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ABSTRACT: The double-step joint is among the most frequently used layouts, within carpentry joints, for trans-
mitting higher forces that would allow a single notch. They are especially effective in heavy timber structures.
Nowadays, computer-aided manufacturing is being used more often, demanding further progress in its under-
standing. The conventional design of these joints is conducted by using simplifying assumptions, in particular
regarding the shear stress distribution. This is overcome by the use of strength reduction coefficient, which is
currently under study. Numerical simulation and experimental tests were carried out with heavy timber cross-
sections for rafter to tie-beam truss joint. They were manufactured in glue-laminated timber owing to the large
cross-sections tested. Experimental load-strain and load-displacement diagrams were compared with numerical
results. This allowed observing the great shear stress concentration produced in the failure by shear crack, which
suggests the application of conservative shear strength reduction coefficients.
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RESUMEN: Andlisis del estado tensional de la union por embarbillado doble en estructuras pesadas de madera.
Entre las uniones carpinteras, el embarbillado doble es una de las mas utilizadas para transmitir cargas supe-
riores a las que permitiria una unica entalladura, especialmente interesante para estructuras pesadas. Hoy en
dia, la fabricacion asistida por ordenador ha estimulado su uso, demandando profundizar en su estudio. El
disefio convencional de estas uniones se realiza asumiendo supuestos simplificadores, en particular respecto a la
distribucion de las tensiones tangenciales en el cogote. Derivando en el empleo de factores de penalizacion de la
resistencia, los cuales continian actualmente en estudio. Se realizaron ensayos con escuadrias propias de cerchas
pesadas en configuracion par-tirante, empleandose para ello madera laminada. Los graficos experimentales
de carga-deformacion y carga-desplazamiento se compararon con la modelizacion numérica de la union. Esto
permitié apreciar la importante concentracion de tensiones tangenciales que se produce en el fallo por rasante,
lo que aconseja la aplicacion de factores reductores de resistencia a cortante conservadores.
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1. INTRODUCTION

The definition of joints characteristics for design
becomes especially important, in wooden structures,
as it is fundamental for the structural integrity of
the buildings. Such joints can be constructed by
transferring the stresses through metal fasteners
or connection devices, known as mechanical joints.
They can also be solved without mechanical joints,
through compressions among contact surfaces and
shear strains, which are the so-called traditional or
carpentry joints. The anisotropic nature of wood
material strongly conditions the stress transmis-
sion in carpentry joints with respect to three prin-
cipal directions: i) axial direction, parallel to the
grain and the tree axis, ii) radial direction, normal
to the axial one and the growth rings, iii) tangential
direction, normal to the axial one but tangent to the
growth rings. Therefore, as for the mechanical fea-
tures, wood is an orthotropic material, which affects
the design and calculation of the joints.

The so-called framed joints are those whose
members are linked at an angle. Within these, the
so-called cogging or stepped joints are the arrange-
ments in which the notches in the pieces allow load
transmission. In this paper, the double-step, front-
notched, joint is studied. Two notches in the support
beam accommodate the two steps in the upper beam
(usually a rafter), as displayed in Figure 1, which is
a widely used solution when the force to be trans-
mitted is greater than those admissible for a single
step joint. A perpendicular rear notch (90°) and a
frontal notch in the bisectrix are usually considered
to manufacture it, Figure 1.

The computer-aided manufacturing (CAM),
Figure 2, has increased the used of carpentry joints
as it lowered the cost and improved the accuracy of
its execution. The use of these carpentry joints is ris-
ing in both, the traditional and the modern timber
constructions. The reason why this trend is growing
is related to the enormous influence of the joints in
the cost optimisation of timber structures (1).

Although several works are studying mechanical
fasterners, it is not the same for traditional or car-
pentry joints. The information published on stepped
joints is quite limited, especially with real size test
and numerical modelling together. The researches
that could be mentioned here have been performed
by Parisi and Piazza (2) and Villar et al. (3, 4) on
single step joint, Villar et al. (5) on reverse step joint
or the step combined with the mortise and tenon
joint (6); all of them include numerical simulation.
As for double step joint, only the numerical simu-
lation carried out by Parisi and Cordie (7) can be
referred, which mainly focuses on rotational stiff-
ness, although it does not include an experimental
comparison of the numerical model. Interesting
experimental studies were conducted by Branco et
al. (8), Palma and Cruz (9) and Palma et al. (10),

FIGURE 1. Double-step joint.

