


Figure 5.5: Relationship between CMOD, δ and φ3 (Sandbakk, 2011)

φ1 =
2δm
l

=
2δmax

l + 2x
⇒ δmax =

δm(l + 2x)

l
(5.6)

φ2 =
2δmax

l − 2x
=

2δm(l + 2x)

l(l − 2x)
(5.7)

φ3 = φ1 + φ2 =
4δm
l − 2x

(5.8)

where φj are the crack rotations, δm is the measured de�ection, δmax is the
de�ection at the crack and x is the crack o�set, as seen in �g 5.4. Figure 5.5
shows the relationship between φ3, δ and CMOD. This can be expressed as:

CMOD = (h0 ± 2y)φ3 = 4
h0 ± 2y

l − 2x
δm (5.9)

where h0 is the prescribed height of the beam, ±2y is the deviation from the
prescribed h0 and δm the measured de�ection. By knowing the CMOD the
residual �exural tensile strength can be found by following the procedure for
NS-EN 14651.

36



Specimen Maximum load
at failure Fmax

[kN]

Compressive
strength fck
[N/mm2]

Cylinder 1 314.22 40.82
Cylinder 2 315.91 41.04
Cylinder 3 312.74 40.63
Cylinder 4 323.18 41.98
Cylinder 5 295.79 39.21
Cylinder 6 327.47 42.54
Average 314.89 41.04

Table 5.1: Results from cylinder testing

5.3 Results

5.3.1 Cylinder test

Tests were carried out in the Materials Technology Laboratory at NTNU May
13th 2013, 56 days after casting. The cylinders were tested with a loading rate of
0.5 N/mm2s. Table 5.1 shows the compressive strengths fck and maximum load
at failure Fmax for the six specimens. Average compressive strength is 41.04
N/mm2.

5.3.2 Beam test

Tests were carried out in the Materials Technology Laboratory at NTNU April
24th (for the beam) and May 6th 2013 (for the plates) 37 and 49 days after cast-
ing, respectively. Dimensions of the beam and plates are found in the appendix.

Plots of the �exural tensile stress-CMOD relationship are shown in �gure 5.6 and
5.7. The �exural tensile strength fR,3 at CMOD3 = 2.5 mm is the value of in-
terest to �nd the residual tensile strength fftk,res,2,5. Flexural tensile strengths
at relevant CMODs are shown in table 5.2. It was chosen not to use charac-
teristic �exural tensile strength to calculate the residual tensile strength due
to the big deviation in the test results and the low number of specimens. The
average residual �exural tensile strength fR,3 was found to be 2.13 N/mm2 and
the average residual tensile strength fftk,res,2,5 of 0.789 N/mm2. Average values
are for the plates only.
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Figure 5.6: Tensile stress - CMOD relationship for standard beam

Figure 5.7: Tensile stress - CMOD relationship for plates
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FL ffct,L fR,1 fR,2 fR,3 fftk,res,2,5
Specimen [kN] [N/mm2] [N/mm2] [N/mm2] [N/mm2] [N/mm2]
Beam 1 14.65 5.04 4.21 4.62 4.75 1.758
Plate 1 4.61 7.26 1.57 1.04 0.98 0.362
Plate 2 4.13 6.04 2.64 1.95 1.67 0.618
Plate 3 4.33 7.26 5.08 4.03 3.74 1.385
Average 4.36 6.85 3.10 2.34 2.13 0.789

Table 5.2: Results from beam testing

5.4 Discussion

5.4.1 Cylinder Test

The average compressive strength of the concrete cylinders is 41 N/mm2. This
is higher than the value 30 N/mm2 which is from Eurocode 2 and used in design
calculations. However, this value is conservative. In addition the �bre reinforced
concrete is known to have a higher compressive strength than regular concrete,
as the �bres help increase the compressive strength. There is no pronounced
di�erence between the highest and lowest value obtained from the test.

