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Abstract Keywords:

In this paper, numerical modelling of the traditional carpentry Timber structures;
connection with mortise and tenon is presented. Numerical modelling Carpentry connections;
is focused on its stiffness and the results are compared to results of Joint stiffness;
experimental tests carried out by (Feio, 2005) [6]. To consider soft Normal contact stiffness.

behaviour of wood in carpentry connections, which are related to its
surface roughness and geometrical accuracy of the contact surfaces,
the characteristics of the normal contact stiffness, determined
experimentally, are introduced in the numerical model. Parametric
study by means of numerical modelling with regard to the sensitivity of
connection stiffness to contact stiffness is presented. Based on
the study results, in conclusion there are presented relevant
differences between the results of numerical modelling and
experimental tests (Feio, 2005) [6].

1. Introduction

The common attribute of carpentry connections is the contact interface between two or more
timber members. Additional fixation elements like steel straps or stirrups can be present in carpentry
connection, which can increase the performance of connection, secure stability of member position or
it can also improve the distribution of forces. Considering the non-rigid, thus the elastic load-
deformation behavior of carpentry connection, the wood zone near the contact and the contact
interface between wood members arise as the subject of interest in terms of structural behavior of
carpentry connection. This part of the connection directly relates with distribution of acting forces and
their transmission from one timber member to another.

Current standard for design of timber structures, Eurocode 5 [1] provides general rules and
recommendations for the analysis and verification of structural response regarding the serviceability
and the ultimate limit state. The effect of deformations of the connections shall be taken into account
for the calculation of internal forces in the structure or in part of it. According to standard [1]
“The influence of deformations in the connections should be taken into account through their stiffness
(rotational or translational for instance) or through prescribed slip values as a function of the load level
in the connection”. The forces and the moments between the members determined by the global
structural analysis shall be used to verify the load-carrying capacity of the connections.
The deformation of the connection shall be compatible with that assumed in the global analysis.

Carpentry connections do not behave as rotationally rigid, but neither as a perfect hinges [2],
[3], [4]- The necessity to introduce in models beside the rotational stiffness also the axial stiffness was
presented by [5]. Numerical modelling presented by [6] has shown that the analysis with assumption
of an infinite stiffness of the contact interface between wood members of carpentry connection results
in too stiff response. In order to analyze the stiffness of carpentry joint and the sensitivity of calculated
results to stiffness of the contact interface, a parametric study by means of numerical modelling was
done and the results are presented in the article.

2. Numerical modelling

The analysis is focused on the joint stiffness calculation using the experimental data evaluated
during the experimental investigation presented in [7]. In the following analysis a mortise and tenon
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joint tested by (Feio) [6] is presented. Geometry of the carpentry joint is adopted from [6] and [7] and it
is described in Fig. 1.

The position of the LVDT transducer (linear variable differential transformers) used for
measuring of the vertical displacement was in the third of the brace length. Displacements of carpentry
joint calculated in the numerical model correspond to vertical displacements of the points P, and P,
located on the sides of brace and rafter as shown in Fig. 1.

The FEA software package ANSYS [9] have been used for analysis. Numerical model
description including the position of points P; and P, is shown in Fig. 2. Only one half of the geometry
is modelled due to the joint symmetry. Steel plates are 20 mm thick and they are constrained in all
directions at the bottom side. Two solid wood members are modelled using the SOLID186 and
SOLID 187 finite elements. The load is applied as pressure on the top surface of the brace member.
Thﬁe elasltic support in horizontal direction is modelled according to [6] with the stiffness equal to
10" N.m™.

The orthotropic elastic material model is adopted to define of the wood material behavior.
Mechanical orthotropic are applied for wood members considering their local coordinate systems as
presented in Fig. 2. In order to compare the wood specimens tested by [6] with different data sources
of wood species Castanea sativa (Mill.) (Chestnut wood) and to adopt the missing shear modulus for
RT-plane, a search for mechanical properties has been performed and the wood properties are
presented in Table 1. The mechanical properties adopted in the numerical model are presented in
Table 2.

Specimen orientation:
H - Horizontal direction
V - Vertical direction

Rafter

150

L 410 166 |, 425 L
1 1 7 7

Fig. 1: Carpentry joint, assembly of wood members and their dimensions in mm.




Stavebné a Environmentalne Inzinierstvo Vol. 11, Issue 2/2015, 121-135

zZ

Contact
Brace - Rafter

P2

Contact
Steel plate - Brace

Support -
steel plate

Fig. 2: Finite element model visualisation.