FIGURE 2. Computer-aided manufacturing (CAM) of notches
for a double-step joint.

although they do not include double-step joints.
Moreover, for a single notch, Verbist et al. (11)
revised design rules by most European Standards,
highlighting that the reduction coefficient in shear
strength value, due to the heterogeneous shear stress
distribution at the tie-end, is only considered by
some standards and it is still under study. Verbist
et al. (11) also tested different geometries for single
step joint on sawn timber. None of the previous
works studied heavy timber made from glulam.
Provided this background, studying these assem-
blies by generating a numerical model, validated
through experimental real size test, which allows,
as main objective, analysing the stress state of the
assemblies, was found of high scientific interest. In
particular, the numerical simulation carried out,
will help to improve the knowledge of the stress
distribution at the tie-end. The previous goal to
obtain the main objective is to contrast and validate
the numerical results with the experimental ones,
through load-displacement and load-strain dia-
grams obtained by extensometry. Another partial
goal of this work is to compare the failure load of
the joints tested and values from the theoretical cal-
culation. In addition, this research was conducted to
observe real size pieces when similar loads to those
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produced in buildings were applied. This aspect
should be emphasised because most of the studies
performed until now did not focus on heavy timber
structures.

2. THEORETICAL DESIGN OF THE JOINT

The geometrical definition of the double-step
joint is needed for conducting the experimental
tests, as there exist different ways to manufacture it.
The Eurocode 5 (EN 1995-1-1:2016) (12) does not
suggest any geometrical definition for double-step
joints. Therefore, the Spanish Technical Building
Code for Timber Structures (CTE DB SE M:2009)
(13) was chosen. In this code, a right-angle rear
notch (90°) starting from the middle of the rafter
cross-section and a frontal step in the bisectrix are
considered, Figure 3.

The joint design requires verifying the compres-
sion stresses in the notches’ surfaces considering the
angle between the stress and grain, as well as check-
ing the shear stresses, i.e., checking the step depth (t)
and the length (a) of the shearing path, Figure 3, as
indicated in Villar et al. (5), for each step. Besides, two
reduction coefficients must be considered. The &, a
reducer coefficient of the member width (b), takes
into account the influence of possible cracks on the
shear strength along the grain (k. = 0.67 for glulam
(12)). And the k, ., a reducer coefficient taking into
account the heterogeneous shear stress distribution
at the tie-end, is used, because the theoretical calcu-
lation considers a uniform distribution of the stress
along the shearing path. Eurocode 5 (12) or CTE
DB SE M does not clearly suggest the use of the
k., .q factor. However, the Dutch National Annex to
Eurocode 5 (14) or the Swiss standard SIA 265 (15)

L, > 150 mm

suggests the use of k,,.,= 0.8, whereas other authors
suggest even lower values: 0.4-0.5 (16), or 0.45 for
a halved and tabled tenoned scarf joint study (17).
Desing equation [1] introduces these coefficients in
the theoretical calculation when checking the shear-
ing path stresses:

. kmod

Ym

Et < kv,red 'ﬁ,k ’b'kcr a [1]

where:

F,, horizontal component of the rafter axial load

f,x characteristic shear strength (N/mm?)

k...q modification factor for duration of loading
and moisture content

vum partial coefficient of the material

(a), (b) and the reducer coefficients (k, ., k.,) are
the aforementioned terms.

3. MATERIALS AND METHODS
3.1. Test setup

Figures 4 and 5 illustrate the test setup for the
transmission of a monotonic axial load by a hydrau-
lic actuator to the double-step joint. The tie- beam
1650 mm in length and 120 x 240 mm (28,800 mm?)
in cross-section, was placed horlzontally The rafter,
with 120 x 200 mm (24,000 mm?) in cross-section and
950 mm in length, was placed in a 30° angle, which is
normally seen in timber frames in large or medium
span roofs. These cross-sections corresponded to a
king-post truss with 10 m of span for service class I.
The horizontal beam was anchored according to the
traction for avoiding a constraint at the tie-end from
interfering with the stress behaviour of the timber in
the area of the notches.

1

ey

FIGURE 3.

Double-step joint, geometrical definition. Taken from the CTE DB SE M.
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FIGURE 4. Test setup, with the detail of the double-step joint area.
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FIGURE 5.  Geometry of the joint (mm) and strain gauges arrangement.

The dimensions of the joints that were tested,
with the cross-sections previously mentioned, taking
account of the geometrical recommendations of the
CTE DB SE M standard, are those shown at Figure 5.
An 86.6 mm rear heel depth (t,) with a 400 mm chord
shear length (a) from the rear notch is established.
Thus, it complies with the minimum length of 150
mm at the final upper part of the tie-beam. A 40
mm front heel depth (t,) is also established, corre-
sponding to the sixth part of the tie-beam height (h),

which is the maximum value indicated by this stan-
dard for the front notch depth. Spruce (Picea abies
L. Karst) glulam of strength class GL24h was used,
thus Standard EN 14080:2013 (18) was considered to
the theoretical calculation, specifically shear strength
parallel to the grain f,, = 3.5 Nmm™ and the
compressive strengths parallel f (=24 Nmm ™~ and
perpendicular f_ g9 =2.5 Nmm ™ to the grain.

