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Abstract

A short summary of extensive research on joints of glulam structures based on glued-in
ribbed steel rods has been reported. On the basis of research work a calculation method
of structures with these connections has been developed and presented. The main
concern is on ease of manufacturing and construction as well as fire safety.

This paper presents also results of fire resistance tests performed on loaded glulam
beams connected together with the joints based on glued-in ribbed steel rods. The tests
were carried out at VTT Building Technology, Fire Technology. The structure of the
connections was the same in al tests but the thickness of the fire protection and the
wood covering of the steel rods were varied in order to achieve fire resistance classes
R30, R60 and R90. Rock wool (density 140 kg/m®) covered by steel sheet was used as
the fire protection on the bare steel parts of the joint. The test load corresponded 40 %
of the design load at the normal temperature design. The furnace temperature was
controlled according to the standard 1SO 834.

The deflection of the beams began to increase remarkably about ten minutes before the
failure of the joint. Fire resistance classes of R30, R60 and R90 were achieved with
20 mm, 40 mm and 60 mm thick rock wool fire protection and wood coverings of the
steel rods respectively.
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1. Introduction

Fastening method is based on ribbed steel rods, which have been glued at skew angles
into the glulam (V-joint). The rods convey forces effectively in their direction up to the
tensile capacity of the steel. By welding the rods on to steel members, the forces can be
carried forward to next member by the method known in steel structures. This report
presents results of the experimental research carried out in VTT (Technical Research
Centre of Finland) by ramp loading [1] developed design method and comparison of the
test results and the calculated values. The connection is effective to carry bending
moments up to the capacity of glulam and not vulnerable for splitting of wood in the
joint area.

Fire resistance of the connection described above has been studied in the research
project of "Product systems of wood construction - multitechnological development
work / Wooden halls and connection technique of the halls® which is a part of the
internal research programme of VTT. The results of the tests are presented in this report.

The fire resistance requirement of a joint is equal to the requirement of the structures
connected together. If e.g. the fire resistance requirement of a beam and a column is 60
minutes the requirement of the connection is aso R60 (R = loadbearing capacity). The
steel strength decreases at the elevated temperatures and according to EUROCODE 3
[2] this decrease begins at temperature of 400 °C. That is why almost all steel members
have to be fire protected if fire resistanceis required.

Steel members on the surface of a beam can easily be mortised and covered by boards
or other materials for fire protection and for architectural reasons. The other parts of the
connection are invisible and protected inside the glulam. In this study three fire
resistance tests were carried out in order to achieve R30, R60 and R90 fire resistance
classes for afire protected V-joint.



2. Strength experiments in the background

2.1 Tests with one rod

The anchorage strength in the glueline was tested with joints of one rod. The rods with a
diameter (d) of 20 mm were glued both with the epoxy and polyurethane adhesives into
spacious holes drilled in the glulam beams. Their direction angles a with the grain
direction were 30°, 45°, 60° and 90°. The rods were loaded in tension or in
compression, see Figure 1.

T4 o

| 45

Figure 1. Specimen of tensile test serieswith a = 60° /1/.
All adhesives gave equal strength valuesin short term loading in normal indoor climate.

The mean of 96 rods was m{fg} = 6.4 N/mm?® and variation coefficient v{fg} = 0.088,
when the anchorage length was 340 mm (17d) and hole diameter D = 25 mm was used
in calculation. Variation in strength values in different grain and load directions was
small.

2.2 Tests with V-joints

Different V-anchor joints of two or four rods were loaded in centric tension at skew
angles into beam or in shear in the direction of the beam, see Figure 2. The lengths of
the rods were chosen so that the anchorage and tensile capacities were close to each
other. Thickness of the rods was 20 mm or 16 mm. Several combinations of rod
directions were used. The failure with the anchorage length of 25 d, was often caused by
breaking of the steel rods. Tensile strength of the rods was more than 600 N/mm?. Mean



anchorage strength of 32 specimens with anchorage length of 25d was m{fg} = 5.44
N/mm? and variation coefficient v{fg} = 0.076, when the dowel effect was subtracted.

Figure 2. Plans of small joint test serieswith four 16 mmrods /1.