5.4.2 Beam test

The residual tensile strength fftk,res,2,5 for the standard beam is 1.58 N/mm2,
while the average for the plates is 0.79 N/mm2. However, there are great dif-
ferences between the three plates. Plate 1 and 2 have quite low residual tensile
strengths (0.36 and 0.62 N/mm2) while plate 3 has a residual tensile strength
of 1.39 N/mm2. Ideally the residual tensile strength should be the same inde-
pendent of thickness.

The variation in this case can be caused by di�erent reasons. While the standard
beam is tested according to NS-EN 14561, the plates are tested according to
the Norwegian Sawn Beam Test (NSBT). Because of the notch sawn in NS-
EN 14561 the beam is bound to crack in this section. As there is no notch
in the NSBT, the cracking will occur in the weakest section. This often gives
a higher residual tensile strength when using the NS-EN 14561 test compared
to the NSBT. It can also explain the large deviations between the plates, as
the weakest section varies depending on orientation and spreading of the �bres.
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Another reason for the variance is that the higher the testing beam is, the more
likely is it that the �bres sink to the bottom rather than spread throughout the
section. This gives a higher �bre content in the tensile zone, and thus a higher
tensile strength.

Preferably there should have been several standard beams for testing to give
a more comprehensive result. Unfortunately due to lack of concrete during
casting there was only one made. This gives a poor basis for comparison with
the plates, and it is di�cult to know if the tensile strength from the beam is a
representative value. Nordbrøden and Weydahl (2012) looked at shear capacity
in �bre reinforced concrete beams. They obtained a residual tensile strength
of 4.0 N/mm2 with a �bre content of 80 kg/mm3. It can be assumed that the
residual tensile strength increases proportionally with the amount of �bre by
small amounts. As Nordbrøden and Weydahl describes their value as higher
than expected, the value obtained in this thesis thus is seen as reasonable.
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6 | Results

This chapter presents the results from the shear test, the dynamic impact test
and the de�ection test

6.1 Shear test

The test was carried out May 23rd 2013 at NTNU. Figure 6.1 shows the shear
force-slip relationship of the two specimens tested. Specimen 1 was unloaded at
a higher load than specimen 2 because the estimated maximum load was �rst
assumed to be 80 kN. This was adjusted when testing specimen 2. The slip
modulus k is in this case the slip modulus for the SLS (the same as kser de�ned
by Ceccotti). As all testing was done within SLS no slip modulus was determined
for the ULS. The results from the shear test indicates a ductile behaviour for
the shear connector. Figure 6.1 shows a sti� connection until approximately 20
kN where the connection starts to yield and with a more gradual slope reaches
the ultimate load of 53 kN. The deformations are quite big, with a 9 mm slip
at ultimate load.

The shear force-slip plots are used to �nd the sti�ness of the shear connector,
based on the elastic regions of the curves. This sti�ness is further used in
the thesis to explain the behaviour of the timber-concrete composite beam.
Table 6.1 presents the sti�ness, ultimate load and the slip at ultimate load for
the 2 specimens.

Specimen Slip mod-
ulus k
[kN/mm]

Ultimate
load Fmax

[kN]

Max slip
u [mm]

1 191.88 52.85 9.67
2 239.87 52.83 8.98
Average 215.87 52.84 9.33

Table 6.1: Results from shear test; slip moduli and shear strength
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Figure 6.1: Results from shear test

6.2 Dynamic impact test

Tests were carried out at NTNU May 6th 2013. The �rst �ve mode shapes
and frequencies are taken into consideration. Table 6.2 shows the mode shapes
found in LabVIEW and a description of the modes.

Table 6.3 shows the natural frequencies f and damping ratios found from the
impact test. Test 1,2 and 3 refers in this case to the three di�erent placements
of the accelerometer during the impact testing. Test 1 is with the accelerometer
placed underneath Beam N, test 2 is with the accelerometer placed underneath
Beam S, while test 3 is with the accelerometer placed in the concrete span. For
mode 3 there are two frequencies listed in the table. This is due to LabVIEW
�nding two frequencies with a similar mode shape. For test 3 only mode 1, 3
and 5 were recorded, meaning there are no vibrations within the concrete deck.