Figure 5 shows the arrangement for data collec-
tion: LVDT- Linear variable differential transformer,
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to measure the relative horizontal displacements
rafter — tie-beam; A- Simple strain gauge positioned
horizontally for recording the strain parallel to the
fibre away from the area with high stress concentra-
tion; B- Strain gauge facing the rear notch, measur-
ing the strain parallel to the fibre; C- Triple strain
gauge at the tie-beam next to the bottom corner of
the rear step for recording the strain parallel, nor-
mal and at 45° to the fibre. The strain gauges were
placed on both sides of the beams.

The object of the triple strain gauges placed at
C is, in addition to reading the single strains com-
mented above, allowing to indirectly study the con-
centration of shear stresses produced in the shearing
path, close to the rear step.

The specimens tested come from glued laminated
beams and its axis coincided with the longitudinal
direction (L), whereas at the joint plane, it made no
sense talking about a unique normal direction but
an average between the radial (R) and tangential
(T). This is due to the arrangement of the planks
that configure them and the placement of the strain
gauges, which are logically placed at the sides of the
pieces and not inserted at the centre or the material
axis. We will consider a plane stress state where all
stresses are within the L — R plane just for the effect
of the following mathematical expression, Eq. [2].
However, it must be taken into account that the
radial and tangential properties would compound
the R direction as it will be simulated in the numeri-
cal models as well, transverse isotropy is com-
monly used in timber, especially for glulam beams.
The strains measured for each gauge of the rosette
(gauges in three directions) are related through
means of the expression [2] (19,20):

£:8L-cos2a+8R-sin2a+7/LR-sin(x-cos0{ [2]

Considering o = 45°, with the three strains of the
triple gauge, an angular distortion is obtained, Y; g,
at Eq. [1]. This, along with the longitudinal &; and
radial e strains and through the flexibility matrix
of the timber, allows obtaining the stress matrix and
therefore, the shear stress T . The use of Eq. [2]
requires that the specimen has a linear elastic behav-
iour in the area where the rosette has been placed.
This assumption is acceptable because of the results
that will be shown in section 4.2, Figures 10 and 11.

The stress 1,z obtained is compared with the the-
oretically calculated value assuming a uniform shear
stress distribution at the tie-end for discovering the
stress concentration factor, SCF (ratio between peak
stress and nominal stress) in that area.

Three double-step joints were tested to compare
the numerical models with the measures obtained
experimentally. The use of large timber cross-section
limited the number of tests performed, although it is
within the normal range of specimens, for a specific

geometry, tested in other works referenced in section
1 to compare with numerical models. Specimens
were conditioned at 20£2°C and 6515% humidity
according to EN 408:2011+A1:2012 (21); which
corresponds to a moisture content about 12% for
softwood timber and therefore service class 1. The
humidity values were checked before each test.

3.2. Numerical models
3.2.1. Description of the numerical simulation model

The modelling strategy is similar to that used
by the authors for the reverse step joint (5), so this
section provides a summary and a more detailed
explanation can be found at this reference. The
dimensions of the pieces and the transmission of
the force are compatible with a plane stress analy-
sis. It is a 2D analysis considering the same thick-
ness as the width of the cross-section. A 2D elastic
orthotropy was applied to the finite elements that
constitute the material. For perpendicular direc-
tion to the fibre, the elastic properties values can
be assumed as the average of those correspond-
ing to the radial and tangential ones, especially for
glulam beams due to the layout of the planks. This
simplification is acceptable for this type of model-
ling (3, 5,7, 17,22, 23) and perpendicular isotropy
lowers the computational cost, as some authors
point out (22). Tests were developed within the
elastic range. Plasticity will not be reached, as it
will be checked in the test results, and corrobo-
rated by the stresses observed at failure, which will
be later detailed at the section 4. The linear elastic
constitutive law of the timber is widely accepted
by the scientific community while analysing tim-
ber joints within the conditions here exposed (3,
5, 17, 24-26).

The joint tested was numerically modelled by
applying finite element methods (FEM) using the
software ANSYS (27). The mesh was designed to
be as uniform as possible, providing more density in
those areas with a higher stress gradient to ensure
the precision of the simulation, Figure 6. A prelim-
inary sensitivity study was performed to appreciate
the effect of the element sizes on the accuracy of
the results in connection with the computational
cost. Consequently, at the joint area, the maxi-
mum size of the finite element was 5.5 mm, with
a minimum of 2.6 mm. Regarding the boundary
conditions, the model considered the real test con-
ditions: load, the anchored with respect to traction
and the support of the tie-beam on a timber block.
The model simulated the friction between contact
surfaces; detailed explanations of the method fol-
lowed in the friction simulation is described in pre-
vious works (3-5).

In addition, the failure criterion of Tsai-Wu
(28) was implemented in the model. Nowadays,
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FIGURE 6. Finite element meshing of the model.

this is the extensively used criterion when timber
is modelled as a linear elastic-brittle material (29).
The analysis conducted assesses the stress combina-
tion at nodes depending on Tsai-Wu criterion, where
values greater than one imply failure through the
FEM simulation. The criterion was implemented
iteratively with progressive loading steps. In-depth
information on the theory behind this criterion
can be found in the references section (28-32) and
detailed explanation related to its implementation
on numerical models can be found at the reference
number (5).

