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Abstract

This report presents numerical analyses of dowel connections modeled in
ABAQUS using a rheological model for wood taking into account loading time,
moisture content of wood and the load case. Some experimental tests under con-
stant moisture content have been modeled as well and the numerical results are
in good agreement with the experiments. Variable relative humidity conditions
have been applied to some connections. The results show that the variations of
moisture content in wood can strongly increase the stresses in wood, especially
in the direction perpendicular to the grain. The same connection has been mod-
eled with and without reinforcement based on glued-in rods. It appears that the
presence of glued-in rods affects the stresses around the holes and most of the
tension stresses are converted into compression stresses. A one dowel connec-
tion has been modeled to study the influence of the friction coefficient between
wood and steel on the crack appearance. The results have showed that the higher
the friction coefficient is, the smaller the strains perpendicular to grain are.
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Tiivistelma

Tydssd mallitettiin puurakenteiden liitoksia erilaisissa kosteusolosuhteissa. Ana-
lyysi tehtiin ABAQUS-elementtimenetelméohjelmistolla. Puun materiaali-malli
esitellddn aikaisemmassa julkaisussa, ja sitd on kdytetty tdssd sovellettuna liitos-
ten toiminnan arviointiin. Kosteudella on merkittdva vaikutus puun jénnityksiin
liittimien ympdéristossd. Poikittaisella liimatankovahvistuksella jannityksid voi-
daan tosin pienentdd. Myos liittimen ja puun véliselld kitkalla on huomattava
vaikutus liitoksen mekaaniseen toimintaan.
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1. Introduction

Timber is known to be an excellent building material: it is strong, light, available
all over the world and low-cost compared to some other materials. The natural
orientation of the wood fibres makes timber fit for beam and truss constructions
(Hanhijarvi 1995).

For building purposes, timber elements are connected to each other by different
kinds of connection. The most common connections are dowel joints, nail plates,
nails and screws. In these connections, wood and steel are combined, which
means that a natural material, which deforms with moisture is combined with a
very stiff material. During moisture content changes in wood, the shrinkage
causes relatively high deformations of the timber elements, but the stiffness of
the steel components in the connections makes them extremely rigid and may
cause high stresses around the connections. These induced moisture stresses in
timber can cause cracks and in some extreme cases can cause the collapsing of
the structure.

Some previous studies describe failures which have occurred in timber structures
and investigations are carried out on the reasons of the failures. From reference
(Frithwald et al. 2007), it appears that in the studied failure cases, 23% of them
were due to joint failures, and 57% of them were dowel type connections.

The aim of this study is to understand interactions of moisture variations and
estimate the levels of moisture induced stresses in these kinds of connections,
and particularly in dowel type connections which are used in long span struc-
tures.



2. Background
2.1 Humidity environment: first step

Earlier literature gives plenty of information on moisture content of wood and its
effects on mechanical performance. Moisture transfer and moisture induced
strains and stresses have been the subject of many studies in the last decades,
especially under artificial laboratory relative humidity and temperature condi-
tions. However, only a few studies relate moisture content of wood and its effect
in natural climate conditions.

Ranta-Maunus explains the mechanics of the moisture content in wood caused
by a naturally varying climate (Timber Engineering 2003). He first explains that
in function of the location of a building, the kind of building and its use, wood is
not exposed to the same relative humidity. The mean value as well as the varia-
tion of moisture content of wood thus depend of these factors.

Figure 1 presents the measured relative humidity in two different buildings in
Finland during several years. This shows that in a closed and heated building,
the average relative humidity can be much lower than in an open area. It can be
noticed that the relative humidity is yearly cyclic and that the cycle is different
for different building types.
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Figure 1. Changes in relative humidity and temperature (daily mid-day values)
in a heated room in Espoo (above) and in a sheltered environment in Kirkko-
nummi (below) (Timber Engineering 2003).

Figure 2 presents the average moisture content of a glulam beam in a barn. It
shows similar cycles as the relative humidity. The average moisture content
varies between 14 and 20%. This has consequences on the strength of wood.
Normally the strength is low when the moisture content is high. However, not
only the average moisture content is important, in fact the gradient of moisture
content induces stresses perpendicular to grain (see Figure 3), which can make
the wood split.