The test showed an average frequency of 11.98 Hz in the �rst mode and an
average damping of 0.858%. It was experienced some di�culties of estimating
the damping ratios through LabVIEW, with di�erent damping ratios depending
on the approach.
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Mode
number

LabVIEW Description

Mode 1 1st bending mode,
symmetrical bending

Mode 2 1st bending mode,
asymmetrical bending

Mode 3 2nd bending mode,
symmetrical bending

Mode 4 2nd bending mode,
asymmetrical bending

Mode 5 3rd symmetrical bend-
ing

Table 6.2: Identi�ed mode shapes
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Mode Test 1 Test 2 Test 3
number f [Hz] Damping

[%]
f [Hz] Damping

[%]
f [Hz] Damping

[%]
Mode 1 12.413 0.831 12.127 0.854 11.397 0.970
Mode 2 15.683 0.898 15.364 0.883 -

29.242 0.849 29.027 1.028
Mode 3 34.670 0.507 34.976 0.687 33.435 0.578
Mode 4 41.886 0.989 41.043 0.950 -
Mode 5 50.951 0.591 50.735 0.742 50.855 0.895

Table 6.3: Frequencies and damping ratios of the �ve �rst modes

De�ection [mm]
Load case Beam N Beam S Concrete span

1 0.2359 0.2433 -
2 0.3309 0.147 -
3 0.2455 0.2541 0.021

Table 6.4: De�ection at 1 kN load

6.3 De�ection test

The test was carried out at NTNUMay 15th 2013. Table 6.4 shows the de�ection
of the beam at the three load cases from section 4.5. The de�ection of the
concrete span in load case 3 is the net de�ection. The test showed a de�ection
of about 0.24 mm under a 1 kN load, with beam S having some larger de�ections
than beam N. The de�ection of the concrete span was 0.021 mm.
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7 | Evaluation and comparison of
experimental and numerical
results

In this chapter, the results from the dynamic impact test, the de�ection test and
the shear test are evaluated and compared with the results from the analysis done
ABAQUS.

7.1 Shear strength and slip modulus

The type of shear connector used in this thesis was chosen based on previous
research done on similar connections. Both Lukaszewska (2009), Bathon and
Bletz (2006) and Clouston et al. (2005) all got a high slip moduli, high ultimate
load and small relative slip using a glued-in continuous steel mesh as shear
connector. Compared to them, the connector used in this thesis shows a quite
di�erent behaviour. Table 7.1 presents the results from this thesis together
with those of Lukaszewska (2009), Bathon and Bletz (2006) and Clouston et al.
(2005).

Research Slip mod-
ulus k
[kN/mm]

Ultimate load
Fmax [kN]

Max slip u
[mm]

Shear test 215.87 52.84 9.33
Lukaszewska (2009) 483.8 81.2 4.0
Clouston et al. (2005) 415.46 111.62 1.44
Bathon and Bletz (2006) 415 90 1.4

Table 7.1: Comparison of shear test results. Bathon and Bletz's results are only
approximate
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Figure 7.1: The failure mode of the shear connector

Lukaszewska, Bathon and Graf, and Clouston et al. all characterized the failure
mode as brittle. As seen in table 7.1 the slip moduli is approximately double
of the slip moduli obtained from this thesis. The same applies for the ultimate
load. The deformations are also much smaller for the comparing tests. Fig 7.1
shows the failure of the test specimen. The steel mesh has yielded and then
teared at the line of the concrete. An important thing to notice is that the slot
is not entirely �lled with epoxy glue. The gap between the glue and the concrete
is at places up to 15 mm, leaving a big part of the steel mesh exposed. This
is assumed to be the reason for the ductile behaviour. After a certain point
during loading, the steel mesh will collapse sideways and is then only subjected
to tensile forces. The steel strands will tear when the tensile forces get too high.
This coincides well with the shear force-slip relationship shown in �gure 6.1.