2.3 Tests with moment bearing connections

Four connections of 1.2 m deep beams were tested. The capacities of the timber
members and the joints were designed to be equal. Densities (Picea abies) of all small
and big beams were about 450 kg/m*. Two connections of the beams were symmetric,
see Figure 3. They broke in asimilar way in the tensile joint of the connection: A piece
of timber broke off the beam. Height of this piece was the same as was hold by the
anchoring rods. In two unsymmetric connections only the tensile force was taken by V-
joints, see Figure 4. In the first connection the shear failure of timber member happened
in the mid depth of the beam. In the loading of the second connection two furthermost
rods broke in tension. Calculated stresses of the rods were equal to the material strength.
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Figure 3. A symmetric connection of 1.2 m high beam /1/.
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Figure 4. Spacing of the rods in the connections of 1,2 m high asymmetric beam /1/.

Calculated tensile strength valves for the effective cross section A¢ and calculated
bending strength values for the total cross section coincide with the characteristic
strength values of their density class. Rods seem not to reduce the bending capacity of
the beam in the connection of V-joints, when the direction angle y of the rods in tension
is not more than 40°. Strain gauges were glued on the steel plates, to which the rods
were welded. Relative strains proved with sufficient accuracy that the load is divided
evenly between the rods.



3. Design of the connection

3.1 Anchorage capacity

Mean anchorage strength f, of the rods depends on the effective anchorage length ¢
which is the glued Iength of the rod reduced by 1,5d. Its characteristic value both in
compression and tension and in all grain directions can be given by

fa = 6.5(1-1¢ /100d) [N/mm?]. (1)

Anchorage capacity R,k of the rod is calculated on the outer surface of glued joint,
when the diameter of the drilled holeis D < 1.25d:

Rak = 7D le f ok 2

3.2 Dowel effect

Tensile rods in V-joint can have maximum capacity by anchorage strength and they are
supposed to yield while the rods in compression with steep direction angle (a, = 50° or
Y, < 130°) are not fully utilised. They will then work also as a dowel when the load isin
grain direction and that capacity can be added to the calculated capacity of V-joint. The
load-bearing capacity of dowel in single shear stegl-to-timber joints can be calculated in
accordance with Eurocode 5 [3]:

Ro = 1.5(2M,frd"?, ©)
The fastener yield moment is calculated from the formula My = 0.8f, d*/6, where f,x
is the characteristic tensile strength of the rod. Embedding strength in timber can be
taken as f,= 0.082(1-0,01D) ,
3.3 Modelling of V-joint
Relation of theload F and axial forcesinrods S, and S isillustrated in Figure 5. Design

model is based on the capacity of the tensile rod. In general case the capacity of V-joint
is

Frax = S1SIN()5-pa)/sings (+Ro), (4)

10



Figure. 5. Modelling of V- joint.

where R p is a dowel effect. The capacities of different V-anchors can be summed on
the condition that anchorage length allows yielding of the rods.

3.4 Timber capacity

Effective cross section of the timber member, which is loaded in tension in the
connection is calculated by reducing the width b of the member by the drilled portion:
bs = b - nD, where n is the number of parallel drilled holes in the farthest cross section.
The tensile capacity of the portion of the cross section (bg Ising), which is joined by
rods, shall be calculated for the tensile force N in the joint, see Figure 6.

be | Sinafi >N (5

Bending capacity of the beam will be calculated in the farthest section of the joint. No
reduction of effective cross section is needed when the angle between the rods in
tension and grain direction is a < 40°. Moment bearing connections of gluelam can then
be made without reducing its bending capacity. V- shaped joint is quite rigid. Long rods
have, however, like mechanical joints, some deformation capacity because of yielding
of the rod which is to be seen in Figure 7. This lowers otherwise possible stress

concentrations.
9
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Figure 6. Diagram about the design of moment resisting connections of timber beams
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Figure 7. Load- deformation curves of V-joints loaded in tension perpendicular to the
beam with the angle of 30° between the rods. They are linear up to the yield limit
200 kN of rod material /1/.
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4. Fire resistance tests

The aim of the fire resistance tests was to investigate how to reach fire resistance classes
R30, R60 and R90 for a connection based on glued-in rods with different fire protection
thickness of rock wool and wood. Fire resistance of ajoint depends on the structure and
materials of the joint, fire protection of the joint and loading as well as fire exposure.

