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Abstract

Enhancement of structural behaviour of various construction materials using fibre reinforced plastics (FRP) is an important branch
of engineering research, including the increasing application for structural timber as well. This study deals with the reinforcement
of standard construction formwork timber beams with carbon fibre reinforced plastics (CFRP). Beams with various amount of
reinforcement were prepared using simultaneous formation of lamella and bonding. Laboratory bending tests are carried out and
load-deflection data were measured to experimentally determine the change of load-bearing capacity and stiffness with respect to
non-reinforced reference sample, as well as to assess the structural behaviour. Evaluation of failure modes is carried out on each
specimen. A statistical analysis of the experimental results using t-test is also made. The experiments prove the enhancement of

structural behaviour, especially in terms of the increased load-bearing capacity, the increased ductility in certain cases, the decrease

of the scattering of results, and also in failure modes.
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1 Introduction
Fibre reinforced plastics (FRP) are widely used in struc-
tural engineering in order to enhance mechanical perfor-
mance of structural elements. The application for timber
structures has now a few decades of history and its signif-
icance is growing. Its feasibility has been proven through
various studies, though the complex mechanical behaviour
of wood makes analysis more complicated.
Reinforcement materials are mostly glass fibres (GFRP)
or carbon fibres (CFRP) and the wood material is mostly
solid sawn timber (e.g. [1-3]), glued-laminated beams (e.g.
[4, 5]), or other structural elements. The subject of litera-
ture research includes not only new constructions but also
reinforcement of existing structures, such as old histori-
cal building or bridges to extend service life (e.g. [6—8]).

Reinforcement elements also show large variety; they
include sheets, fabrics, rods, connectors, pultruded ele-
ments, etc. Reinforcement is typically applied in the ten-
sion zone of the structural element, either externally, near
the surface, embedded in notches, etc., see e.g. [7-10]. The
bond is mostly provided by epoxy, which is also subject of
some research.

The major aim of most research is to demonstrate that
reinforcement improves structural performance either in
terms of load-bearing capacity, stiffness, or ductility, etc.
However, in spite of the diversity of research, clear conclu-
sions are difficult to draw for various reasons. The main
problem is that wood is an organic material with large
deviation of material properties. Furthermore, species
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used in different application and geographic locations are
naturally different to such a degree that results of individ-
ual studies are not convertible.

A majority of studies reports certain amount of increase
in capacity, stiffness, and ductility. A full overview is lit-
erature is not intended here, though we mention that the
increase in capacity is usually 20 to 50% [1, 11] or more
[3, 7, 8], the increase of stiffness is typically small [6, 12]
or sometimes higher [2, 7], and the increase of ductility is
generally observed.

Another stream of research deals with numerical (FE)
simulations of reinforced timber structures, see e.g. [1, 3-5,
8,12, 13].

In a previous research carried out by the authors [14]
full scale sawn timber beams made of Norway spruce were
reinforced with CFRP fabric and tested for bending and a
30% average increase of capacity and 16% of stiffness was
obtained, in accordance with projected objectives. The
results are well within the typical range of values obtained
for such cases. As mentioned, the large diversity of wood
species results in a wide range of scattering data, within
which the potential of Norway spruce could be determined
[14]. The results proved that reinforcement with CFRP is
a simple and effective way of enhancement of structural
behaviour.

As mentioned above, FRP reinforcement of timber
structural elements has been used covering a wide range
of applications or structural types, such as enhancement
of the behaviour of solid sawn beams or glulam beams for
new constructions, retrospect reinforcement of old histor-
ical beams of different degree of degradation, etc. A pos-
sible novel application is the reinforcement of structural
beams of formwork systems with the purpose of improving
load-bearing capacity in an effective way. To the best of
our knowledge no research has been published in this field.

In collaboration with Doka, this study deals with stan-
dard factory produced formwork beams, which are par-
ticularly designed to the needs of this application and dif-
fer significantly from ordinary solid beams. The beams
are composite wood structural elements with solid sawn
parts forming the flanges of the I-profile connected with
a special flat compressed particle board as a web [15].
This design results in a relatively high flexural stiffness in
terms of material weight while introducing the potential of
new types of damages or failure modes.