Figure 3 shows that the moisture content varies in function of the distance from

the surface: the closer from the surface it is, the more the influence of the sur-
rounding relative humidity is high and fast.
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Figure 2. Mean moisture content in wood (glulam 90 x 100 x 600) versus time in
a barn in Southern Sweden (Asa) (Timber Engineering 2003).
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Figure 3. Calculated moisture history of a lacquered glulam beam under the
relative humidity measured in the Sibelius hall during 224 days (in brown), re-
sults given in depths (0, 10, 20, 45 and 145 mm) from surface of 290 mm thick
glulam (Koponen 2002).
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2.2 Humidity environment: service climate conditions

The use of a building determines most of its climate conditions. It will condition
its relative humidity, temperature and in some cases some aggressions by exter-
nal components as chemicals, dust or mold.

The following factors can be used to classify the climate conditions in a build-
ing: heated, unheated, open, closed, insulated, not insulated, presence of ventila-
tion system, presence of animals (agricultural), presence of water, presence of
chemical vapors, etc. The indoor climate is strongly dependent on these factors.

Kevarinméki et al. have studied the critical factors affecting the load-bearing
capacity and the durability of structures in sports halls with long timber spans
(Kevarinmaki et al. 2000). For this study, they have done a survey of Finnish ice
sport halls and sports halls by interviews with their maintenance personnel,
measurements on site, design studies and, in some cases, by calculations. The
study has showed some design and manufacture errors. It also revealed that in
the studied unheated ice sport halls, the average relative humidity is over
RH90% for more than 5 months during a year (Figure 4). According to
Kevarinmaéki et al., this level of relative humidity clearly decreases the strength
of wood and may lead to other moisture related deterioration such as mold and
rot.

Koponen has studied the performance and long-term durability of timber struc-
tures under temperature and moisture loading (Koponen 2002). His aim was to
control the humidity levels in construction of timber structures and wood prod-
ucts, in order to build high quality wood structures. The measurements of mois-
ture in wood structures have been done by studying the Sibelius hall (Finland)
under service conditions. The measurements of moisture in the “Forest Hall” of
the Sibelius hall show that in a heated room, the relative humidity can be very
low (Figure 5). In this case, during the winter time, the indoor average relative
humidity is around RH15% (in blue Figure 5), while in the same time, the out-
door average relative humidity is around RH85% (in grey Figure 5).

13
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Figure 4. Relative humidity and temperature measured in the Myllypuron ice
sport hall during one year (Kevarinmdki et al. 2000).
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Figure 5. Relative humidity and corresponding moisture content measured in
Sibelius hall (in blue) and in outdoor conditions in Jyvaskyld (in grey) during
one year (Koponen 2002).



When wood is extremely dry as in the Sibelius hall, the risk of cracking on the
wood surface is strongly increased, especially if in addition gradients of mois-
ture content occur between the inner part and the outer part of the timber section.
This gradient causes stresses perpendicular to grain as explained by Ranta-
Maunus (Timber Engineering 2003).

Kivinen has studied the effects of climate conditions, relative humidity, tempera-
ture, carbon dioxide and ammonia emissions in nine dairy barns (Kivinen 2003).
He has found that the ventilation systems have a strong influence on the condi-
tions. As Kevarinmiki et al., he has noticed that the indoor relative humidity was
between RH80% and RH100% for long periods, especially during the winter
time. The high level of humidity seemed to enable mold growth on wall and
ceiling surfaces, but the risk of wood decay was not obvious.

On the basis of the above studies, three main climate conditions can be consid-
ered as representative for most of the service cases:

— heated buildings: exhibition halls ( in blue Figure 5)

— heated buildings or unheated building, presence of moisture: dairy
barns, swimming pools, ice sport hall (in blue Figure 4)

— unheated buildings without insulation: barns, garages (in grey
Figure 5).

Some more categories could be defined in function of the temperature, but since
the temperature effects are considered to be very small compared to the moisture
content effect (Fortino et al. 2008, Toratti 1992), it is not taken into account in
this study.
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2.3 Failures in connections

Frithwald et al. (2007) carried out a review of failures in all kinds of construc-
tions with the aim to provide a good base to learn from failures and design safe
timber structures. According to this study, the main failures that occur in timber
structures are (the two first are the most common):

— Inadequate bracing of structural system

— Inadequate behavior of joints

— Effects of moisture exposure (imposed strains, shrinkage)

— Poor durability performance

— Inadequate performance of material and products

— Inadequate appreciation of loads.
The performance of joints in timber structures is in many cases problematic:
23% of the failures in timber structures occur in connections, 57% of them are
dowel type connections. In most cases, the failures are due to shrinkage effect in

wood or bad design of connections. The other failures are usually due to poor
design of other parts or human errors during construction.