4.1 Test specimens

In Figure 8 is shown a connection of atimber column to a concrete foundation of a hall
with the span of 22 m. It was designed for full bending capacity of glulam. The
connection was on the column side similar to the symmetric connection of the test
beams. The test specimens had the same V-joint in their tensile side and hinged contact
joint in compression side. The capacity of the joint was designed and checked by
formulae (1)..(5).

Figure 8. Schema of the moment resisting connection between column and foundation.
See parts are fastened beforehand into the foundation, where the column would be
fixed to.

The speciments were three glued laminated timber beams 450 x 160 mm? and length of
2 500 m with a connection in the middle of the span (see Figure 9). The beams had the
same cross section as designed for the structure in Figure 8. Each beam consisted of two
1250 mm long members connected together with a steel V-joint. The grade of the beams
was L40 which corresponds GL32 of Eurocode 5 [3]. Density of timber beams was
about 440 kg/m® and moisture content 9.7 %.
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The V-joint connector consisted of two steel elements, which were glued into the
glulam and connected together with a muffle in beam 1 or welded in beams 2 and 3. The
elements were partially prefabricated and they consisted of two ribbed steel rods (I 20
mm, AS500HW, | = 595 mm), two screw taps (M20 8.8, | = 182 mm) and a steel plate
(Fe52). The steel rods, which were welded on to the steel plate beforehand were glued
at the angle of 30° into the glulam with epoxy adhesive EA 20. The screw taps were
screwed through the steel plates and glued also with epoxy adhesive EA 20. The steel
elements of the whole connection were made by Anstar Oy and the adhesive was
purchased from Russia.

The fire exposed steel parts of the connection at the bottom of the beam were fire
protected with rock wool PV-PAL (density 140 kg/m®, Paroc Oy) and covered with steel
sheet fixed by nails with elongated holes to allow the dip in the connection. In order to
achieve the required fire resistance class (R30, R60 or R90), thickness of the rock wool
at the bottom edge of the beam was varied as well as the distance of the steel rod from
the vertical edge of the beam. Distance variation was carried out by extra timber which
was glued by RF30 on the beam faces. Information concerning fire protection of the V-
joint are summarised in Table 1 and the detailed drawing of the beam structures and the
connection are shown in Appendix A.

The beams were assembled in the testing hal of VTT Building Technology and

transported after that to the laboratory of Fire Technology where the fire resistance tests
were performed in the model furnace.

14
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Figure 9. The structure of the test specimens in principle and some measuring points of
temperature and deflection.

Table 1. Fire protection of V-joint of the test specimens.

Test specimen Thickness of rock Thickness of timber Test date
wool on the steel covering of the steel
muffle/rod at the rodson thevertical
bottom (mm) faces (mm)
Beam 1 60 (muffle) 62 8.12.1998
Beam 2 20 (rod)* 20 16.12.1998
Beam 3 40 (rod)* 40 18.12.1998

* A muffle was not used in beam 2 and 3; the rods were welded together.
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4.2 Test

The fire resistance tests were performed in the model furnace. The test specimens were
simply supported with a point load of 34.5 kN applied at the middle of the span 2400
mm. The load corresponds 40% of the design load in normal temperature design [3].
The test load of the beams was applied 15 min - 30 min before the commencement of
the test by a hydraulic jack located above the furnace. The resulting deflection was
measured (see Appendix D). The test load was kept constant during the test. Test
arrangements are presented in Figure 10.

The fire exposed area of the beam was about 1500 mm long. Furnace temperature was
raised according to the standard ISO 834 (T =345 1g (8t + 1) + 20 [K], wheret istime
in minutes) [4]. The temperatures of the V-joint and the timber in severa points were
measured using Chromel-Alumel thermocouples of K-Type 2 x 0.5 mm. Furnace gas
temperatures were measured 100 mm from the beam face with 4 Chromel-Alumel
thermocouples of K-type [0 3 mm stainless steel sheathed. The location and numbering
of the thermocouples in the specimens and in the furnace are shown in Figure 9 and
detailed in Appendix B. The deflection of the beams at midspan was also recorded.