The concept to reinforce formwork beams with FRP
materials in order to improve structural behaviour and to
potentially achieve better and optimized structural design
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is firmly supported by recent and past research regarding
various wood products as mentioned above. Most impor-
tantly, a previous study by the authors [14] has proven that
enhancement of load-bearing capacity, stiffness, and duc-
tility of solid timber beams made of spruce is achievable
at a low cost in terms of applied material, work force and
technology.

The aim of this study is to conduct bending tests on
composite formwork beams reinforced with CFRP in order
to experimentally prove the improvement of load-bearing
capacity and structural behaviour, to analytically and sta-
tistically evaluate measurement data, and to make a pro-
found assessment on the mechanical behaviour of the
complex reinforced system.

2 Experiments

Formwork beams provided by DOKA are uniform design
factory beams with 1800 mm length under codenames
H20 eco P or H20 top P. The beams had I-profile with 200
mm depths. The quality of timber used for the beams were
the same for both types. The flanges were made of solid
sawn spruce with 80 mm width and 40 mm depth while
the web was made of wood particle boards 22 mm thick
joined into the flanges (Figures 1 and 2).

Fig. 1 Formwork beam composed of solid wood flanges and

compressed particle board web [15]
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Fig. 2 Formwork beam cross-section and dimensions [15]
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Some of the beams were tested without reinforcement
both to have generic assessment on the behaviour and to
form a reference. The rest of the specimens were fitted with
a single layer of CFRP strip along the full length of the ten-
sion side. The width of the strip was either equal to that of
the flange or half of it in order to analyse different amount
of reinforcement. The carbon fibre material was a unidirec-
tional fabric with 99% of fibres in longitudinal direction
and 1% in weft. Specific amount of the fabric was approx.
300 g/m?. The embedding matrix was formed with synthetic
two-component epoxy especially developed for reinforcing
fibres provided by Sika [16]. The amount of epoxy used was
approx. 0.5 kg/m?. The application of the glue is straightfor-
ward and perfect bond is formed with both the fibres and
the timber as demonstrated previously by the authors [14].

The bending tests were carried out by a standard MTS
testing device with capacity of 250 kN (Figure 3). The
specimens were simply supported with span of 1600 mm
and the load was applied on the top flange by a single
hydraulic actuator in the middle of the span distributed
over 40 cm distance. During the operation of the testing
device the load is slowly increased while it was digitally
recorded every 0.5 seconds. The deflections at mid-span
were simultaneously measured and recorded by a vid-
eo-extensometer. The loading process was carried on until
failure of the specimens.

The number of beam specimens without reinforcement,
with a full width reinforcement, and half width reinforce-
ment was 7, 11, and 5, respectively, giving a total of 23.

Inspection during and after the test revealed that one
specimen in the group of beams reinforced at full width
was invalid because the connection between the web and
the upper flange was defective and hence unable to carry
load and it led to a localized damage. This specimen was
omitted from the sample since it did not represent valid
measurement.

Fig. 3 MTS testing device with a specimen mounted
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Fig. 6 Load-deflection curves beams reinforced at half width

3 Analysis and results

3.1 Load-bearing capacity

The measurements provided load-deflection data series for
the test specimens. Curves for the different types of rein-
forcement are shown in Figures 4 to 6 with one representa-
tive curve highlighted in red in each. All curves are displayed
together in Figure 7. The diagrams reveal considerable dif-
ferences within the sample prompting a statistical analysis.
The size of the sample is small but a normal distribution can
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Fig. 7 Load-deflection curves of all beams; curves in Figures 4, 5, and

6 are plotted in black, red, and blue, respectively.

Table 1 Mean values, standard deviations, and relative standard
deviations of ultimate loads for sample groups with no reinforcement,
full width reinforcement, and half width reinforcement.

reinforcement mean value standard relative standard
type [N] deviation [N] deviation [%)]
non-reinforced 40333 8192 20.31

full width 48487 3568 7.36

half width 47970 4667 9.73

Table 2 Relative change of mean values, standard deviations, and
relative standard deviations of ultimate loads for sample groups with
full width reinforcement and half width reinforcement with respect to

those of the sample group with no reinforcement.

change with respect to non-reinforced sample

reinforcement standard relative standard
mean value . .

type deviation deviation

full width +20.22% -56.44% -63.76%

half width +18.93% -43.03% -52.09%

be assumed. In such cases the data follow t-distribution (also
known as Student distribution), which is suitable to deter-
mine significant differences between data sets.

