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Abstract A comprehensive research project has been carried out at the Swiss
Federal Institute of Technology (ETH) on the fire behaviour of timber-concrete
composite slabs (Frangi and Fontana 2000). The glued laminated timber beams
used for the fire tests were bonded with a one-component polyurethane (1-K-
PUR) adhesive. As one fire test on a slab showed an unexpected shear failure of
a glued laminated timber beam, a series of tests was carried out to study the
shear behaviour of different types of adhesives at high temperatures. The first
part of the paper describes the results of the shear tests at elevated tempera-
tures, in the second part the shear test results are compared to the fire test on a
slab.

Introduction

In recent years one-component polyurethane (1-K-PUR) adhesives have be-
come popular on the European market for the bonding of load-bearing timber
components such as glued laminated timber products, finger-joints and I-
beams. Their main advantages are a colourless glueline, easy application of a
one-component adhesive and fast hardening within one to three hours without
heat application. The 1-K-PUR polyadditive adhesive system hardens with the
moisture present in the wood. As there is little knowledge about the behaviour
of 1-K-PUR adhesives at high temperatures, five different 1-K-PUR adhesives
were tested (Table 1).

Resorcinol-formaldehyde (RF) and phenol-resorcinol-formaldehyde (PRF)
adhesives have been used for decades for bonding load-bearing timber com-
ponents. Fire tests performed in the past with glued laminated timber beams
bonded with RF and PRF adhesives never led to concerns about failure of the
gluelines (Dorn and Egner 1961, 1967; Dreyer 1969). Therefore a reference
series of oven tests was performed with specimens bonded with the resorcinol-
formaldehyde adhesive Kauresin 460. On the other hand, there are indications
that epoxy based adhesives are sensitive to heat (Barber and Buchanan 1994;
Frangi and Fontana 2000), therefore in this study an epoxy adhesive was also
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Table 1 Adhesives tested at high temperatures

Name of adhesive Type of adhesive Company

Kauresin 460, resorcinol-formaldehyde Tirmerleim AG, CH-Basel
Hardener 466

Kauranat 970 1-K-polyurethane Tiirmerleim AG, CH-Basel

Balcotan 107 TR 1-K-polyurethane Forbo-CTU AG, CH-Schénenwerd

Balcotan 60 190 1-K-polyurethane Forbo-CTU AG, CH-Schonenwerd

Purbond HB 110 1-K-polyurethane Collano AG, CH-Sempach-Station

Purbond VN 1033 1-K-polyurethane Collano AG, CH-Sempach-Station

Araldite AW 136 H, epoxy ASTORIt AG, CH-Einsiedeln

Hardener HY 991

tested at high temperatures. However, epoxy based adhesives are not commonly
used for bonding glued laminated timber components, but rather an important
field of application for these adhesives are timber connections and reinforce-
ments with glued-in rods.

Shear tests at elevated temperatures
Test specimens and test arrangement

The experimental tests were carried out within the framework of two diploma
theses at the ETH in Zurich (Miiller 2000; Schmid 2001). The specimens had
dimensions of 112x40x40 mm (Fig. 1 left). They were produced from glued
laminated timber MS 17 according to DIN 4074 with a moisture content of 11—
12%. The wood density varied between 456 and 533 kg/m">.

The shear behaviour of the specimens was experimentally analysed with the
test arrangement shown in Fig. 1 /eft. The loading arrangement was insulated
with mineral wool as shown in Fig. 1 right. An industrial air heater allowed the
required temperature to be kept constant during the loading of the specimen.

The specimens were heated in an oven to the required constant temperature,
transferred as quickly as possible to the heated loading arrangement and finally
loaded, reaching failure after approximately 30-60 s. The temperature was
continuously measured during the heating and loading of the specimen.

Fig. 1 Test arrangement for shear tests at high temperatures
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Fig. 2 Typical failure modes: failure of timber outside the glueline at /eft, failure of the
adhesion between adhesive and timber centre and failure of the cohesion of the adhesive right

Tests results

For each adhesive 74 tests were performed. The temperature ranged between
20° and 170°C. The following different failure modes were observed (Fig. 2):

i. Failure in the glueline by loss of cohesion of the adhesive
ii. Failure of the adhesion between adhesive and timber
iii. Failure of timber outside the glueline

Figure 3 shows the mean values of the shear strength and the percentage of
the failure mode “cohesion” observed for the adhesive Balcotan 107 TR as a
function of temperature. Further, the best linear approximation of the reduc-
tion of the shear strength as a function of the temperature was calculated with
the least squares method.