When timber trusses are used for long spans, the consequences of a joint failure
can be high as for this exhibition hall in Jyviskyla (Figure 6). The roof collapsed
just after a public happening, although at the time of failure this happening was
over and nobody was injured. At this time, the amount of snow on the roof was
only 25% of the design snow load. The investigation revealed that one of the
joints failed because only 7 out of 33 dowels were in place.

16



Figure 6. Collapsing of an exhibition hall in Jyviskyld due to missing dowels in
one of the joints (Jyvdiskyld 2003).

17



2.4 Failure mechanisms in connections

There are several failure modes typical for dowel type connections, some of
them are due to wood failure, some due to dowel failure and some due to both
(Eurocode 5 2002). In this study, only wood failures are taken into account (Fig-
ure 7).

—_—

@
@
@
@

——

(a) (b) () (d) (e)

Figure 7. Failure modes for multiple dowel joints loaded in tension parallel to
grain: (a) Embedding failure, (b) Splitting failure, (c) Row-shear-out failure, (d)
Block-shear failure, (e) Tension failure (Eurocode 5 2002).

Some studies have demonstrated that several factors affect the connection capac-
ity and the failure mode (Cointe & Rouger 2005, Hanhijarvi & Kevarinmaiki
2008). The geometry is the first factor, such as the dowel diameter, the thickness
of the connected elements, the distance between dowels and the distance be-
tween dowels and the edges of the connection are of importance (Cointe &
Rouger 2005, Hanhijarvi & Kevarinméki 2008, Eurocode 5 2002). The other
factor which has some importance in the connection capacity is the moisture
content of wood and the variation of moisture. This factor has been recently
taken into account in the Eurocode 5 by adding a correction factor in the connec-
tion calculation in function of the moisture conditions of the connection. But
moisture effects in connections are still not well understood and need to be fur-
ther investigated. This is the aim of the present application.

18



3. Modeling of two dowel type connections

Two joints previously studied experimentally and numerically by Sjodin have
been modeled in this report (Sjodin 2008). Sjodin has studied steel-timber dowel
joints under tensile load in grain direction with the objective to determine how
the short term capacity of these joints is affected by an initial drying exposure.

In the present research work, a tensile test done by Sjédin for both connections
has been reproduced in constant moisture conditions using ABAQUS/Standard
and the 3D rheological model developed in the first part of this study (Mirianon
et al. 2008). The aim was to validate the modeling done with ABAQUS by com-
paring numerical results to experimental data. Then, some different relative hu-
midity conditions have been applied to the simpler joint. The stresses have been
studied in function of the moisture changes in order to understand the perform-
ance under varying relative humidity.

3.1 Description of the analyzed connections

3.1.1 Doweled connection type 1

Figure 8 shows the steel-to-timber joint modeled in this study (type 1).

Wood board 120 120
R T R |
o\ — ! |
45 J-‘
¥ T y I \ \‘ — J T 5
L.R L.« Steel dowel T =1 Steel plate
5 34} ~a e
T y 2F
/] ) 145 2x3d (\D -
Al <
R g / = | .
e
100 200 ., Monitored

area (in grey)

Figure 8. Scheme of the steel-to-timber connection type 1, dimensions in milli-
meters (d = 12 mm).
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Figure 9. Numerical model of the steel-to-timber connection type 1 done with
ABAQUS CAE.

This numerical model (Figure 9) uses a symmetry plan to limit the number of
elements (3940 elements). The simulations use ABAQUS 6.5-3 and are run with
ABAQUS/Standard. The hexagonal 3D elements C3D8T have been used to
mesh the wood part and the hexagonal 3D elements C3D8 have been used to
mesh the steel plate and the dowel. A 0.1 mm gap has been added between parts
in the contact area in order to help the convergence of the calculation. The con-
tacts have been modeled by a hard contact pair with a penalty method in the
tangential direction using a 0.4 penalty factor. It uses a “small sliding” option
and an “adjust slaves nodes in set” option. The rheological model of wood is
implemented in a UMAT subroutine. The moisture flow is implemented in a
DFLUX subroutine.