The primary aim of this research is to investigate the
potential improvement of load-bearing capacity of the
reinforced timber formwork beams hence the ultimate
load obtained from the measurements were in focus of this
analysis. The mean values, standard deviations and rela-
tive standard deviations of beams with various amount of
reinforcement are shown in Table 1. Relative changes of
both reinforced sample groups with respect to the non-re-
inforced reference groups are shown in Table 2.

The groups also show differences in terms of the min-
imum load-bearing capacity. The minimum values in
the three groups are 29683 N, 44350 N, and 41933 N,
respectively.
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By the evaluation of the load-deflection data it can be
ascertained that

» reinforcement improves load-bearing capacity by a
moderate amount of 19-20%,

» standard deviations and the relative standard devia-
tion of the values decrease significantly,

+ there seems to be no observable difference between
the two reinforced groups with respect to average
capacity as well as minimum capacities,

* the overall performance of full reinforcement is supe-
rior over non-reinforced specimens to a large degree
and over partial reinforcement to a lesser degree.

It is also important to prove whether or not individual
sample groups are significantly different. Since standard
deviation of characteristic properties of organic materials
such as timber is considerable compared to standardized
factory products such as steel and the sample size is not
large, a formal statistical analysis is required.

Experimental measurement data are assumed to follow
normal distribution. The t-distribution (or Student distri-
bution) is a suitable statistical test in such cases to deter-
mine whether two data sets are significantly different.
This test has been applied for all three pairs of sets. The
calculations have formally proven that both reinforced
sample groups are different from the non-reinforced one
with respect to load-bearing, whereas the two reinforced
groups do not differ significantly from each other.

3.2 Ductility and non-linearity

A visual interpretation of the load-deflection curves indi-
cates further differences the ultimate load values alone can-
not capture. The sample group of non-reinforced beams
exhibit several different failure modes within the sam-
ple. Four of the beams failed abruptly at relatively low or
moderate load level without showing observable nonlinear
behaviour, two specimens reached considerably higher ulti-
mate loads with moderate ductile behaviour, and one speci-
men had a medium load-bearing capacity with a long plastic
plateau. The respective maximum deflections of the three
groups differ significantly as is apparent from Figure 4.
Since extensive plastic behaviour is not a design consid-
eration for such formwork systems, it is preferable to take
into account displacements corresponding to the instant of
the maximum load acting instead. The mean value of these
characteristic deflections in this group is 18.62 mm with rel-
ative standard deviation as high as 38.75%. It is clear then,
that even this small sample could demonstrate the signifi-
cant variations the 'pure' non-reinforced beams can show.
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Comparison with the group of beams reinforced at full
width indicates that the reinforcement alters the behaviour
to some degree. Now there was no premature abrupt failure.
Seven specimens in the group failed at an increased ultimate
load after a moderate nonlinear period near or after the limit
point of the curve, while the other three specimens exhibited
elongated plastic plateau without abrupt collapse. The mean
value of the characteristic deflections increased to 23.81 mm
while the relative standard deviation dropped to 5.58%.

The group of beams reinforced at half width also reveals
significant characteristics of the nonlinear behaviour.
Three specimens showed a moderate or considerable
increase of load-bearing capacity but failed abruptly with
little nonlinearity before reaching a projected limit point
based on the trend of the curves, that is not utilizing their
full estimated potential. Two other specimens reached the
limit point of their respective load-deflection curves and
failed then or shortly afterwards. The mean value of the
characteristic deflections also increased with respect to
the non-reinforced group, to 20.43 mm and the relative
standard deviation decreased to 23.54%. The results of the
groups are summarized in Table 3.

Comparison of the curves and the displacements of the
two reinforced groups can reveal differences that are not
apparent through the ultimate loads only. The major dif-
ference is manifested in the vanishing of abrupt collapses
when the reinforcement is applied at full width instead of
half width, that is a better utilization of the load-bearing
potential of timber is achieved. It is a significant change
of the global structural behaviour, which is also expressed
in the significant reduction of standard deviation and in
the increase of the mean value. It means that a sufficient
amount of reinforcement renders the behaviour more pre-
dictable by eliminating premature collapses and enables
more efficient utilization of the timber material.