3.2.2. Material parameters for the numerical
simulation

On one hand, a literature review was carried
out, highlighting the mechanical properties’ values
for spruce wood provided by Schmidt and Kaliske
(33) and Dahl (34) in numerical simulations. In
any case, other interesting references can be found
in the references section (22,32,35). The material
properties taken from the international literature
are the same as the ones described by the authors
for spruce in previous works (5), the elastic param-
eters are assumed as (all parameters are mean
values):

—820Nmm : G, =40 N mm™ 2, =0.50
E =430 Nmm™; G,= 730 N mm =0.48
E=13200 Nmm~; G,= 660 N mm> ; =0.42

And the strengths (all parameters are mean
values):

£,/=65.50Nmm % £,,=-50.30 Nmm £, ,= 534 N mm
f,r—375Nmm o= 600Nmm o= 634Nmm
£,=279Nmm™;f,=—6.00Nmm~;f,,= 1.83Nmm"

On the other hand, longitudinal E,, radial E,
and tangential E, moduli of elasticity were also
obtained experimentally. Six small prismatic
specimens were cut from the notches area in each
test, following the main orthotropic directions.
Ultrasound techniques (ultrasonic pulse velocity
test) allow the elastic constants to be determined
through several transformations, once the velocity
of the wave, the moisture content and the density
of the tested piece are known. The ultrasonic wave
pulser was equipped with longitudinal and trans-
verse wave transducers with 1.0 MHz nominal fre-
quency, which was suitable for small specimens.
Further information concerning the estimation
of elastic properties by means of ultrasound tech-
niques is detailed in the references section (36-40).
Mean values were:

=16 974 N mm * (variation coefficient - CoV (%): 10.5)
=1643 N mm ™~ (CoV (%): 18.7)
E 670 N mm™ (CoV (%): 22.9)

Because these values, derived from timber of the
tested joints, were slightly above those mentioned
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in the literature, they were also used in the FEM
models.

For each joint test, three timber samples were
extracted from the tie-end and shear tests were
conducted in the same failure mode observed at
the joint. Shear strength parallel to the fibre was
obtained due to its governance in the failure of this
kind of traditional joints. The testing procedure was
the Spanish Standard UNE 56543 (41), which is
similar to ASTM D143:14 (42) that is referred to the
notched shear block test. The average results were:
maximum shear stress of the test 8.90 N mm ™~ with
a nominal shear stress of 4.45 N mm™, (CoV (%):
13.8).

The static friction coefficient must be consider
to simulate the contact. The values found in the lit-
erature for carpentry joints range among 0.5 (24),
0.3 (7) to 0.24 for Scots pine in surfaces perpendic-
ular to the grain (43). However, Crespo et al. (44)
obtained a value of 0.467 for Picea abies glulam
timber in transverse cuts to the grain. This last one
was finally chosen in this work.

4. RESULTS AND DISCUSSION
4.1. Failure load and theoretical values

The mode of failure was, for all tests, by shear
crack, Figure 7. Neither failure by crushing due to
compression stress nor plastic deformation in any
area of the contact faces was observed. The shear
crack was produced according to the Modus II RL,
where the nomenclature used (45) was as follows:
“II”- shear by stress parallel to the crack surface
and parallel to the propagation of the crack tip;
“RL”- the crack plane normal to R direction, with
the crack front advancing in the L direction. The
failure takes the form of semi-brittle behaviour, i.e.,
it occurs very quickly once crack propagation has
taken place (45). The skew angle (30°) selected in
these tests contributed to getting a break by shear-
ing. Thus, from the shear failure observed, it could
be checked that the failure mode and the way it sud-
denly happened, i.e., brittle failure, is in accordance
with Verbist et al. (11) and Villar et al.’s (5) observa-
tions for these angles.

It should be highlighted that the failure is pro-
duced by the shearing that originated at the rear
notch, i.e., bottom shear path. This demonstrates

the suitability of checking the length (a) at this point
according to CTE DB SE M. Nevertheless, the
geometry provided there prevents a greater load dis-
tribution between both steps. Indeed, the rear heel
depth is designed from the middle of the incident
cross-section, leading to overloading of this heel, as
the numerical simulation will confirm.

Table 1 illustrates the rafter axial load and the
related failure modes for the tests conducted. It was
observed an acceptable variation coefficient CoV
considering the variability that exists in this mate-
rial. The experimental failure load increased around
19.5% with respect to the reverse step joint studied
in Villar et al. (5), where similar cross-section beams
were considered, mainly due to a longer shearing
path originated at the rear notch of the double-step
joint.

