

* Relmlaiced
« BNSYS

Load [kN)

1] 5 50 5 100 125 150 175 Faili)
Deftection (mm]

Figure 21: Predicted versus experimental behaviour for
reinforced beams with circular grooves.

Again, the finite element model shows strong agreement
with the experimental load-deflection behaviour of the
reinforced beams which included reinforcement in
circular grooves (Figure 21). The model is again
conservative and emulates the non-linear behaviour of
the beam.

4.2.2 Groove analysis

In the experimental testing, it was found that the
reinforced beams, which used circular grooves, out-
performed the reinforced beams, which used square
grooves, in relation to stiffness and ultimate moment
capacity. With the finite element model validated against
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experimental data, the model can be used to examine the
stress distribution around these different groove types in
an effort to discern whether the experimental
performance was due to geometry or whether the
difference was as a result of difference in the mechanical
properties of the laminations. Two separate models were
developed for this analysis, one incorporating the
geometry with the square grooves and the other with the
geometry of the circular grooves. Apart from the
geometry of the grooves, the beams were identical with
the same material properties being modelled throughout.
The beams were loaded to 40 kN and the stress
distribution around each groove was analysed and
compared against the alternative orientation. A load of
40 kN was chosen as it was considered large enough to
develop substantial stresses throughout the beam. The
results from this analysis illustrated that the beams with
the circular routed groove enabled a more efficient stress
distribution between the reinforcement, the epoxy
adhesive and the timber elements. The more efficient
stress distribution in turn leads to higher utilisation of the
FRP reinforcement. The higher stresses carried by the
reinforcement reduce the stresses carried by the timber
elements, which results in a beam of higher stiffness and
ultimate moment capacity. Therefore, it is adjudged that
the superior experimental performance of the reinforced
beams that used a circular groove in contrast to a
standard square groove was exclusively due to the
geometric differences.

S CONCLUSIONS

The following conclusions were drawn from this study:

e Experimental testing has shown that bonded-in GFRP
rods can be used successfully for the flexural repair of
fractured glued laminated timber elements.

e The results from the experimental testing suggest that
the geometrical arrangement of the routed out grooves is
important and enhancements in the mechanical
performance of the reinforced and fracture repaired
beams can be achieved be reducing the effects of stress
concentrations.

e The stiffness of fractured elements can be restored
with the use of reasonable reinforcement percentages.

e Significant enhancements in the ultimate moment
capacity can be achieved by the repaired beams in
comparison to that achieved by fractured and
unreinforced beams.

e Ductility is introduced when the GFRP rods are
strategically located in the tension zone of the reinforced
and repaired glued laminated timber beams.

e The quality of the adhesively bonded interface is of
utmost importance in order to preserve the integrity of
the repair system.

e A 3-dimensional nonlinear finite element model has
been developed, which can predict with reasonable
accuracy the stiffness of unreinforced and reinforced
beams and the nonlinear behaviour of the reinforced
beams. The model agrees with experimental testing that
the performance of the reinforced beams can be
improved by reducing the stresses by means of the
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orientation of the routed-out grooves in which the
reinforcement is placed. This is a useful tool which can
now be wused for further examination of the
reinforcement and repair system.

e The long term performance of the GFRP rod repair
system in terms of creep and fatigue needs to be
investigated.
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