Precision while gluing is therefore essential for obtaining a high sti�ness of the
tested shear connector. However, also other issues could improve its behavior.
The mesh was oriented so that the long way of the mesh was turned vertically.
Estimates showed the mesh would have about three times as high capacity if
the long way of the mesh was turned horizontally. In the case of a small gap
this would not be signi�cant. Only a small part of the mesh would be exposed,
and the forces would come as shear in the steel strands. With a gap as big as
the one discovered in the shear test, the forces will create bending in the mesh
at top and bottom which leads to the collapse. In this case the horizontally
oriented mesh resists much bigger forces. Also, the concrete elements were cast
so the rough surfaces were facing down towards the glulam joists. Irregularities
on the surface caused for some elements a bigger gap between the concrete and
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the glulam. At last it can be discussed if the steel mesh and the �bre reinforced
concrete is a good combination. The events of cracking during the construction
of the composite beam could be due to the �bres not being able to penetrate
the mesh.

The FE model was used to estimate the sti�ness of the shear material used as
the connector in the full-scale model. By decreasing the modulus of elasticity in
the shear material to 10000 N/mm2 it was possible to obtain the same sti�ness
as found through the shear tests. This value was used for the other numerical
models. Numerical analysis showed the failure was most likely to occur in the
steel mesh close to the concrete which proved to correct. However, the FE model
for the shear test is not good for estimating behaviour, as the shear material is
modelled as a plate instead of a grid.

7.2 Dynamic behaviour

According to Eurocode 5 a �oor with a natural frequency less than 8 Hz requires
special investigation. Through the tests described in section 4.4 the average
natural frequency of the �rst mode is 11.98 Hz. The composite beam is thus
regarded as above the critical area for uncomfortable vibrations. The vibration
criteria stated by Hu and Chui (2004) and found in eq. 4.1 is also ful�lled. This
is shown by inserting the natural frequency and the average de�ection for load
case 1 from table 6.4. The dimensioning value when designing the beam was
13.94 Hz, i.e. a little over what was found from the hammer impact test.

There is a discussion whether damping found through simple tests have any
relevancy to a full-size �oor. Several studies have concluded that furnishing
and non-structural components in�uence the damping ratio more than the con-
struction itself (Lukaszewska, 2009). There is also a general lack of trust in
measurement methods (Labonnote et al., 2012). Also in this thesis the estima-
tion of damping ratios was found di�cult.

Labonnote et al. (2012) did a series of experiments to determine the frequency
and damping ratio of timber beams with di�erent spans and orientation. The
glulam beams used in the research had a cross-section of 88 x 404 mm2, approx-
imately equal to the glulam joists in this thesis. A tendency found was that for
the higher modes and shorter spans the damping ratio was larger. This, how-
ever, was more apparent for facewise oriented beams. Also, Labonnote et al.
(2012) states that the dependence of the damping ratio on the mode number
decreases with an increasing span. E.g., the damping ratios presented in this
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thesis did not show such dependency. Looking at the modes with symmetrical
bending only (mode 1, 3 and 5), there is a decrease in the average damping
ratio from 0.86% to 0.64% between mode 1 and 3. Between mode 3 and 5 the
average damping ratio increases to 0.73%.

As a comparison Lukaszewska (2009) tested two full-scale timber-concrete com-
posite beams with di�erent shear connectors for dynamic properties. The beams
were 4.8 m. The natural frequencies for the �rst mode were 18.5 and 18.9 Hz,
while they for the second mode were 24.8 and 25.0 Hz. The damping ratios were
7.3% and 7.1% for mode 1 and 6.7% and 7.5% for mode 2. Lukaszewska does
not describe the mode shapes so it is di�cult to compare the values, but it is
reasonable to assume that at least the �rst mode is the same for both tests.