Table 2 shows the maximum force at the rafter,
for the lower shear path failure, using Eq.[1] with
GL24h and service class I, and the experimental
increase with respect to these theoretical results.
Furthermore, Table 2 allows comparison between
the different values for the reducer coefficient k, .,
as indicated in the section 2. Test values exceeded the
theoretical calculation, ranging between 71 % and
280 % of the estimated theoretical values. To study
the influence of k., factor related to the heteroge-
neous shear stress distribution, Table 2 also shows
the results that would be obtained if k, = 1. In this
case, the experimental result exceeded the theoretical
value only by 14.5% when k,,.;, was also neglected
(kyea=1). This would be connected with the fact
that theoretical calculation considered a uniform
distribution of shear stress along the shearing path
(up to 8t according to German National Annex to
Eurocode 5 (46)), from the rear notch a great chord

TABLE 1. Applied force, when the failure occurs and the
average experimental failure load (Fp).

Test Rafter axial  Failure Mean value,
number load (kN) mode Fg (kN) CoV (%)
1 134.2 Shear

crack

160.0 14.2

2 168.5 Shear

crack
3 177.3 Shear

crack

Lt

FIGURE 7. a, b) Shear crack in tie-beams; ¢) Shear surfaces after failure; d) Details.
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TABLE 2. Theoretical calculation of rafter axial failure loads (Fr), and the increase (A) of the average experimental failure load
value (Fg=160 kN) with respect to those theoretical loads.

k.= 0.67 k=1
Theoretical rafter A (%) of F(160 kN) Theoretical rafter A (%) of F (160 kN)
Kyrea axial load F; (kIN) with respect to F; axial load F; (kIN) with respect to F;
1 93.6 71.0 139.7 14.5
0.8 74.9 113.7 111.8 432
0.45 42.1 280.0 62.9 154.5

200
- 180
F 160
F 140

B oD ® =2 =
o O O o N
(=2 =]

FRAFTFR [kN]

T
L)
o

: : ; T r r 0
-1.25 -1.00 -0.75 -0.50 -0.25 0.00
Horizontal displacements (D) [mm]

FIGURE 8. Force-displacement diagrams of the experimental

investigation for LVDT transducer (=) and FEM simulation:

() With elastic (E) values from the literature, (m = m) with
E experimental values.

shear length existed, which increased the theoretical
result. However, as will be checked later by numerical
simulation, shear stress is much higher at the begin-
ning of the chord shear length, whereas the furthest
areas represent a small contribution to strength.
Therefore, during the test, after the shear strength
has been overcome at this initial point of the chord,
a crack appeared that rapidly advanced producing
the failure. This circumstance was considered by a
reducer coefficient applied to shear strength in stan-
dards such as Dutch National Annex to Eurocode
5 (14) or Swiss standard SIA 265 (15) as indicated
at the section 2. However the use of this reduction
coefficient is being currently studied.

4.2. Experimental curves and FEM results

Diagrams in this section will illustrate the force
applied to the rafter vs. the strain at the locations
of the gauges, and the force vs. displacement col-
lected by the LVDT. Moreover, each figure includes
the numerical diagrams, both with elastic param-
eters from literature and those obtained from the
members tested. The large surface area of the cross-
sections resulted in low strains but using highly
accurate strain gauges allowed a satisfactory data
collection.

200
180
160
140
120 g
o
w
&
60 Lo
40
20
r T T T 0
-0.0008 -0.0006 -0.0004 -0.0002 0.0000
Strain [m/m]

FIGURE9. Comparison between experimental load-strain
graphics for (B) strain gauges (~-) and FEM simulation:
(mmmmmm) with elastic (E) values from the literature, (m = m) with
E experimental values.

Figure 8 shows the rafter — tie-beam relative hori-
zontal displacements vs. rafter load. Before reading
1 mm of displacement, transducers (LVDT) were
removed to protect them from damage when failure
leaves the rafter unsupported. Experimental dia-
grams start with a curved shape due to a continu-
ous rise in the slope. This nonlinear behaviour was
related to the initial fit between joint members as
pointed out by Feio et al. (6) and Villar et al. (5);
after that, a linear elastic stretch was observed.
Numerical simulations displayed linear elastic dia-
grams whose slopes fitted well to experimental ones
once the initial phase had been overcome. This cor-
relation was particularly fine using moduli of elas-
ticity values obtained from the timber pieces in the
FEM diagrams. The displacements indicated by the
FEM models, corresponding to 160 kN (mean value
of the experimental failure loads), were small, rang-
ing from 0.943 mm for simulation with E experi-
mental values, to 1.263 mm for the diagrams with
literature values.

Figure 9 shows the points for B strain gauges
facing the rear notch. The initial fit can be clearly
observed, coherent with Figure 8. Thus, that fact
that this notch surface needs some time to begin
working (vertical section of the diagrams) is
noted. During that time, the whole load is being
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transmitted only through the front notch surface,
until the rear notch surface takes whole contact
and collaborates, then compression begins to be
appreciated (negative values of strain, shorten-
ing). Some authors suggest a gap in the contact
surface of the front notch to avoid this situation;
Bocquet (47) suggests introducing a gap 2 mm
wide. The rear notch begins to collaborate in most
cases before 30 kN, Figure 9, which would corre-
spond to a displacement between 0.25 and 0.5 mm
in Figure 8, which is close to the stabilisation of the
load-displacement diagrams. This indicates that,
under the conditions of this study, the gap will be
advisable but smaller than that recommended by
Bocquet.