The distance of 100 mm between the pith and the closest edge of the connection

is used because no information about the pith position is given in the description
of the experimental specimens used by Sjodin.
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3.1.2 Doweled connection type 2

Figure 10 shows the steel-to-timber joint modeled in this study (type 2).
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b 300 L Monitored
area (in grey)

Figure 10. Scheme of the steel-to-timber connection type 2, glulam beam 252 x
70, dimensions in millimeters (d = 12 mm ).

This numerical model (Figure 11) uses a symmetry plan to limit the number of
elements (46 708 elements). The simulations use ABAQUS 6.5-3 and are run
with ABAQUS/Standard. The hexagonal 3D elements C3D8T have been used to
mesh the wood part and the hexagonal 3D elements C3D8 have been used to
mesh the steel plate and dowel. A 0.1 mm gap has been added between parts in
the contact area in order to help the convergence of the calculation. The contacts
have been modeled by a hard contact pair with a penalty method in the tangen-
tial direction using a 0.4 penalty factor. It uses a “small sliding” option and an
“adjust slaves nodes in set” option. The rheological model of wood is imple-
mented in a UMAT subroutine. The moisture flow is implemented in a DFLUX
subroutine.
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— Symmetry plan

Steel plate

Figure 11. Numerical model of the steel-to-timber connection type 2 done with
ABAQUS CAE.
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4. Validation of the modeling: comparison
with experimental results

4.1 Test 1: Connection type 1, short term analysis

This test reproduces the experimentation done by Sjédin (2008). The connection
type 1 has been loaded by a tensile force of 28 kN applied in 1 minute (F =
14 kN). In this experiment, the load was just under the elastic limit of the con-
nection. The moisture content of wood was 12% at the beginning of the calcula-
tion and remained constant. The parameters for Norway spruce have been used
in the analysis (Appendix 1).

Figure 12 shows Sjodin’s results as well as the results obtained from the present
study. Sjodin used a 2D elastic analysis and found a good agreement with his
experimental results. The experimental results have been obtained by using the
ARAMIS-System: a camera measures optically the strains on the wood surface.
The 3D numerical analysis has been done using the 3D model for wood devel-
oped in this study and the results are also in good agreement with the experimen-
tation.

Figure 13 shows a 3D view of the loaded numerical model. It shows that the
strains perpendicular to grain on the studied surface are lower than in the inner
part of the connection. This is probably due to the bending of the dowel.

Note: the same connection has been modeled using shell elements and a “rigid
body” option to model the dowel and the plate. It has been noticed that with this
configuration, the stresses are around 10% higher than the ones measured with
the presented model.

23
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Figure 12. Strains for test 1: a) 2D Calculated results by Sjodin (2008), b) ex-
perimental results by Sjodin (2008), b) 3D Calculated results.
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Figure 13. 3D views of the strains perpendicular to grain: full model (top), lon-
gitudinal cut (bottom).
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4.2 Test 2: Connection type 2, short term analysis

This test reproduces the experimentation done by Sjédin (2008). The connection
type 2 has been loaded by a tensile force of 270 kN applied in one minute (F =
135 kN). In this experiment, this load was also just under the elastic limit of the
connection. The moisture content of wood was 12% at the beginning of the cal-
culation and remained constant. The parameters for Norway spruce have been
used in the analysis (Appendix 1).

Figure 14 shows Sjodin’s results and the results obtained from the present study.
Sjodin used a 2D elastic analysis and found a good agreement with his experi-
mental results. The experimental results have been obtained by using the
ARAMIS-System: a camera measures the strains on the wood surface. The 3D
numerical analysis has been done using the 3D model for wood developed in this
study and the results are also in good agreement with the experimentation.

Figure 15 shows a 3D view of the loaded numerical model. As for the connec-

tion type 1 (Figure 13), it shows that the strains perpendicular to grain on the
studied surface are lower than in the inner part of the connection.

26
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Figure 14. Strains for test 2: a) 2D Calculated results by Sjodin (2008), b) ex-
perimental results by Sjodin (2008), b) 3D Calculated results.
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Figure 15. 3D views of the strains perpendicular to grain: outside view (top),
inside view (bottom).
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5. Effect of moisture changes on a dowel
connection

The connection type 1 has been used here as a first approach to study the effect
of moisture changes in connections.