Table 1: Mechanical properties of Chestnut wood, Castanea sativa (Mill.).

Mechanical Reference
property [6] [15] [16] [(171°

E. (MPa) 8500 13000 12400 10000
Er (MPa) 800 @ 1400 ? 670 2
Er (MPa) 800 1400 ¥ 6702
URr (-) 0.31

UrT ( - ) 0.71

ULt ( - ) 0.31
Gir (MPa) 1500 & 810 % 1240 620
Ggrt (M Pa) 65

Gir (MPa) 1500 & 810 % 1240 ° 620 @
Om (kg.m?) 581 540 583 580

a) the same value is adopted for radial and tangential direction
b) averaged value is presented
¢) strength class D24 is presented
E — modulus of elasticity, u — Poisson’s ratio, G — shear modulus, p,,— mean
density, L — longitudinal, R — radial, T — tangential.
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Table 2: Numerical model, mechanical properties of wood.

E, Ex 8500 MPa
Er Ey 800 MPa
Er E; 800 MPa
ULR Uxy 0.31 (-)
UrT Uyz 0.71 (-)
Ut Uxz 0.31 (-)
Grr Gxy 1500 MPa
Grt Gyvz 65 MPa
Gt Gyxz 1500 MPa
(see denotations in Table 1)

3. Contact modelling

The connections between the wood-to-wood surfaces and the wood-to-steel plate’s surfaces
are considered as contact interfaces. The values of the normal contact stiffness adopted for
the contact interface in the numerical models were determined experimentally [7]. These
characteristics were determined from the compression tests on small wood specimens made of
the Spruce wood (Picea Abies Karst.). The characteristics of the contact stiffness are presented in
Table 3. The surface-to-surface contact elements CONTA174 and TARGE170 [9] are used for
modelling of the contact interfaces. The pure penalty method is used to define the contact, thus the
interpenetration of contact surfaces occurs, what represents the displacements in contact zone.
The relationship between two contact surfaces is established by contact “spring”. The spring stiffness
is called the contact stiffness. Formulation of the contact model is presented in Fig. 3 and defined by
equation:

F, =k.A,, 1)

where: F, — normal force (force unit), or normal pressure (force unit/length unitz),
A, — penetration in direction normal to the surface (length unit),
k, — normal contact stiffness (force/length) or (force unit/length unit3).

The contact interface is modelled as frictionless. The contact stiffness has a unit of
Force/Length® for three-dimensional problem, which expresses the relationship between the normal
contact pressure and penetration in direction normal to surface.

Preliminary calculations and models have been developed to determine the normal contact
stiffness characterizing the “rigid” contact behaviour. Wood specimens tested during the experimental
investigation [7] have been modelled in this analysis. The normal contact stiffness equal to
1.5.10° N.mm™ was applied for the “rigid“ contact behaviour. Difference between displacements of
nodes on the steel plate and the wood specimen is 0.006 mm when the value of the normal contact
stiffness equal to 1.5.10* N.mm™ was used.
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Fig. 3: Numerical modelling, model of contact.
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Table 3: Contact stiffness, results of experimental investigation [7].

Specimen group B D
Load to the grain arallel erpendicular
orientation p perp
Contact steel - wood contact CoV steel - wood contact CoV
Contact stiffness Key | 114.69 | N.mm® | 23.7 | Kc, | 2.038 | Nmm® | 19.6

Modulus of elasticity in

. E.o| 14038 | N.mm? | 12.9 | E.o | 410 N.mm? | 35.0
compression ’ ’

Compression strength feo 34.77 MPa 9.2 | feo0 | 2.361 MPa 5.8
Moisture content w 11.8 % 3.4 w 12.1 % 2.6
Density (mean value at

P12 424 kgm® | 35 | p1, | 405 kgm® | 3.9

w=12%)