Deam et al. (2008) tested �ve di�erent timber-concrete composite beams for
frequency and damping. The span of the beams were 6 m. The frequency
varied from 17.1-19.3 Hz, while the damping varied from 1.3-2.3%. Only the
�rst mode was evaluated.

Comparing these results can only be done indicatively as the natural frequency
is a function of mass, sti�ness and length of the span. Equation 4.2 shows that
with a higher mass and longer span the frequency will decrease. This coincides
well if these results are compared with the frequencies of the composite beam
tested in this thesis. With a longer span, the frequency is lower than those found
by Lukaszewska and Deam et al. It may be questioned whether the damping
ratios from Lukaszewska are reasonable, as they are quite high compared to
the damping ratios obtained both in this thesis and by Deam et al. Compared
to the damping ratios found by Deam et al. (2008) the values found through
testing seem reasonable. They are a little lower, but according to Labonnote
et al. (2012) the damping ratio will increase with shorter spans.

To verify the results from the hammer impact test a dynamic analysis was done
in ABAQUS. Table 7.2 shows the mode shapes found through the numerical
analysis and identi�ed as the same mode shapes as in table 6.2. In �gure 7.2b
the frequencies from the experimental part are compared with those found from
ABAQUS. �Numerical� are the values found from using the same sti�ness as
determined through the experimental tests. �Numerical FCA� are the frequen-
cies found when using an �in�nite� sti�ness, i.e. full composite action. The
frequencies from ABAQUS coincide well with those from the impact test. For
the �rst mode there is a discrepancy of 2.2% between the empirically determined
and modelled frequency, where ABAQUS estimates the frequency to 11.72 Hz.
The numerical model with full composite action shows an increase in frequency
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Mode
number

ABAQUS Description

Mode 1 1st bend-
ing mode,
symmetrical
bending

Mode 2 1st bending
mode, asym-
metrical
bending

Mode 3 2nd bend-
ing mode,
symmetrical
bending

Mode 4 2nd bending
mode, asym-
metrical
bending

Mode 5 3rd symmet-
rical bending

Table 7.2: Mode shapes from ABAQUS
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(a)

(b)

Figure 7.2: Comparison of the empirically determined and modelled frequencies
(a), and comparison of the modelled frequencies for FCA and PCA (b)

mainly in the modes with asymetrical bending. It was discussed if this could
be due to the torsional sti�ness in the connection being more a�ected by the
increase in sti�ness than the bending sti�ness.

For the second mode there were two frequencies from the testing that could be
identi�ed as belonging to that mode. Both di�ers from the numerical frequency
of 18.65 Hz. It was not discovered what caused this. Doing an analysis with
di�erent slip moduli in the two glulam joists showed an increase in the frequency
in the second mode, but does not explain the two similar mode shapes.
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(a) (b)

(c)

Figure 7.3: De�ections during load case 1 (a), load case 2 (b) and load case 3
(c). �Numerical� refers to the analysis done with a sti�ness equal to the one
found from the shear test, while �Numerical FCA� refers to the analysis done
with an in�nite sti�ness.

7.3 De�ection and bending sti�ness

The de�ections found in section 6.3 are helpful to �nd the e�ective bending
sti�ness and the grade of composite action of the composite beam. In �gure 7.3
the de�ections from the test are compared to those found through numerical
analysis in ABAQUS. As seen the empirically determined de�ections are similar
to those from ABAQUS. For the numerical analysis done with full composite
action the de�ections are about 16% lower.

The biggest discrepancy between the empirically determined and the numerical
values is found in load case 2. ABAQUS estimates a larger de�ection for the
glulam joist where the load is applied (Beam N) and a smaller de�ection on the
opposite joist (Beam S). The concrete material in ABAQUS does not contain
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any form of reinforcement, therefore the �bre reinforced concrete is most likely
transferring the de�ections better than what the concrete does in the numerical
analysis.