5.1 Simple drying and wetting cases

Figure 16 shows the load cases applied to connection 1. The initial moisture
content of wood was 12%. The connection has been loaded with a constant 7kN
tensile load (F = 3.5kN) which corresponds to 25% of the experimental elastic
limit of the connection. The connection has been exposed to a one month line-
arly changing relative humidity from RH65% to RH35% for the drying case,
from RH65% to RH95% for the wetting case. The parameters for Norway spruce
have been used in the analysis (Appendix 1).

Load cases

100 4
=z
=
—_ °
X ©
< S
T e
. (77]
30 +-{—Drying - 15
20 +-{—Wetting |- ~

10 +-1—Tensileloadf------------"-"-"-"-"-"-"-"-"-"-"--—-"--—-
0 T T T 0
0 200 400 600 800
Time (h)

Figure 16. Simple load cases of drying (RH65%—RH35%) and wetting (RH65%—
RHY95%) under constant tensile load.
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Figure 17 shows the stress state of the connection after one month. It shows that
the moisture changes increase the stresses values and change their distribution in
the connection.

Figure 18 shows the results obtained for the drying case, the wetting case and a
constant moisture content case. The stresses are given in four points around the
dowel hole in function of the time. The selected points are taken at around 7mm
from the surface of wood to avoid the possible errors due to edge effects.

The dotted lines symbolise the characteristic values given for glulam beams
(GL28c) in Eurocode 5 (see Table 1). They are presented here just for reference
and show that these values can be reached in case of moisture changes.

Table 1. Characteristic values for glulam beams GL28c (Eurocode 5 2002).

Tension strength parallel to grain 16.5 MPa
Tension strength perpendicular to grain 0.4 MPa
Compression strength parallel to grain 24 MPa
Compression strength perpendicular to grain 2.7 MPa
Shear strength 2.7 MPa

In both the drying and the wetting cases, the stresses are strongly increased in
magnitude by the moisture changes. Especially for the stresses perpendicular to
grain, the characteristic values are far exceeded. The stresses parallel to grain are
still below the characteristic value range. The characteristic shear strength (in the
plan longitudinal-vertical) is reached in point 4.
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Figure 18. Calculated stresses in wood in_four nodes around a hole.




5.2 Natural relative humidity conditions: indoor
conditions

Figure 19 shows a natural load case applied to connection 1. The initial moisture
content of wood was 12%. The connection has been loaded with a constant 7 kN
tensile load (F = 3.5 kN) which corresponds to 25% of the experimental elastic
limit of the connection. The connection has been exposed to conditions that have
been measured during one year of relative humidity. This has been measured in
the Sibelius hall (Finland) by Koponen (2002). The start of the test corresponds
to the beginning of July. The parameters for Norway spruce have been used in
the analysis (Appendix 1).

Natural indoor relative humidity conditions

80 4

70

60 -

50 1+ }

40 L
30 W ;

20

10 4 ——RH
—— Tensile load
0 :

0 2000 4000 6000 8000
Time (h)

RH (%)

Tensile load (kN)

Figure 19. Applied natural indoor relative humidity conditions under constant
tensile load.

Figure 20 shows the stress state of the connection at time 5550 hours, which
corresponds to the middle of winter. It shows that the moisture changes increase
the stress values and change their distribution in the connection.
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Figure 21 shows the stresses in four points around the dowel hole in function of
the time. The selected points are taken at around 7 mm from the surface of wood
to avoid the possible errors due to edge effects. The strengths in Figure 21 are
the characteristic values given for glulam beams (GL28c) in the Eurocode 5 (see
Table 1). They are presented here just for reference.

The results show that the stresses are strongly influenced by the moisture
changes. The stresses perpendicular to grain exceed the characteristic values
during all the winter time, which corresponds to the time when the building is
heated. This is the time of the year when the loading is also high due to snow
loads. The stresses parallel to grain are still below the characteristic values
range. The characteristic shear strength (in the plan longitudinal-vertical) is
reached in point 2 and 4 during a part of the winter time. It is important to point
out that these results depend on the used constitutive model (Mirianon et al.
2008).
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Figure 20. Stress state of the connection at time 5550 hours in case of constant moisture content
and natural indoor relative humidity (results in Pa).
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5.3 Conclusions from the analysis

The calculations have shown that the stresses are strongly increased by the mois-
ture changes. On the basis of the used constitutive model (Mirianon et al. 2008),
the stresses perpendicular to grain in many cases exceed the characteristic val-
ues, especially during the winter time, when the building is heated. The shear
stresses also exceed the characteristic values but not as significantly. The
stresses parallel to grain are comparably less significant when compared to char-
acteristic values, at least for this test.