4. Parametric study

The parametric study has been performed to analyse the sensitivity of the joint stiffness on
the contact interface stiffness behaviour. Description of the models and parameters of the study are
presented in Table 4. In order to consider different surfaces acting in the connection and their
contribution to the carpentry joint stiffness, three different types of models have been developed with
index numbers 1, 2 and 3. In the 1% model, only the partial surfaces designated in Fig. 4 as “1a” and
“2” are taken into account, while the 2" model includes, in addition to the 1% one, also the partial
surfaces “1b” and "3”, and finally the 3™ model includes, in addition to the 1% and 2™ one, also
the partial surfaces “1c’and “4”. The values of the contact stiffness for parallel and perpendicular to
the grain direction were determined experimentally and adopted in the numerical models (K¢|, Kcy,
Table 3). Three different groups of models considering different contact stiffness are also calculated
and denoted as R, L and H. The first group R represents the models with “rigid” contact interface with
the stiffness equal to 1.5-10* N-mm?, as was already explained. The second group L are the models
with elastic behaviour of the contact interface and the contact stiffness for intermediate angles of
the surface normal and the grain direction (0° — 90°) is calculated using linear interpolation between
the stiffness for parallel and perpendicular direction. The third group H is like the group L, but
the contact stiffness for intermediate angles of the surface normal and the grain direction (0° — 90°) is
calculated using the Hankinson’s formula:

KC KC,OKC,QO

= : : (2)
' KgoSin® a+Kg go COS* a

Table 4: Parametric study, description of models and parameters.

FEM model R1 R2 R3
1a, 2 1a, 1b, 2, 3 1a, 1b, 1c,
Contact surfaces
2,3,4
Contact behaviour Rigid, Contact stiffness = 1.5.10* N.mm™
FEM model L1 L2 L3
1a, 2 1a, 1b, 2, 3 1a, 1b, 1c,
Contact surfaces
2,3, 4
Contact behaviour Elastic, Linear interpolation
FEM model H1 H2 H3
1a, 2 1a, 1b, 2, 3 1a, 1b, 1c,
Contact surfaces
2,3, 4
Contact behaviour Elastic, Hankinson’s formula
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Fig. 4: Surfaces numbers in contact interface.

The relationships between the contact stiffness and the load-to-grain angle are shown in Fig. 5.
The values of the contact stiffness calculated for particular contact surface are presented in Table 5.
The contact zone stiffness corresponding to the brace surfaces and the rafter surfaces is used for

calculation of the normal contact stiffness inputted in the numerical model for particular contact
interface by equation:

K _ KC,a,BraceKC,a,Rafter 3)
Contact,a — K K :
C,a,Brace + C,a,Rafter
125 T T :
K e«+++ Exp. (Hankinson's formula)
cl B
. Exp. (Linear)
100 0 ~J
E : \\
E :
z "
S’ .
w .
ol RN
2] ‘.. \
25 - AN
0 .."“"lioocnccncnucc..o.acnh KcJ_
0 15 30 45 60 75 90

Load-grain angle (°)
Fig. 5: Relationship between the contact zone stiffness and the load-grain angle.
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Table 5: Parametric study — contact zone stiffness for contacts, Kcontact.a-

=T Surface No. la 1b 1c 2 3 4 5
m 'é o () Brace 450 45.0 45.0 45.0 90 45 90
Rafter 20 20 20 70 25 70 90
- Calculation Kca (N.mm?)
:. expression Brace 58.36 58.36 5836 5836 2.04 5836 2.04
::— Linear Rafter 89.65 89.65 89.65 27.07 83.40 27.07 2.04
- interpolation Contact 35.35 35.35 3535 18.49 199 1849 1.02
- Calculation Kea  (N.mm?)
i— expression Brace 400 4.00 4.00 4.00 2.04 4.00 2.04
i— Hankinson Rafter 15.36 15.36 15.36 2.30 1055 230 2.04
t formula Contact 3.18 318 3.18 146 171 146 1.02

The results of parametric study by means of numerical modelling are presented in Table 6 and
Fig. 6 including their comparison to experimental results adopted from [6]. The comparison of the joint
stiffness calculated from numerical models to the stiffness obtained experimentally [6] is presented
in Fig. 7.

Table 6: Parametric study — the results of joint stiffness (measuring position P1).

Experimental (kN.mm™) 30
Feio, 2005
FEM model R1 R2 R3
Joint stiffness (kN.mm'l) 86.10 93.47 108.96
Ratio: R1/R2, R3/ R2 (%) 92.1 100.0 116.6
Ratio: R / Exp. (%) 287.0 311.6 363.2
FEM model L1 L2 L3
Joint stiffness (kN.mm'l) 37.29 40.99 45.55
Ratio: L1 /L2, L3 /L2 (%) 91.0 100.0 111.1
Ratio: L / Exp. (%) 124.3 136.6 151.8
FEM model H1 H2 H3
Joint stiffness (kN.mm'l) 9.86 11.92 15.02
Ratio: H1 / H2, H3 / H2 (%) 82.7 100.0 126.0
Ratio: H / Exp. (%) 32.9 39.7 50.1

Comparing the results it may be seen that the stiffness calculated for the “rigid” contact interface
is approximately three times higher than the experimental joint stiffness. The joint stiffness calculated
using the linear interpolation is approximately 1.4-times higher than the experimental stiffness.
The results calculated using the Hankinson’s formula are only 40% of the experimental value.
The effect of different contact surfaces (Fig. 6, Fig. 7) acting in connection (index numbers of models)
is considerable; however, it is very low in comparison with the influence of the contact stiffness.