A + F load
Qil burners 7\ Furnace . H Beam
e L[/ _
| ! 7
/| Furnace T :
Joint ) 1000 JO| nt
1500 | omt p R N 1300| | . 1700

g etk
| U \ ] 200 350 1500 3501 200

7 4 - I L

1500 ‘j\\— Oil burners K 2400 ’

Figure 10. Test arrangementsin the model furnace.
Temperatures and deformations were measured automatically at intervals of 10 s.

During the test observations were made and photographs taken of the specimens. The
photograph of the test arrangement in the furnace is shown in Figure 11.

16



Figure 11. Furnace test set-up.

4.3 Test results

The fire resistance test of the beam 1 was terminated when the specimen was no longer
capable to carry the load and the test of the beams 2 and 3 some minutes after removal
of the load. Beam 1 collapsed because of failure of the beam outside the joint whereas
beam 2 and beam 3 lost their capacity because failure of the joint. Summary of the main
results; test time, the time when loading was removed and dip of the joint as well as
failure type, are presented in Table 2. The deflection of the beam can be considered to
be caused due to the dlip in the joints and the thermal elongation of the steel parts at the
lower edge. That “dlip” in the chosen fire classis calculated as an upper limit and given
in the table.

17



Table 2. Summary of the resullts.

Beam 1 Beam 2 Beam3
Fire protection of 60 mm/ 62 mm 20 mm/ 20 mm 40 mm/ 40 mm
rock wool / timber
Test time 103 min 55 min 80 min
Loading removed 103 min 52 min 78 min
“Slip” in thejoint <7 mm <2,5mm <4 mm
Type of falure Beam failure Joint failure Joint failure

Measured temperatures of the steel rods are presented in Figure 12. Measuring points 3
and 6 were in the steel rods at the bottom of the beam protected with rock wool whereas
measuring points 4 and 5 as well as points 7 and 8 were in the rods inside the beam.
Measured temperatures of each rod inside the beam are very close to each other whereas
temperatures in different rods of the same beam can diverge strongly. For instance the
temperature difference between the rods was 174 °C, 139 °C and 72 °C in the middle of
the rods and 154 °C, 310°C and 105 °C in the end of the rods, in beams 1, 2 and 3
respectively at the end of the test. The reoson could be that the position of the rods is
not exact the same because of long, drilled holes. Additionally a gap round the rod
allowes some differencein its position.

The maximum temperature of the rod at the time of failure was about 300 °C in beam 1
and beam 2 and 250 °C in beam 3. These temperatures are much higher than the
temperature when the glue is workable. In consequence at the end of the test the glued
steel rods did not act any longer but the forces were conveyed by the screw taps. This
can be seen in Figure 13 and 14. The screw taps have sipped about 10 mm after the
failure of timber.

18
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BEAM 3 (18.12.1998)
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Figure 12. The temperatures of the rods.

Figure 13. The dlip of the steel rod in beam 2 after the test.
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Figure 14. Failure of timber in beam 2 after the test.

Temperatures in the timber measured at the distances of 20 mm (21 mm beam 1), 40
mm (42 mm beam 1) and 60 mm (62 mm beam 1) from the vertical beam faces are
presented in Figure 15. Each curve has a plateau at the temperature of about 100 °C
because of evaporation of moisture. The curves have quite a lot of variation. The
temperature rise of beam 1 and beam 3 in the beginning of the test is slower and the
evaporation plateau is longer than with beam 2. After the temperature of about 100 °C
temperature rise is quite equal, see Figure 15a. These phenomena indicate higher
moisture content of the timber boards in the beam faces than in the beam itself
(moisture content of timber boards was not defined). Some variation can aso result
from the different position of the thermocouples (beam 1) as well as the glue between
the beam and the timber boards (beams 1 and 3).

Charring depth of 20 mm was achieved in time of about 28 min (beam 2), if 300°C is
considered the temperature of charring [3]. Charring rates calculated on the basis of
temperature measurements of 300 °C at the distances of 20 mm and 40 mm from the
vertical beam faces are presented in Table 3.

21
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TEMPERATURE (°C)
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Figure 15. Temperatures measured at the distances of 20 mm, 40 mm and 60 mm from
the vertical beam faces.