3.3 Stiffness

Stiffness of the beams can be computed using the mea-
sured load-deflection curves. Elastic stiffness is defined
as the slope of the curve in the linear range, where both
timber and reinforcement follow linearly elastic material
behaviour. The slope is produced by linear regression and
given in units of N/mm. This quantity inherently involves
the unknown moduli of the timber and reinforcement as
well as the geometry of the loading arrangement. Values
are computed for all specimens in the three groups. Table
4 shows the mean value, standard deviation and relative
standard deviation for each group.

Table 3 Mean values, standard deviations, and relative standard
deviations of characteristic deflections for sample groups with no
reinforcement, full width reinforcement, and half width reinforcement.

reinforcement mean value standard relative standard
type [mm] deviation [mm] deviation [%)]
non-reinforced 17.63 7.366 41.78

full width 23.64 1.382 5.84

half width 20.43 4.809 23.54

Table 4 Mean values, standard deviations, and relative standard
deviations of elastic stiffness for sample groups with no reinforcement,
full width reinforcement, and half width reinforcement.

reinforcement  mean value standard deviation relative standard
type [N/mm] [N/mm] deviation [%]
non-reinforced ~ 2945.051 441.511 14.99

full width 3061.774 228.557 7.46

half width 3101.289 167.571 5.40

The mean values in the three groups are similar with a
small increase in favour of the reinforced specimens. The
increment is approx. 4-5 per cent, which is expected as
most researchers report insignificant increase. Moreover,
some studies cite recommendations against using fibre rein-
forcement for enhancing stiffness [17] in light of this.

Statistical analysis on our measurement data has been
carried out in a way similar to that done for load-bear-
ing capacity. The t-test has shown that the three groups
are statistically not different (i.e. all three pairs) even if
higher confidence level is used than the standard. It is also
observed that the standard deviation of results decreases.

3.4 Failure
A visual inspection of the failure modes of all the test spec-
imens can provide further information on the behaviour in
addition to those obtained from the digital data. All fail-
ures were initiated in the timber and none in the CFRP fab-
ric or in the bond between CFRP and timber. This is in
good correspondence with previous results obtained for
solid spruce beams [14]. A characteristic failure mode is
the rupture of the wood for tension in the bottom flange.
This failure occurred in fourteen cases, more than half of
the specimens. In two of these cases the failure was due to
splintering tension while all the rest were initiated at weak
spots of the flange, such as knots or longitudinal joints. It is
well demonstrated by a non-reinforced specimen shown in
Figure 8. Rupture of the flange was immediately followed
by the progressive splitting of the web leading to collapse.
This failure mode is not an exclusive characteristic
of pure beams. The same kind of failure of a beam rein-
forced at full width is shown in Figure 9. Here also the



rupture was initiated near the middle of the span at a knot
in the bottom flange. The opening of the flange again was
followed by the split of the web vertically or near verti-
cally due to tension, and finally leading to ultimate loss of
load-bearing. The measured ultimate load in the case of
the non-reinforced and the reinforced beam were 34867 N
and 51733 N, respectively.

The failure of another four specimens was due to shear-
ing of the web. Figure 10 shows one of these cases with
a diagonal crack through the entire height. Specific visible
cause for the initiation of the crack is not always possible
to observe. After the crack the shearing in the beam typi-
cally gave rise to the detachment of the flanges though the
loading process may automatically shut at the sudden loss
of load-bearing.

Fig. 8 Failure of a non-reinforced specimen initiated by rupture near a

knot in the tension flange

Fig. 9 Failure of a reinforced beam specimen initiated by rupture near a

knot in the tension flange
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Fig. 10 Failure of a reinforced beam specimen due to shearing in the web

Fig. 11 Failure of a beam specimen due to compression in the top flange

The failure of the rest of the beams can be related to the
top flange in various ways. In one case the joint between
the flange and the web failed, in two other cases compres-
sion failure could be observed, which lead to local buck-
ling of the fibres in the top flange, see Figure 11. In one
case longitudinal split appeared in the flange under the
loading instrument. In this latter case visual inspection
revealed that the crack was initiated by the presence of a
knot in that spot at the edge of the load area, which had a
complex spatial stress state.