A comparison of the load-displacement curves calculated from particular numerical model for
positions P1 and P2 are presented in Fig. 6. As explained before, the position P1 is located on
the brace member and position P2 on the rafter member. Displacements of point P2 are caused by
the displacements in the contact between the rafter and the steel plate support, and by deformations
of wood of the rafter. Displacements of point P1 are displacements corresponding to point P2 plus
the displacements in contact between the brace and the rafter and deformations of rafter.

In Fig. 7, three different groups of the results are shown. The first and the second group
represent the results of the experimental test of traditional carpentry joint and the results of numerical



Civil and Environmental Engineering

model, respectively, both presented by (Feio) [6]. The third group shown in Fig. 7 represents
the results of numerical model presented in this paper. As presented by (Feio) [6], the mark in figures
stiffness “Kininite” represents the result of the numerical model with the infinite stiffness of the contact
interface. Comparing the numerical models developed by [6] to the models presented in this paper,
very good match is observed in the case of models with the “rigid contact interface. The maximum
horizontal reaction calculated for the elastic support is 0.68 kKN when the maximum applied vertical

load was equal to 97.5 kN.

Force (kN)

Force (KkN)

Force (kN)
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Fig. 6: Parametric study — the load vs. vertical displacement curves.
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Fig. 7: Parametric study — comparison of the FEM to experimental results [6].

Displacements in vertical direction caused by the contact between the rafter and brace in
the carpentry connection are approximately equal to difference between the displacements of point
P1and P2. In the case of the models with rigid contact interface (models “R”), the displacements
occurred in the contact between the brace and rafter are approximately equal to 0.5 — 0.7 mm, what is
50 — 60 % of the total displacements calculated in the point P1. In case of the models “L”,
the displacements occurred in the contact between the brace and rafter are higher due to the softer
contact behavior. They are approximately equal to 0.8 — 1.2 mm, what is 35 — 45 % of the total
displacements calculated in the point P1. For the models “H”, with the lowest values of normal contact
stiffness inputted for the contact interface, the displacements occurred in the contact between
the brace and rafter are approximately equal to 5.0 — 8.5 mm, what is 80 — 85 % of total displacements
calculated in point P1. As could be expected, the difference between displacements of points P1 and
P2 increases with the decreasing contact stiffness.

Comparing the difference between displacements of points P1 and P2 with the total
displacements in point P1, it can be seen the influence of the relationship applied for the contact
stiffness calculation. This influence is related to the geometry of two different contact interfaces:
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the contact between rafter and brace, and the contact between rafter and supporting steel plate.
The angle between the contact surfaces normals and the grain direction are lower in case of the rafter-
brace contact surfaces. On applying the linear relationship and the relationship defined by
the Hankinson’s formula for the calculation of the contact stiffness of the contact surfaces between
rafter and brace, the higher contact stiffness is calculated using the linear relationship. On the other
hand, equal values of the contact stiffness are calculated for the rafter-steel-plate contact, since
the contact surface normal is perpendicular to the grain direction. Consequently, the ratio of
the displacements caused by the compression in the rafter-brace contact surface to the total
displacements in point P1 are approximately 35 — 45 % in case of model “L” and 80 — 85 % in case of
the model “H”.

Comparing the displacements presented in Fig. 6 and Fig. 7, it is indicated that the normal
contact stiffness may be calculated according to the relationship, which curve should probably fit
between the linear and Hankinson’s curve in Fig. 5.

As already mentioned, comparing the value of contact zone stiffness evaluated from
the experimental [7] tests to the load-displacement relationships determined from the compression
tests perpendicular to the grain presented in literature [10] [11], an influence of the surface roughness
and unevenness on the experimental results is indicated. The value of contact zone stiffness equal to
approximately 2 N-mm™ supposedly results from the non-uniform stress distribution on the specimens
surfaces as a consequence of the surface roughness and unevenness contrary to the assumption of
evaluation model; which has the whole area of specimen's contact surface is uniformly loaded and
deformed. This difference indicates the necessity to determine the stiffness behaviour of the wood
contact on specimens loaded locally at relatively small area.