The stress distributions presented here for a natural environment, in particular

the stresses perpendicular to grain in points 2 and 4, could easily cause a split-
ting of the wood and this could lead to further failures.
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6. Modeling of a dowel type connection
with glued-in rods reinforcement

Glued-in rods and screws are sometimes used to reinforce connections in wood
structures. They can prevent from crack propagation by taking a part of the
stresses perpendicular to the grain. The aim of this analysis is to compare the
stress distributions with and without glued-in rods.

6.1 Description of the analyzed connection

Figure 22 shows the steel-to-timber joint (connection type 3) with glued-in rods
reinforcement which is modeled. The rods have a 6 mm diameter. The numerical
model (Figure 23) uses a symmetry plan to limit the number of elements (7208
elements). The simulations use ABAQUS 6.5-3 and are run with
ABAQUS/Standard. The hexagonal 3D elements C3D8T have been used to
mesh the wood part and the hexagonal 3D elements C3D8 have been used to
mesh the steel plate, the dowel and the rods. A 0.1 mm gap has been added be-
tween the dowel and the wood, between the dowel and the steel plate, and be-
tween the steel plate and the wood in order to help the convergence of the calcu-
lation. The contacts have been modeled by a hard contact pair with a penalty
method in the tangential direction using a 0.4 penalty factor. It uses a “small
sliding” option and an ““adjust slaves nodes in set” option. The contact between
rods and wood is modeled by a tie constraint. The rheological model of wood is
implemented in a UMAT subroutine. The moisture flow is implemented in a
DFLUX subroutine. The applied tension load is 3.5 kN. The parameters for
Norway spruce have been used in the analysis (Appendix 1).
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Figure 22. Scheme of the steel-to-timber connection type 1, dimensions in milli-
meters (d = 12 mm, F = 3.5 kN).
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Figure 23. Numerical model of the steel-to-timber connection type 1 done with
ABAQUS CAE.
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6.2 One month drying and wetting analysis

The connection described above (Figures 22 and 23) has been exposed to drying
and wetting conditions (see section 5.1). Figure 24 shows the stresses perpen-
dicular to grain in both drying and wetting conditions with and without glued-in
rods. The results show that the stresses perpendicular to grain are decreased
when the connection is reinforced with glued-in rods, especially around the hole.

Without With
glued-in rods glued-in rods

3, 922 (cS¥s-1)
(Ave. Crit.: 75%)
+6.000e+06

Drying case

-£.000e+06

g, 922 (cs¥s-1)
(Awve. Crit.: 75%)
+6.000e+06

Wetting case

Figure 24. Stresses perpendicular to grain in a 2 dowels connection in drying
and wetting conditions without and with glued-in rods (results in Pa).

44



6.3 Natural relative humidity conditions: outdoor
conditions

Figure 25 shows the moisture load case applied to the connection 3. The initial
moisture content of wood was 12%. The connection has been loaded with a con-
stant 7 kN tensile load (F = 3.5 kN) which corresponds to 25% of the experimen-
tal elastic limit of the connection without glued-in rods. The connection has been
exposed to a measured one year outdoor relative humidity cycle which has been
determined by Koponen (2002). The beginning of the test corresponds to Janu-

ary.

Natural outdoor relative humidity conditions

100 4

RH (%)

Tensile load (kN)

—— Tensile load
30 T

0 2000 4000 6000 8000
Time (h)

Figure 25. Applied natural outdoor relative humidity conditions under constant
tensile load.

Figure 26 shows a 3D view of the stresses perpendicular to grain with and with-
out glued-in rods at 2 different times of the calculation. Time 3230 hours is in
summer time: the moisture content of wood decreases during this period of the
year. Time 8000 hours is in winter time: the moisture content of wood increases
during this period of the year.
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The results show a difference in the stresses in the connection with and without
glued-in rods. Nevertheless, it is not easy to say if the effect is beneficial based
on these pictures.

Without With
glued-in rods = glued-in rods

5, S22 (CcE¥s-1)

(Ave. Crikb.: 73%)
Siissses +0.760e+06
perpendicular
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—£.420=+06
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Stresses
perpendicular
to grain at time
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-7.530e+06

Figure 26. Stresses perpendicular to grain in a 2 dowels connection in outdoor
conditions without and with glued-in rods at time 3230 h and 8000 h (results in
Pa).