From Fig. 3 the following remarks can be drawn:

1. A bi-linear curve with break point at about 70°C gives a good approxima-
tion of the reduction of the shear resistance as a function of temperature.

ii. A big loss in shear resistance is observed as a function of temperature up to
about 70°C. The mean residual shear resistance at 70°C is 40% of the shear
resistance at room temperature. A smaller loss in shear resistance was
observed as the temperature increased from 70°C.

iii. The failure mode “cohesion” was never observed at room temperature. On
the other hand, this failure mode was observed with increasing temperature,
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Fig. 3 Mean shear strength and percentage of cohesion failure observed for the adhesive
Balcotan 107 TR as a function of temperature
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Table 2 Temperature range at which a change from failure of the adhesion between adhesive
and timber to failure of cohesion of the adhesive was observed

Kauresin  Kauranat Balcotan  Balcotan Purbond  Purbond Araldite
460 970 107 TR 60 190 HB 110 VN 1033 AW 136 H

>170°C 180-190°C  50-60°C 190-200°C  60-70°C 150-160°C  50-60°C

and for temperatures higher than about 70°C, only ‘“‘cohesion” failure
occurred.

For calculation of fire resistance it is important to know which temperatures
lead to a change from failure of the adhesion between adhesive and timber to
failure of the cohesion of the adhesive. Table 2 gives the observed temperature
range for the different adhesives tested at high temperatures.

It can be seen that the adhesives Kauresin 460, Kauranat 970, Balcotan 60
190 and Purbond VN 1033 showed cohesion failure of the adhesive at tem-
peratures above 150°C. On the other hand, for the adhesives Balcotan 107 TR,
Purbond HB 110 and Araldite AW 136 the cohesion failure of the adhesive was
observed at temperatures of about 50-70°C.

Figure 4 shows the best approximation for the reduction of the shear strength
as a function of temperature for the different adhesives tested at high temper-
atures. Further, Fig. 4 gives the temperature-dependent reduction of the shear
strength of timber calculated from all tests with timber failure alone.

From Fig. 4 the following remarks can be drawn:

i. The shear behaviour of the different one-component polyurethane adhesives
tested at high temperature strongly depends on the composition of the
adhesive. Test results based on one 1-K-PUR adhesive are therefore not valid
for other 1-K-PUR adhesives.

ii. The 1-K-PUR adhesives Kauranat 970 and Balcotan 60 190 showed more or
less the same reduction of shear strength as the reference resorcinol-form-
aldehyde (RF) adhesive Kauresin 460.

iii. The 1-K-PUR adhesives Purbond VN 1033 and HB 110 showed a greater
shear strength reduction compared to the reference resorcinol-formaldehyde
(RF) adhesive Kauresin 460, however the differences were quite small.
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Fig. 4 Reduction of shear strength as a function of temperature for the different adhesives
tested at high temperatures
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iv. The 1-K-PUR adhesive Balcotan 107 TR, as well as the epoxy adhesive
Araldite AW 136, showed shear strength reduction clearly greater than the
other adhesives.

Comparison with fire test on a timber-concrete composite slab

A comprehensive research project was carried out at the ETH on the fire
behaviour of timber-concrete composite slabs (Frangi 2001). The two types of
slabs shown in Fig. 5, along with the two types of connections shown in Fig. 6
were tested during the research project.

In a series of small-scale tests, fire behaviour of the connectors subjected to
tension or shear was experimentally analysed. A series of fire tests on slabs
looked at the global behaviour of timber-concrete composite slabs. All fire tests
were based on ISO-fire exposure and performed at the Swiss Federal Labora-
tories for Materials Testing and Research in Diibendorf. Detailed experimental
results of all tests are described in (Frangi and Fontana 2000). From the slab
tests, two tests were performed with beam-type slabs: one with grooves and
glued dowels and one with screws (Fig. 7).