Table 7: Side hardness of wood and Hardness modulus, selected results.

- Stiffness
Wood MOC SF;ZS:I'C Janka-ball hardness tﬁ;ggﬁf:
! 9 y Loading K
species
% - Lb. N MPa | Lb./in. | N/mm | N/mm?
T 410 | 1824 | 18.2 | 2240 392 8.7
Redwood 7.2 0.34
R 430 | 1913 | 19.1 | 2270 398 8.8
i T 740 | 3292 | 32.9 | 4180 732 16.3
D°“f9'as 104 | 048
Ir R 720 | 3203 | 32.0 | 3640 637 14.2
T 1070 | 4759 | 47.6 | 5030 881 19.6
RedOak | 9.2 0.60
R 1460 | 6494 | 64.9 | 9060 | 1587 35.3

As presented by the authors, the penetrations of 0.10 inch (2.54 mm) are sufficient to determine
the slope of this straight-line portion of the curve. The slope of the straight-line portion of the load-
indentation curve was determined near the penetration of 2.54 mm and was used for evaluation of
the hardness modulus. Selected results adopted from the research report are presented in Table 7,
where the original characteristics evaluated in imperial units are converted into metric units. Since
the elastic response was evaluated as a relationship between the force and indentation (hardness
modulus), the hardness modulus (N/mm) is used here for calculation of the stiffness K dividing by
the contact area (mm?) resulting from the Hertzian theory of elastic contact. The radius “a” defining
the circular contact area is assumed in the calculation, as shown in Fig. 8. The relationship between
the Janka hardness and the hardness modulus based on results of the tests presented by the authors
of the research report, is shown in Fig. 9. The stiffness of spruce wood contact loaded perpendicular
to the grain is equal to 8.5 N.mm?, if the relationship defined in Fig. 9 and the hardness of spruce
wood equal to 18 MPa [13] are adopted for calculation. In case of the chestnut wood, the normal
contact stiffness for direction perpendicular to the grain is equal to 14.5 N.mm™. This value is also
calculated using the relationship shown in Fig. 9 assuming the hardness of the chestnut wood equal to
3070 N. The hardness for chestnut wood species is adopted from [14].
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Fig. 9: The relationship between Janka hardness and hardness modulus.

The values of the normal contact stiffness for direction perpendicular to the grain, which were
calculated using the relationship between the side hardness of wood and hardness modulus, were
adopted in numerical model H2, (H2b, H2c).

The first value of the normal contact stiffness for direction perpendicular to the grain is equal to
8.5 N.mm™, which is adopted in the numerical model “H2b”. The second value of the normal contact
stiffness for direction perpendicular to the grain is equal to 14.5 N.mm?® and it is adopted in
the numerical model “H2c¢”. The Hankinson’s formula has been used for calculation of the contact
stiffness for intermediate angles of the load-to-grain direction between (0 — 90)°, as shown in Fig. 10.
The calculated values of the normal contact stiffness, which correspond to particular contact surfaces,
are presented in Table 8. The results evaluated from the models “H2b” and “H2c¢” are presented in
Fig. 11 and Fig. 12.
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Fig. 10: Numerical model H2b, relationship between the contact zone stiffness and the load-grain
angle.

The joint stiffness calculated from the model “H2b” and “H2c” is equal to 33.5 kN-mm™ and
43.6 kKN-mm™, respectively. Comparing the calculated stiffness from the model “H2b”; to
the experimental stiffness presented by (Feio) [6], a very good match is obtained. The joint stiffness
calculated from the model “H2c” is 1.45-times higher than the experimental stiffness. For the model
“H2b”, the displacement that occurred in the contact between the brace and rafter is 73 % of the total
displacements calculated in point P1. In the case of model “H2c”, the displacement that occurred in
the contact between the brace and rafter is 70 % of the total displacements calculated in point P1.
Considering the initial joint stiffness (0.1~0.4F..) and the higher joint stiffness obtained after
unloading and reloading, what is commonly observed for timber joints due to consolidation of wood in
the contact, the joint stiffness calculated from the model “H2c” is not observed as a huge difference.

Table 8: Numerical models H2b, H2c — numerical inputs for contact interface.