Also for the de�ection in the concrete span there are some discrepancy. In the
de�ection test it was recorded a net de�ection of 0.021 mm while it from the
numerical analysis was found a net de�ection of 0.016 mm. This is probably
due to the fact that the FE model is not modelled with en epoxy layer between
the concrete elements, but a rigid connection. If comparing to the theoretical
de�ection of a single simply supported concrete element, the de�ection is 0.026
mm. This means the de�ection from the test places itself in between, which is
reasonable.

However, it has to be emphasized that the de�ections found in this test are very
small, and that the di�erences found may as well be caused from inaccuracies
in measuring devices or the FE model.

From the de�ections in load case 1 it was possible to calculate the e�ective
bending sti�ness and composite action of the timber-concrete composite beam.
Using equation 3.1 it was found a composite action of 61%. This was compared
to the theoretical composite action using the sti�ness derived from the shear
test and Eurocode 5 Annex B, which gave 68% composite action. Both values
are lower than anticipated, primarily due to the low slip modulus of the shear
connector. It must be still be pointed out that a composite action of over 60%
is not bad, and several other type of connectors are less strong (Lukaszewska,
2009).

7.4 Expansion to a full-size �oor

A FE model of a full-size �oor (8x6 m) was analyzed to see if there was any
pronounced di�erences in frequencies between the two models. One analysis
was done with the same sti�ness as the one found through the shear test, and
one with full composite action. Only the �rst mode was examined. Figure 7.4
shows the mode shape of the �oor. ABAQUS estimated the frequency to 12.92
Hz for the �oor with the original sti�ness, and 14.86 Hz for the �oor with full
composite action. In both cases this was an increase in frequency, from 11.72 Hz
and 11.99 Hz, respectively. This coincides with the statement from Deam et al.
(2008) that the frequency will increase when several units are coupled together.
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Figure 7.4: First mode of the full-size �oor FE model
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8 | Conclusions and future research

This chapter presents the conclusions drawn form the work of this thesis, as well
as suggestions for further work

8.1 Conclusions

The aim for this thesis was to look at timber-concrete composite structures in
�oors. A system with concrete elements instead of a continuous concrete slab
was developed. The steel mesh chosen as a shear connector was similar to some
used in previous studies, which had proved to be sti� and achieve almost full
composite action. By looking at the dynamic performance of a timber-concrete
composite beam the goal was to say something about the area of application of
this type of structures.

The shear connector proved to be sti�, though not as sti� as the similar connec-
tions. The connector showed large deformations before reaching the ultimate
load. This was mostly due to insu�cient gluing, but could partly have been
avoided by turning the direction of the steel mesh. It can also be questioned if
a steel mesh shear connector and �bre reinforced concrete was a good combi-
nation. During the work with the concrete elements it was discovered that the
�bres did not spread well through the steel mesh. If deciding to use the steel
mesh in �bre reinforced concrete special attention and care should be paid to
this area.

Both the �bre reinforced concrete and the epoxy glue performed satisfying ac-
cording to their expectations. The concrete elements tested had a very varying
residual tensile strength, but the average value was within the capacity of the
ULS design load. The epoxy glue proved very strong in the shear tests. However
the gluing between the concrete elements were not tested in any speci�c way.

The hammer impact test determined the frequency of the �rst mode as 11.98 Hz,
above the critical area for �oor vibrations. Numerical analysis with ABAQUS
gave accurate estimates. It was also shown that increasing the composite ac-
tion would not increase the frequency of the �rst mode in any pronounced way.
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Looking at the de�ections for 1 kN load the e�ective bending sti�ness and the
e�ciency of the composite beam was computed. Comparing with the numerical
analysis, the experimental values gave very similar results. The ABAQUS so-
lution for full composite action showed that the de�ections could be decreased
with around 16%. The ABAQUS model was deemed adequate for estimating the
performance of the timber-concrete composite beam. Expanding the ABAQUS
model to a full �oor gave higher values for the frequency in the �rst mode.