The numerical models’ diagrams are also repre-
sented, both with E values from the literature and
specimens. The numerical representation ends at
160 kN (average experimental failure value). FEM
models fit well considering the material variability
usually seen in timber tests. In some cases, it is better
appreciated if the numerical lines move parallel to
the point where the data corresponds to the begin-
ning of the loading conditions and start to measure
deformation. Finally, there was a sudden failure
and the following record of the gauges after failure,
next to the strain value 0, indicated an elastic recov-
ery of the material in this area close to the notch.
This behaviour is consistent with that reported by
Villar et al. (5).

The triple gauges C, the rosette located at the
lowest part of the rear step, Figure 5 and 7d,
provide the measurement of the parallel strain,
the normal one and the one at 45 degrees to the
grain. Figures 10 and 11 display the plots for both
strain normal and parallel, together with the FEM
graphs. These gauges are situated quite near to the
meeting between contact faces of the rear notch.
Because of this geometrical singularity, sometimes,
these measurements correspond to irregular paths.
However, once the contact was stabilised, a linear
behaviour was appreciated during a significant
part of the tests. It is just next to the failure when
some of the gauges suffer a degradation and the
values they provide are more erratic. As for the
results obtained by FEM simulation, a good fit is
observed, especially when the elastic constant val-
ues directly derived from the pieces tested are used.
This would indicate that even in a complex area that
has singularities, the numerical model fits well. The
parallel deformation to the fibre is a positive strain,
which is lengthened and produced by the tension
reached in this area of the tie-beam, whereas in the
perpendicular direction, a gauge shortening pro-
duces negative strain, thus showing compression. It
can be appreciated that the great stress concentra-
tion in this joint area causes strains one level higher
in magnitude with respect to those obtained at the
location of B strain gauges.

180 1 Frarrer

0 ; ; ; ; ; .
0.0000 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030
Strain [m/m]

FIGURE 10. Comparison between experimental load-strain
graphics for (C) parallel to the grain strain gauge (~—) and
FEM simulation: (mssssm) with elastic (E) values from the
literature, (m = m) with E experimental values.
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FIGURE 11. Comparison between experimental load-strain
graphics for (C) transverse to the fibre strain gauge (~—) and
FEM simulation: (wmsmmm) elastic (E) values from the literature,

(m = m) with E experimental values.

4.3. Validation of the models

The validation was carried out through the mea-
sures obtained experimentally, even though the
fundamentals of the simulation have already been
validated in a previous work (5). First, the outline of
the experimental load-displacement and load-strain
diagrams, shown at section 4.2, is observed, along
with the suitability of the FEM graphs. In all cases,
a good correlation has been checked. However, an
initial period exists where a fit takes place between
the contact fronts, due to the adjustment (5,6), until
a steady linear behaviour is reached. This is espe-
cially remarkable at the double-step union since two
notches need to be adjusted to transmit the load.
When steady linear behaviour was achieved, the
slopes of the experimental diagrams were accept-
ably adjusted to the simulation ones. Therefore, it
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can be considered as a graphic validation as per-
formed in similar studies with numerical models
(5,6,22). Moreover, in this work, it would be suitable
to show this good fit through a mathematical valida-
tion by comparing the experimental strain with the
FEM model strain. It is necessary to find areas of
steady comparisons, i.e. elastic stretch with a regres-
sion line showing a R*> 0.99. It is strongly recom-
mended that comparisons be conducted at the linear
area of the load-strain diagram corresponding to a
10 to 40% of the highest load reached (21). As a gen-
eral trend, this condition can be achieved by con-
sidering a rafter axial load of 50 kN. In this work,
both, gauges located far from stress concentration
areas and gauges placed close to the special inter-
est areas, were used. This is the case of the notch
surfaces or the meeting points, corner, between sur-
faces as it occurs with the B and C gauges. In this
way, the reliability of the models for these areas
was also verified. Due to the period where fit takes
place between the pieces, initial irregular paths were
obtained: positive strain values instead of negative
ones at the beginning of the tests (Figure 11), vertical
load-strain diagrams (Figure 9), or initial nonlinear
increase in the slope (Figure 8), which deviated from
the steady behaviour where the strain must be zero
when the load is zero, too. Therefore, it was neces-
sary to adjust some experimental diagrams with an
appropriate strain origin but maintaining the steady
linear slope of the elastic area. It is the case for some
diagrams for B and C gauges and LVDT transducer.
The validation points according to the indicated cri-
teria and the results obtained are shown in Table 3.
The FEM strains in this table are derived from
the simulation conducted with the elastic values
obtained experimentally from samples of the pieces.