. Surface No. la 1b 1c 2 3
i 'é a(®) Brace 450 45.0 450 45.0 90
Rafter 20 20 20 70 25
Calculation Kea (N.mm?)
a expression Brace 15.83 15.83 15.83 15.83 8.50
T Ha}”kinson’s Rafter 46.60 46.60 46.60 9.53 35.49
ormula
Contact 11.81 11.81 11.81 595 6.86
Calculation Keca (N.mm?)
o expression Brace 25.75 25.75 25.75 25.75 1450
T Hankinson’s Rafter 63.42 63.42 63.42 16.15 51.34
formula
Contact 18.31 18.31 1831 9.92 1131

In order to verify the influence of the contact stiffness in direction parallel to the grain on
the carpentry joint stiffness, two additional calculations of the numerical model “H2b” have been
performed. In the first additional calculation of the model “H2b”, the contact stiffness was assumed as
double, equal to 229.5 N.mm?, and the joint stiffness was increased only by 3 %. In the second
additional calculation of the model “H2b”, the contact stiffness was adopted with half value, equal to
57.3 N.mm?, and the joint stiffness was decreased only by 4 %. The influence is very low and relates
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to the relationship adopted for calculation of the contact stiffness for the intermediate angles (0 — 90)°
as the angle between the normal of the contact surface and the wood grain direction is relatively high
for most surfaces; the lowest is equal to 20°.

H2c (P2)
,~H2b (P2) rH2c(P1) [H2b(P1)
100
< 60 il S i
S 4 a e il
o 174 L
= 20 / ,//
0 /

0.00 0.50 1.00 1.50 2.00 2.50 3.00

Vertical displacement (mm)
Fig. 11: Numerical model H2b — the load vs. vertical displacement curves.

125 - : :
KC” '''' Exp. (Hankinson’s formula)
N — — H2b, (Hankinson’s formula)

100 =
— . \ ——H2¢, (Hankinson’s formula)
“ oA
£ % \
E 75 . N
z T v
7 Lo
-.
£ 50 : \
hrd . \
s \ \

. N\
. N
25 -' \\
3 ~
'-.. ~ - ‘h\
............... [T =7 Ka
P I N MRS LTI YOPPPPPPIN FYPPPPPPQY
0 15 30 45 60 75 90

Load-grain angle (°)
Fig. 12: Comparison of FEM model "H2b" to experimental results [4].

Summarizing the presented numerical analysis and the case study of the experimental tests of
traditional carpentry joint, a significant sensitivity of the joint stiffness on the contact stiffness adopted
in calculation is obtained. The rigid contact behaviour adopted in calculations resulted in more than
triple stiffness of the carpentry joint comparing to the experimental joint stiffness. The results obtained
from numerical modelling showed good match, when the elastic contact interface was adopted and
the contact stiffness for perpendicular to the grain direction obtained experimentally was increased.

5. Conclusions

To approximate the load-displacement behaviour of the wood specimens tested during
the experimental investigation, the numerical modelling was performed. Numerical models of the wood
specimens were created using the contact elements for approximation of its stiffness. The applied
modelling method establishes the contact between two surfaces by elastic springs with the stiffness
called the contact stiffness. Comparison of the calculated results and the experimentally determined
results has shown a good agreement.
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The experimental test of traditional carpentry joint was presented as the case study. The elastic
stiffness of traditional carpentry joint was the scope of the numerical modelling and no failure criteria
was adopted into the model. The values of contact stiffness adopted in the numerical model have
been determined during the experimental investigation. The results obtained from numerical models
have shown significant sensitivity of the joint stiffness on the stiffness of the contact interface adopted
in calculation. The calculated displacements for the contact between timber members in carpentry
connection represented more than a half of the total displacements of carpentry joint. Comparison
between the presented models and models presented by (Feio, 2005) [6] showed almost equal joint
stiffness when the “rigid” contact interface was adopted in the model. The joint stiffness calculated
adopting the “rigid” contact interface is significantly higher compared to the results presented in
the case study (Feio, 2005) [6]. Significantly low value of the contact stiffness for the perpendicular to
the grain direction has been obtained during the experimental investigation. It obviously resulted in low
stiffness calculated by numerical model.

For this reason, the stiffness of wood contact loaded perpendicular to the grain based on
hardness modulus was introduced in numerical models. The relationship between the hardness
modulus and the Janka hardness according to [12] was adopted for calculation of the contact stiffness
in perpendicular to the grain direction. The results obtained from numerical modelling using these
values of the contact stiffness in the perpendicular to the grain direction provided a good agreement
with the experimental results [6].
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