In general the timber-concrete composite beam showed a satisfactory behaviour
in terms of vibration and sti�ness. Some modi�cations should be done on the
shear connector, and further research is needed. The concept used in this the-
sis proved to be quite applicable. The assembling of the composite beam went
smoothly, and the concrete elements were relatively manageable to move. Pre-
cision is needed in the creation of the concrete elements though, as the shear
connectors have to be placed equally in every element. Also, the use of epoxy
glue requires a fast and unproblematic assembly, and the costs are quite high.
There has to be en evaluation whether increased composite action is worth the
extra costs and e�ort if this speci�c �oor is to be developed.

8.2 Future research

This thesis has only touched down on some subjects concerning timber-concrete
composite �oors. To fully understand the behaviour of a timber-concrete com-
posite �oor, several subjects have to be investigated.

All tests done on the full-scale beam, as well as numerical analyses and analytical
calculations, assumed a simply supported beam. In a �oor construction this is
not realistic, and it should be investigated how the rotational sti�ness at the
supports a�ects frequency and damping.

Another important issues not followed up in this thesis is the long-term e�ects
of the �oor. Timber is especially prone to creep as an e�ect of long-term loading
and relative humidity, and it is relevant to look at the time-dependent behaviour
of composite beams when it comes to de�ections.

As mentioned above, the performance of the concrete elements was not examined
further. If the concept of concrete elements should be elaborated this must be
done, i.e. with a comparison to the alternative with a continous concrete slab.
It is also necessary to �nd a way to connect the concrete elements to each other
in the transverse direction.
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APPENDIX





Appendix A

Calculations of composite beam, EC5 Annex B

Example Method A

Concrete
Width b1 = 600 mm
Height h1 = 50 mm
Area A1 = 30000 mm2

Moment of inertia I1 = 6.25e6 mm4

Modulus of elasticity E1 = 30000 N/mm
2

Density ρ1 = 2400 kg/m
3

Glulam
Width b2 = 90 mm
Height h2 = 450 mm
Area A2 = 40500 mm2

Moment of inertia I1 = 6.83e8 mm4

Modulus of elasticity E2 = 13000 N/mm
2

Density ρ2 = 470 kg/m
3
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Load
Self weight per m G = 9.81 ∗ (A1ρ1 +A2ρ2)/10003 kN/m = 0.865 kN/m
Design load q = 2.4 kN/m
Total load SLS QSLS = 3.27 kN/m
Design moment M = 26.1 kNm
Design shear force V = 26.1 kN

Shear sti�ness ULS k = 415 kN/mm
Spacing s = 500mm
Shear coe�cients γ1 = [1 + π2E1A1/(kl

2))]−1 = 0.845
' γ2 = 1.0

a a = h1/2 + h2/2 = 250 mm
a2 a2 = γ1E1A1(h1 + h2)/[2(γ1E1A1 + γ2E2A2)] = 153.4 mm
a1 a1 = a− a2 = 96.6 mm

E�cient bending sti�ness (EI)ef = E1I1 + γ1E1A1a
2
1 + E2I2 + γ2E2A2a

2
2

′ = 2.93e13 N/mm
2

Stresses
Normal stresses concrete σ1 = γ1E1a1M/(EI)ef = 3.4 MPa
' σm,1 = 0.5E1h1M/(EI)ef = 1.0 MPa
Compression strength concrete σc,1 = σ1 + σm,1 = 4.5 MPa < fcd OK
Tensile strength concrete σt,1 = σm,1 − σ1 = −2.4 MPa < fctd,0,05 OK

Normal stresses glulam σ2 = γ2E2a1M/(EI)ef = 2.5 MPa
' σm,2 = 0.5E2h2M/(EI)ef = 3.7 MPa
Combined bending and tension criteria σ2/(khft0d) + σm,2/(khfmd)
′ = 0.37 < 1.0 OK