Figure 27 shows the stresses perpendicular to grain in 4 points around the hole in
function of the time. The selected points are taken at around 7 mm from the sur-
face of wood to avoid the possible errors due to edge effects.

It appears that, by using the constitutive model previously proposed (Mirianon et
al. 2008), the stresses are changed around the hole in presence of glued-in rods,
especially in points 1, 2 and 4. In point 3 the presence of the glued-in rods seems
not to have any effect on the stresses. An interesting effect is that a big part of
the tension stresses are converted to compression stresses. This is of importance
because the strength in the direction perpendicular to the grain is much higher in
compression than in tension.
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7. Friction effect in a single dowel
connection

Sjodin (2008) studied single dowel connections under tensile loads in grain di-
rection with the objective to determine the effect of friction between the dowel
and the surrounding wood on the load-bearing capacity of the joint. In the pre-
sent study, the tensile test done by Sjodin has been reproduced in constant mois-
ture conditions using ABAQUS/Standard and the 3D rheological model devel-
oped previously in this study.

7.1 Description of the analysed connection

Figure 28 shows single dowel joint modeled. The dowel has a 20 mm diameter.
The simulations use ABAQUS 6.5-3 and are run with ABAQUS/Standard. The
numerical model (Figure 29) uses 9880 elements. The hexagonal 3D elements
C3DS8T have been used to mesh the wood part and the hexagonal 3D elements
C3D8 have been used to mesh the dowel. A 0.1 mm gap has been added between
the dowel and the wood in order to help the convergence of the calculation. The
contacts have been modeled by a hard contact pair with a penalty method in the
tangential direction using a 0.1 and then a 0.4 penalty factor. A “small sliding”
option and an “adjust slaves nodes in set” option are used. The tensile load is
applied as a pressure on the dowel surface. The rheological model of wood is
implemented in a UMAT subroutine. The elastic properties for Scots Pine se-
lected by Sjodin have been used in the analysis (Table 2), the parameters related
to the viscoelasticity and mechanosorption are given in Appendix 1.

Table 2. Elastic properties for Scots Pine (Dinwoodie 1979, Sjodin 2008).

Direction Young’s Shear modulus Poisson’s ratio
modulus (MPa) (MPa) (-)
Radial direction (R) E.=1100 G, =66 Vg = 0.558
Tangential direction (T) E, =570 G, =1160 v, =0.038
Grain direction (L) E =16 300 G, =680 v, =0.015
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Figure 28. Scheme of the connection, dimensions in millimetres (d = 20 mm).

Figure 29. Numerical model of the connection done with ABAQUS CAE, the
tension load is applied as a pressure on the dowel surface.
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Experimental results 2D elastic calculations 3D viscoelastic 3D viscoelastic
(Sjédin 2008): (Sjédin 2008): calculation: calculation:
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Strzin perpendicular
to the arain (%)

+

F=11kN F=11kN F = 11kN F=11kN
Figure 30. Comparison between experimental results obtained by Sjodin (2008)
and numerical result, F = 11 kN, Il is the friction coefficient used for the calcu-
lations.

Figure 30 shows the strains found for a 11 kN tensile load. It first shows the
results obtained by Sjodin (experimentally and by 2D calculation) and the results
obtained by the 3D calculation conducted in the present study. The 3D calcula-
tions are in good agreement with the experimentation. A higher friction coeffi-
cient seems to have a positive effect by decreasing the strains.
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Experimental results 2D elastic calculations 3D viscoelastic 3D viscoelastic
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Figure 31. Comparison between experimental results obtained by Sjodin (2008)
and numerical result, F = 17 kN, Il is the friction coefficient used for the calcu-
lations.

Figure 31 shows the strains found for a 17 kN tensile load. It first shows the
results obtained by Sjodin (experimentally and by 2D calculation) and the results
obtained by the 3D calculation. The 3D calculations are in good agreement with
the experimentation. A higher friction coefficient seems to have a positive effect
also in this case by decreasing the strains.
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8. Conclusions