Variation coefficients of experimental measure-
ments were acceptable due to the natural variability
of timber and their similarity with that of other works
published (5,17,48). The greatest CoV and differ-
ences were found at gauges (C). This could be mainly
caused by the interaction between the singularity
of the corner with the gauge at that point. Table 3
shows that the difference was always lower when
variation coefficients of the experimental results

were compared to the percentage difference between
the FEM and test results. Therefore, it is appropriate
to affirm that the simulation fitted well to the test
results as indicated in previous works (5,17).

4.4. Stress behaviour of the joint

For the study of the tensional state, E values
obtained experimentally from samples of the pieces
were used. Figure 12 shows the normal stress in
the longitudinal direction for a rafter load of 160
kN, which is the mean failure value obtained at the
tests. The increased displacement scale allows one
to observe that contact between the lower part of
the rafter and the tie-beam is almost inexistent.
Therefore, they are the notch fronts, especially the
rear one that mainly transmits the action of the tie-
beam to the rafter. The compression strength in the
direction of the fibre did not exceed according to
the literature, and was far from reaching the plastic
behaviour, which was not detected experimentally.
From Figure 12 one can appreciate the strong ten-
sion parallel to the axial direction produced at the
tie-beam under the rear notch, although it did not
imply overcoming ultimate limit states in the experi-
mental study.

Concerning the maximum value reached at the
rafter, Figure 13 shows that the maximum stress
value for the compression in the grain direction was
-22.09 N/mm” at the lower part of the rear front,
whereas it was 3.94 N/mm® for the tension at the
upper corner. These values are lower than those pro-
vided in the literature for this material. Increasing
the contact surface by means of two notches allows
obtaining lower compression values in the grain
direction at the rafter than those that would be
obtained in a single step joint. If compared with the
reverse step joint, analysed in Villar et al. (5), and
despite the fact that the final load was around 16%
lower in that study, higher parallel compressions to
the grain were obtained in the reverse step joint.

Figure 13 also shows, the normal contact stress
distribution at the faces in contact. The stress dia-
gram at the two notch areas are almost uniform,
but there is a concentration of tensions at the lower

TABLE 3. Comparison of the average test strain (g,) or displacements (for LVDT transducer) and FEM model strain (gggy), or
displacements, for a rafter axial force of SOkN.

CoV (geyp) Difference
Validation point Eexp (%) EFEM (%)
A - tie beam - parallel 5.840 x 10 25.95 6.578 x 107" 12.63
B - notch - parallel -2.189 x 107 22.18 ~-1.738 x 107 -20.60
C - notch corner - parallel 7771 x 107 28.04 6.787 x 107 —12.66
C - notch corner - perpendicular -1.454 x 107 34.99 -1.235% 10" -15.06
LVDT - transducer (mm) 0.2726 10.35 0.2943 7.96
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FIGURE 12. Normal stresses 0,(N/mm?) in the grain direction for compression load at the rafter of 160 kN. Displacement scale x30.

FIGURE 13. Normal stresses o, (N/mm?) in the fibre direction at the top chord and diagram of
the normal contact stress for an axial load of 160kN.

corners. The two other faces, the lower one of the
rafter and that of the joint between both fronts,
scarcely collaborate at the compression. By integrat-
ing the normal stress through the surface of the rear
notch surface, the load transmitted by this surface

can be determined. In this case, the value obtained
was 107.62 kN, which represents 67.3% of the total
load of the rafter. This involves a higher distribution
of the load in this surface if compared to a distri-
bution of 50% reported by several authors (16,49).
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This result is logical because of the geometrical defi-
nition of the joint according to CTE DB SE M with
a rear notch of higher dimensions than the front
one. On the other hand, the stresses transverse to the
fibre presented neither remarkable results nor values
that could compromise the joint stability.

The curve of shear stress at the chord shear-
ing path can be seen in Figure 14 for a rafter axial
force of 160 kN, the shear stress is concentrated at
the chord beginning. This is where the crack origi-
nates as it was seen in the tests conducted. It can
be observed that, in this point, the shear strength
values provided at the literature (Sectlon 3.2.2) are
exceeded. In Figure 14 8.05 N/mm” is the stress
peak, near 8.90 N/mm’, ‘which is the value from the
shear tests carried out with timber of the joint area.
Failure occurs when the crack begins to progress,
i.e., stress peak exceeds the strength of the timber
at this point.

It could be observed that no significant shear
stresses were generated at the front step shear path.
However, the principal shear stress distribution
from the rear notch was affected as the plot shows
an increase under the influence area of the front
notch before it becomes zero at the end of the bot-
tom chord shear length.