The beam-type slab with grooves and Hilti dowels showed an unexpected
shear failure of a glued laminated timber beam after 63 min ISO-fire exposure.
The shear failure was located in the glueline. After the fire test it was observed
that due to air turbulence between the beams the timber beams exhibited an
irregular charring (Fig. 8 left). The measured charring rate near the failed
glueline was 1.07 mm/min. Therefore a finite element based calculation model

timber planks timber beam

Fig. 5 Design of timber-concrete composite floors
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Fig. 6 Screwed connection at /eft and grooved connection with glued steel dowels right for
timber-concrete composite floors
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Hilti timber-concrete composite slab
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Fig. 7 Cross-sections of the beam-type slabs: one with grooves and Hilti glued dowels and one
with SFS screws exposed to ISO-fire
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Fig. 8 Cross-section of the timber beam failed after 63 minutes of ISO-fire exposure at left and
modelling of cross-section right

was developed to consider the influence of the different measured charring
depths. For the model, the cross-section was divided into finite elements (Fig. 8
right) with different stiffness and strength properties depending on the measured
temperature O¢).

For calculation of the fire resistance of a timber-concrete composite slab
exposed to ISO-fire, it is necessary to know the shear strength of timber and
bond as a function of temperature. The shear strength of timber at room
temperature was assumed according to full-scale tests by Schickhofer and Pischl
(1999) which were performed with structural glued-laminated timber beams
with sizes used in practice. For reduction of the shear strength of timber as a
function of temperature, two different cases were considered:

1. Linear reduction of the shear strength of timber according to the oven test
results.

ii. Two-linear reduction of the shear strength of timber according to prEN
1995-1-2 (2000).

A shear strength of the bond as a function of temperature was assumed
according to the oven tests. Figure 9 shows the mechanical properties of timber
and bond assumed in the calculation model. The calculation model predicted
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Table 3 Comparison of the measured fire resistance /g s With the fire resistance fr model
calculated with the mechanical properties shown in Fig. 9

Test  frest [min] adhesive + timber linear adhesive + timber two-linear

IR model [mln] IR test / tRJnodel [_] tR,model [mln] IR test / lR,mode] [_]

Hilti 63 68 0.93 66 0.95
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Fig. 9 Shear strength of timber and bond assumed in the calculation model

shear failure of the glueline correctly. Table 3 compares the measured fire
resistance fg st With the fire resistance /g moder calculated with the mechanical
properties shown in Fig. 9. It can be seen that the calculated fire resistance is in
good agreement with the fire test result.

Conclusions

A comprehensive research project was carried out at the ETH on the fire
behaviour of timber-concrete composite slabs. The glued laminated timber
beams used for the fire tests were bonded with a one-component polyurethane
(1-K-PUR) adhesive. After a fire test on a slab showed an unexpected shear
failure of a glued laminated timber beam, a series of oven tests was carried out
to study the shear behaviour of the 1-K-PUR adhesives at high temperatures.

The oven tests were performed with small shear specimens bonded with seven
different adhesives: five types of one-component polyurethane (1-K-PUR)
adhesives, one resorcinol-formaldehyde (RF) adhesive and one epoxy adhesive.
The oven tests clearly showed that the shear behaviour of the different one-
component polyurethane adhesives tested at high temperature strongly depends
on the type of adhesive. Test results based on one particular 1-K-PUR adhesive
are therefore not valid for other 1-K-PUR adhesives. Further, the oven tests
demonstrated that the adhesive used for the slab test is sensitive to heat. A big
loss in shear resistance was observed as a function of temperature up to about
70°C. The mean residual shear resistance at 70°C was only 40% of the shear
resistance at room temperature.
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For fire design of glued laminated elements, it is important to know the loss
of bond strength with increasing temperature and the temperature leading to a
change from failure of the adhesion between adhesive and timber to failure of
the cohesion of the adhesive. RF and PRF as well as most 1-K-PUR adhesives
showed a strength reduction in the range similar to that of spruce and a failure
of the cohesion of the adhesive at temperatures higher than 150°C. On the other
hand, for some 1-K-PUR and epoxy adhesives a failure of the cohesion of
adhesive was observed at temperatures of about 50-60°C.

A structural model was developed for the calculation of the fire resistance of
the timber-concrete composite slabs using 1-K-PUR adhesives. The fire resis-
tance was calculated taking into account the reduced shear strength of timber
and bond at the guidelines from the oven test results. Further, the calculation
model based on finite elements permitted consideration of the influence of
different charring depths measured during the fire test. The calculated fire
resistance was in good agreement with the fire test result.
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