Table 3. Charring rates calculated on the basis of temperature measurements of 300 °C
at the distances of 20 mm and 40 mm from the vertical beam faces.

Distance from the beam face

20 mm 40 mm

Time (min) / Charringrate Time (min) / Charringrate

thermocouple (mm/min) thermocouple (mm/min)
Beam 1 41.3/tc13 0.51* 92.0/tcl4 0.46"*

39.2/ tcl7 0.54" 86.8/tc18 0.48"*
Beam 2 28.9/tc13 0.69 - -

27.2/tc16 0.74 - -
Beam 3 47.9/1c13 0.42? 67.2/tcl4 0.60%

33.6/1tcl6 0.60° 67.0/ tc17 0.60°

! Measuring point at the distance of 21 mm or 42 mm.
2 Glue could have some effect on charring rate.

Measured deflections, deflection rates and the time points when deflection rate has
changed are presented in Figure 16. Deflection rate of beams 2 and 3 (joint failure) has
increased considerably after 40 min and 70 min. After thisincreasing of deflection rate
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the beams failed in about 10 minutes. The reason was the exceeding of the dowel
capacity (half of the design load in fire) after the total loss of the anchorage capacity due
to softening of the adhesive. The change of deflection rate in beam 1 is not so rapid. It
failed outside fire protected area.

The criteria of loadbearing capacity according to the test standard 1SO 834-1 (1999)
"Fireresistance tests - Part 1. General requirements” [4] are asfollows

L2
Limiting deflection, D=——[mn] and

400d
2
Limiting rate of deflection,d—D: L [mm/ min],
dt  9000d

where L isthe clear span of the test specimen, in millimetres
d is the distance from the extreme fibre of the design compression zone to
the extreme fibre of the design tensile zone of the structural section, in
millimetres.

The failure of a loadbearing structure is deemed to have occured when both of the
criteria have been exceeded. It is also stated in the standard that the rate of deflection
criteria is not applied until a deflection of L/30 has been exceeded. This cannot be
applied on wood structures which have not an ability to deflect as high e.g. in this case
L/30 = 80 mm. The limiting deflection D = 32 mm and the limiting rate of deflection
dD/dt = 1.4 mm/min seem to be reasonable values when comparing the test results.
Times when the limiting deflection D and the limiting rate of deflection dD/dt were
achieved are presented in Table 4.

Table 4. Times when the limiting deflection D and the limiting rate of deflection dD/dt
were achieved.

Beam 1 Beam 2 Beam 3
D=32 mm 101 min15s 45minl7s 76min10s
dD/dt=1.4 mm/min | 9 min20s 40 min45s 70min25s
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Figure 16. Deflection of the beams.

The main results concerning deflections are presented in Table 5: time when deflection
rate changes, deflection rate and temperatures of the steel rods (thermoccouples 4, 5 and
7, 8) at the corresponding time. When comparing beam 2 and 3 it can be seen that the
first turning point is achieved when the temperature of the steel rods is about 50 °C, the
next point when temperature is between 100 °C - 130 °C and after the temperature of
about 150 °C deflection rate begin to increase rapidly. The temperatures of the steel rods
measured in beam 1 differ from each other considerably; the temperature of one rod is
more than twice as high as the temperature of the other rod. This was the reason for the
different fire behaviour. After the total loss of the anchorage capacity of one steel rod

the other one could still carry load.
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Table 5. Time ('t ) when deflection rate ( dD/dt ) begins to increase, deflection rate and
temperatures ( T = mean value of thermocouples 4 and 5 or thermocouples 7 and 8) of
the steel rods at the corresponding time.

Beam 1 Beam 2 Beam 3
t/ dD/dt Toftc4 Toftc7 t/ dD/dt Toftc4d Toftc7 t/ dD/dt Toftcd | Toftc?

(min/ mm/min) and 5 and 8 (min/ mm/min) and 5 and 8 (min / mm/min) and 5 and 8
60/0.4 45 109 20/05 40 53 40/04 47 50
80/0.6 80 173 33/0.8 100 116 63/0.8 112 130
89/0.9 103 219 40/<5.0 115 148 70/ 15 120 162
98/1.3 125 271 48/ rapid 73/ rapid 127 180

increase increase
101/ rapid 135 290

increase

Photographs of the test specimen and performance of the test are presented in
Appendix E.