Maximum shear stress τ2,max = 0.5E2h
2
2V/(EI)ef = 0.83 MPa < fvd OK
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Appendix B

Translation to sti�ness parameters for a transversely

isotropic material

The following procedure is taken from Daniel and Ishai (2006), and show the
derivation of the sti�ness parameters used in ABAQUS. The material parame-
ters used for glulam CE l40C:

Ex Ey νxz νxz νxy Gzy

13000 410 0.6 0.6 0.6 760

The sti�ness parameters are related to stress and strains through the following
relationship:

[σ] = [C][ε]

where [C] is the matrix containing the sti�ness parameters. For a transversely
isotropic material the matrix looks like this:

M =


C11 C12 C12 0 0 0
C12 C22 C23 0 0 0
C12 C23 C22 0 0 0
0 0 0 (C22 − C23)/2 0 0
0 0 0 0 C55 0
0 0 0 0 0 C55


where the sti�nesses are related to the engineering constants in the following
way:
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C11 =
1− ν23ν32
E2E3∆

C22 =
1− ν13ν31
E1E3∆

C12 =
ν21 + ν31ν23
E2E3∆

=
ν12 + ν13ν32
E1E3∆

C23 =
ν32 + ν12ν31
E2E3∆

=
ν23 + ν21ν13
E1E2∆

C55 = Gxy

The answers are obtained from the following MATLAB script:

Ex=13000;

Ey=410;

Ez=Ey;

vxz=0.6;

vxy=0.6;

vzy=0.6;

Gxz=760;

Gxy=Gxz;

vyx=Ey*vxy/Ex

vzx=Ez*vxz/Ex

vyz=Ey*vzy/Ez

Delta=[1 -vzx -vyx; -vxz 1 -vyz; -vxy -vzy 1];

d=1/(Ex*Ez*Ey)*det(Delta);

C11=(1-vzy*vyz)/(Ez*Ey*d);

C22=(1-vxy*vyx)/(Ex*Ey*d);

C12=(vxz+vxy*vyz)/(Ex*Ey*d);

C13 = C12;
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C33 = C22;

C23=(vzy+vzx*vxy)/(Ex*Ez*d);

C44=(C22-C23)/2;

C55=Gxy;

C66 = C55;

C=[C11 C12 C13 0 0 0;

C12 C22 C23 0 0 0;

C13 C23 C33 0 0 0;

0 0 0 C44 0 0;

0 0 0 0 C66 0;

0 0 0 0 0 C55]

C =

1.0e+04 *

1.3782 0.0652 0.0652 0 0 0

0.0652 0.0671 0.0415 0 0 0

0.0652 0.0415 0.0671 0 0 0

0 0 0 0.0128 0 0

0 0 0 0 0.0760 0

0 0 0 0 0 0.0760
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The values used in ABAQUS:

D1111 13782
D1122 652
D2222 671
D1133 652
D2233 415
D3333 671
D1212 760
D1313 760
D2323 128

67



Appendix C

Density of the �bre reinforced concrete and results

from the beam test

Density of concrete

Specimen Dry weight [g] Volume [cm3] Density ρ [kg/m3]
Cylinder 1 3940.9 1525.6 2583.2
Cylinder 2 3942.0 1540.1 2559.6
Cylinder 3 3952.9 1534.9 2575.4
Cylinder 4 3941.3 1537.1 2564.1
Cylinder 5 3982.5 1540.6 2585.0
Cylinder 6 3996.7 1557.9 2565.4
Average 3959.4 1539.4 2572.1

Results from beam test

Beam 1:
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Plate 1:

Plate 2:
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Plate 3:
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Appendix D

Results from numerical analyses

ABAQUS refers to the analyses done with the shear sti�ness obtained in the
shear test, ABAQUS FCA refers to the analyses done with an �in�nite� sti�ness.

Frequency analysis

All values in Hz.

De�ection analysis

All values in mm.
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