Earlier experience has shown that connections in general are often involved in
the collapsing of wood structures. It appears that in some of these failure cases,
the changes of moisture content in wood is the main reason of the connection’s
failure. In order to understand the effect of moisture in wood, some dowel con-
nections have been modeled in ABAQUS using a rheological model for wood
taking into account the time, the moisture content of wood and load case. Some
experimental tests under constant moisture content have been modeled numeri-
cally and the numerical results seem to be in good agreement with the experi-
ments. Variable relative humidity conditions have been applied for two dowels
connections. The results have showed that the variations of moisture content in
wood can strongly increase the stresses, especially in the direction perpendicular
to the grain. The same connection has been modeled with glued-in rods. It ap-
pears that the presence of glued-in rods affects the stresses around the holes and
most of the tension stresses are converted into compression stresses. A one
dowel connection has been modeled to study the influence of the friction coeffi-
cient between wood and steel on the crack appearance. The results show that the
higher the friction coefficient is, the smaller the strains perpendicular to grain
are.

This study is a first step in the modeling of connection. The results presented
depend on the proposed constitutive model and can only be used qualitatively at
the current state-of-art. A further experimental and numerical investigation is
needed in order to obtain quantitative results which could be used as a basis for
better design for moisture related actions.
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Appendix 1

Table 1. Material properties used in the analysis.

Propert Value for | Value for
perty Notation Meaning . Unit
number spruce pine
1 r ref 600 900 MPa
Elastic moduli at the refer-
2 E i ) 600 500 MPa
r.ref ence configuration
3 E_ . 12 000 12 000 MPa
4 V., 0.558 0.558 -
5 vV, Poisson’s ratios 0.038 0.038 -
6 vV, 0.015 0.015 -
7 G, o 40 40 MPa
Shear moduli at the refer-
8 G, ., . . 700 700 MPa
rz.ref ence configuration
9 G, 700 700 MPa
Coefficient of moisture
10 a 0.13 0.13 -
wr expansion
11 i 0.27 0.27 -
12 iz 0.005 0.005 -
Density at initial moisture 3
13 450 550 kg/m
Po content 9
14 T, Initial temperature 20 20 °C
15 U, Initial moisture content user user -
16 Pres Reference density 450 550 kg/m’®
17 T ref Reference temperature 20 20 C
Reference moisture con-
18 U,y tont 0.2 0.2 -
19 a Parameter related to the 0.0003 0.0003 mk
! density ' ' g
20 b Parameter related to the 0.007 0.007 1°C
! temperature ' ’
P t lated to th
1 , arameter related to the 26 26 i

moisture content

1/1




Retardation of the viscoe-

22 7 ) 2.4 24 h
lastic element number 1
Viscoelastic compliance of
23 J* element 1 given as a factor 0.085 0.085 -
of the elastic compliance
24 79 24 24 h
25 Jy 0.035 0.035 -
26 2 240 240 h
27 J;¢ 0.07 0.07 -
28 T, 2400 2400 h
29 J): 0.2 0.2 -
Retardation of the mech-
30 7" anosorptive element num- 0.01 0.01 -
ber 1
Compliance of the mech-
31 Jlms’T anosorptive element num- 0.0006 0.0006 | 1/MPa
ber 1 in tangential direction
Mechanosorptive compli-
ance of element 1 in longi-
tudinal direction given as a
32 Jr? udinat cirection gven as a -1 535 0.035 .
factor of the elastic compli-
ance at reference configu-
ration
33 7,° 0.1 0.1 -
34 Jrer 0.0006 0.0006 | 1/MPa
35 Jt 0.49 0.49 -
36 73" 1 1 -
37 Jrr 0.005 0.005 | 1/MPa
38 JIr 0.175 0.175 -
Parameter for the irrecov-
39 m erable part of mech- 0.066 0.066 1/MPa

anosorptive creep

172




Table 2. Diffusion values used in the analysis (derived from Hanhijdrvi 1995

and Sjédin 2006).
. L . L . Longitudinal
Moisture content Radial diffusion Tangential diffusion . . L.
. 2 . 2 diffusion coefficient
of wood [-] coefficient [m’/h] coefficient [m"/h] 2
[m“/h]
0 0.0003888 0.0003888 0.0009
0.05 0.0004751 0.0004751 0.00504
0.055 0.0004841 0.0004841 0.00535
0.07 0.0005137 0.0005137 0.00567
0.085 0.0005461 0.0005461 0.00585
0.09 0.0005572 0.0005572 0.00567
0.135 0.0006690 0.0006690 0.00454
0.18 0.0008026 0.0008026 0.00307
0.23 0.0009690 0.0009690 0.00210
0.28 0.0012029 0.0012029 0.00135
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