The test results relate to the behaviour of the test specimen under the particular
conditions of the test. At other conditions the behaviour of the construction may differ
from the presented test results. However, V-joint connection can achieve fire resistance
classes of R30, R60 and RO, if fire exposed connection is protected with 20 mm, 40
mm and 60 mm thick rock wool (140 kg/m3) and the edge distance of the steel rods of
the connection are 20 mm, 40 mm and 60 mm thick respectively.
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5. Summary

Design method for the connections based on steel rods glued at skew angles into the
glulam (V-joint) is presented. It is effective and reliable means to construct economic
timber structures with high capacity.

Fire resistance of a joint depends on the structure and materials of the joint, fire
protection of the joint and loading as well as the fire exposure. In order to determine the
fire resistance of the connection based on steel rods glued at skew angles into the
glulam three fire resistance tests were performed.

The specimens were glulam beams (h x b = 450 x 160 mm2 and the length of
2 500 mm) which consisted of two glulam members connected together with V-joint in
the middle of the span = 2400 mm. The structure of the joint was the same in all tests
but the thickness of the fire protection and the wood covering of the steel rods at the
vertical faces were varied. Rock wool PV-PAL (density 140 kg/m3, manufactured by
Paroc Oy) covered by steel sheet was used as the fire protection at the bottom of the
beam. The beams were tested simply supported with a point load of 34.5 kN applied at
the mid span. The load corresponds 40 % of the design loading in normal temperature
design. Furnace temperature was raised according to the standard 1SO 834.

One of the beams collapsed because of the failure of the beam and the other two
because of the failure of the joint. On the basis of temperature measurements it can be
noted that at the end of the test the glued steel rods did not act any longer but the forces
were conveyed by the screw taps. The deflection began to increase remarkably about ten
minutes before the failure of the joint. The following fire resistance classes of the V-
joint were achieved with the different thicknesses of fire protection and wood covering:

Fireresistance class R30 R60 R90
Fire protection of rock wool (140 kg/m®) and 20 mm 40 mm 60 mm
the distance of the rods from the vertical face

of the beam.

The test results relate to the behaviour of the test specimen under the particular
conditions of the test. At other conditions e.g. with other dimensions of the joint or the
angle of the rods, under different degree of loading or fire exposure the behaviour of the
construction may differ from the presented test results.
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Appendix A: The drawings of the test specimens

BEAM 1 (8.12.1998)
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Appendix B: Position of temperature and

deflection measurements

BEAM 1 (8.12.1998)
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Extra measurements were performed with steel rods (O 20 mm) glued in wood. The
length of the rods was 330 mm.
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BEAM 2 (16.12.1998)
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BEAM 3(18.12.1998)
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Appendix C: Furnace temperature and
temperatures of the test specimens
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Appendix D: Delections of the test specimens
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Figure 1. Deflection of the beams resulting from the loading before the commencement of
the test.
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Appendix E: Photographs

Figure 1. The connection after gluing the ribbed steel rods into the glulam beam (the
beamis up side down.

El



Figure 2. The hinged contact joint of the beam in the compression side.

Figure 3. Test arrangements in the furnace.
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Figure4. Beam 1 prior the test (8.12.1998).

Figure5. Beam 2 prior thetest (16.12.1998).
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Figure 6. Beam 3 prior thetest (18.12.1998).

Figure 7. Test time 3 min 36 s Beam 2.
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Figure 9. Test time 26 min 46 s Beam 2.

ES



Figure 10. Test time 44 min 20 s Beam 2.

Figure 11. Test time 55 min Beam 2.
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Figure 12. Beam 2 after the test.
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Figure 13. Beam 1 behind and beam 2 in front.



Figure 15. The connection of Beam 2 after removal of the fire protection and the char.
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Figure 17. Failure of wood in Beam 2.
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Figure 19. Barerod in Beam 2.
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Figure 20. The connection of Beam 3 after removal of the fire protection.The steel plate
moved about 10 mm when the failure occured. The type of failure was like in Beam 2.
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