Relative distribution of failure modes within the groups
provides us with information about the influence of rein-
forcement on mechanical behaviour. The predominant
failure mode among the non-reinforced beams is tension
of the bottom flange, either simple splintering tension or
more commonly initiated at weak spots of the wood such
as knots or joints. Beams reinforced at half width of the
flange exhibit similar statistics, the rupture of the bottom
flange at knots or joints being the most common failure
mode with only one beam suffering damage in the top
flange near a knot.

The behaviour of the beams reinforced at full width
of the flange is mixed. Failures due to rupture of the bot-
tom flange, compression of the top flange, defect of joint
between flange and web, as well as shear splitting of the
web were all observed.

Without reinforcement, vast majority of failure takes
place in the bottom flange, the most intensively stressed
part of the beam. A moderate amount of reinforcement
increases the capacity, though failure mechanisms remain
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similar. Reinforcement on the entire surface of the bot-
tom flange strengthen that zone to such a degree that weak
spots can initiate only a part of the damage while the
majority occurs at other parts previously not playing sig-
nificant roles such as the web or the top flange.

4 Conclusions

In this research, bending testing of timber formwork beams
with and without reinforcement with carbon fibre fab-
ric on the bottom flange was carried out in order to deter-
mine potential improvement of load-bearing capacity and
to analyse the structural behaviour of the complex system.
Major conclusions are as follows.

* A single layer of CFRP fabric applied to the tension
flange of the beam increases load-bearing capacity
by approx. 20% and reduces relative standard devi-
ation by more than half. There is no significant dif-
ference between reinforcement at full width and at
half width of the flange in terms of the mean value of
capacity increment. However, the case of reinforce-
ment at full width gave better values of all statistical
quantities. A significantly larger sample may high-
light the differences.

* Beams without reinforcement and with two differ-
ent amounts of reinforcement have significant dif-
ferences in terms of displacements corresponding to
maximum load. The larger the amount of reinforce-
ment is, the higher the displacement and the smaller
its standard deviation are.

* Failure of the composite beam is typically initiated
in the timber and not in the reinforcement. In the
sample tested in this study there was no occurrence
of failure of the CFRP fabric or the bond.

* In most cases the cause of failure can be identified
as weak spots or defects in the wood material, which
are regarded natural features.

* CFRP reinforcement can effectively control failure
of timber initiated at wood defects, such as knots.
The larger the amount of reinforcement is, the
smaller the probability of a sudden collapse without
considerable ductility becomes. A sufficient amount
of reinforcement renders the behaviour more pre-
dictable by eliminating the premature collapses and
enables more efficient utilization of the timber mate-
rial. Since defects produce large random scattering
in data, the reinforcement also results in the signifi-
cant decrease of standard deviation.

The advantages of enhancement of structural behaviour
through CFRP reinforcement were proven through the
testing. The moderate amount of reinforcement applied
in this study could improve structural behaviour and uti-
lize mechanical potential of timber in a considerable way.
Demonstrating this improvement is useful with regard to
the fact that the compound profiles studied here are com-
posed of different shapes and materials contrary to ordinary
solid sawn timber beams or even glulam beams. Also note
that the complex composition gives rise to various failure
modes as it was observed in the tests. Whether any partic-
ular failure mode proves predominant can be the subject
of further research leading to further product development.

The application of CFRP fabric is easy, requiring no
complicated technological background. Laboratory prepa-
rations were carried out effectively at low cost. Automated
factory production is expected to be run cost-effectively.

The amount of reinforcement used in this study was
not excessive as considerably larger amount can also be
applied, even in multiple layers. The increase of the rein-
forcing material is expected to further improve load-bear-
ing capacity and also stiffness to some extent. However,
note that it has practical limitations since the reinforcement
requires additional material, cost and work force. While
a large amount of reinforcement is undoubtedly reflected
in a significantly enhanced mechanical behaviour, the end
product may not be necessarily competitive against other
solutions. This study has shown that a small amount results
in considerable improvement of capacity indicating the fea-
sibility of this technique. An optimal amount can only be
determined by a more detailed series of measurements and
cost-analysis, which can be a subject of further research.
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