It is possible to obtain the SCF for a representa-
tive point of the linear elastic stretch, as suggested
in section 4.3 for a load of 50 kN. In this case, the
measurements of the triple gauges (C) for g y €x
(Table 4) would be taken and placed within Eq. [2]
together with the experimental mean value for &5,
which was —1.201 x 10 (CoV = 32. 6%). Thus,
the angular distortion y;g= —1.685 X 10 can be
obtained. Using this value within the flexibility
matrix, as suggested in section 3.1, the experimental
mean shear stress T,g = —1.92 N/mm’ could also be
determined. The numerical model for aload of 50 kN
provides a maximum shear peak of —2.49 N/mm’.
The percentage difference is +29.6%, which is within
the common CoV for timber. In addition, it must
be taken into account that the stress concentration
obtained with simulation is punctual, whereas the
strain gauge covers an effective area of measure-
ment, thus reducing its value. Hence, regarding the
shear stress, the FEM simulation can be taken as
representative of the tests performed. The theoreti-
cal uniform stress for 50 kN (horizontal component
F,=43.30 kN), would be 1, =0.90 N/mm’, and the
concentration factor would be as follows [3]

1.92
SCF, =——=2.13
EXP SOKN = 0"
2.49 ol
SCF, =——=277
FEM SOKN = 0

The model (SCFyg),) provided a value 30% higher
than the experimental one (SCFpyp).

For the failure load (160 kN), if we want to
obtain the SCF, the value of the horizontal compo-
nent might be taken as F;,=138.56 kN, whereas the
theoretical uniform shear stress would be 1, = 2.89
N/mm?. As indicated above, the shear stress peak,
obtained with FEM, was 8.05 N/mm2, Figure 14.
Therefore, with these data, the SCF is as follows [4]:

8.05

SCF, 1
FEM 160KV = 5 ¢g)

=2.79 [4]

which was similar to that obtained for 50 kN
(SCFrgysory = 2.77). It was not possible to obtain
the SCF experimentally at the moment when a fail-
ure occurred because of the irregular measurements
of the gauges due to its deterioration.

These results confirm the distribution presented
in Figure 14, a triangular diagram with a slope
increase to the contact face, which represents an SCF
greater than two. This distribution is in accordance
with other studies (3,5,49,50), a half hammock
shape as reported by Verbist et al. (11), but even
more intense when reaching the corner side in the
shear path. These results for the SCF indicates that
the theoretical uniform shear stress is around 0.36
(SCFrgy =2.77-2.79) and 0.47 (SCFyyp = 2.13) of
the highest shear stress reached. Therefore, using a
reduction coefficient of the shear strength in regard
to the stress distribution, is strongly recommended.
Moreover, the relatlonshlp observed between the
uniform shear stress at failure (2.89 N mm™) and
the literature shear strength, approximately equal to
0.5, as well as that between the uniform shear stress
at failure and the shear strength obtained in notched
shear block tests (0.65), pointed out that k, ., factor
would be near the more restrictive values suggested
by some authors (16,17).

It is also of interest to compare the value of
the total shear stress obtained as the horizontal
force (138.564 kN) with that obtained by numeri-
cal simulation for the bottom shear path (from the
rear notch). That is the integral of the shear distri-
bution surface plotted at Figure 14 (137.440 kN),
which corresponds to a difference of only 0.8%.
This would correspond with what is held back by
the friction produced between the lower face of the
rafter and the tie-beam.

On the other hand, if compared with the single
step joint for the same horizontal force, a single
front notched joint would require increasing the
tie end over the minimum 150 mm. Furthermore,
the reverse step joint, studied in Villar et al. (5),
would not have sense for this horizontal force due
to the necessary extension of the tie beam beyond
the meeting point with the rafter. In addition, at the
same time the favorable effect of the frontal notch is
eliminated.

The model also allows the plotting of the fail-
ure rates according to Tsai-Wu criterion, Figure 15.
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FIGURE 14. Shear stress T,, (N/mm2) and distribution along the crack path for a rafter load of 160 kN.

FIGURE 15. Failures rates using the Tsai-Wu criterion.

Thus, it can be checked that the area where the fail- The failure value obtained with this crite-
ure originates (failure rate = 1) is the same one at rion was 126.592 kN vs.160 kN experimentally
which the high shear stresses concentration was pre- obtained. It implies that the collapse would occur
viously observed. Therefore being, this result, coher- at 79.12% of the average rafter load reached in the
ent with the experimentation and with the origin of tests. This conservative behaviour is not so pro-
the crack. nounced if we take into account the lower value
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obtained in the experimental tests, 134.2 kN. This
agrees with that observed in other works, where the

Tsai-Wu criterion was estimated as conservative
(25,29).

5. CONCLUSIONS

The test of real size specimens of the double-step
joints subjected to constructive loads has allowed
to collect records of the strains associated to these
loads, as well as to appreciate the way its failure
occurs. The main point of the strength of these
joints with an angle of 30° between members, fre-
quently used in large or medium span roofs trusses,
is the shearing failure. When the geometrical defini-
tion is based on Spanish structural timber standard,
the failure is produced by shearing at the lower shear
path from the rear notch. Hence, it seems to be rea-
sonable that the shear path is checked only for this
plane according to this standard. The oblique com-
pression to the fibre was not critical since failure due
to crushing was not detected in any of the two steps.
The double-step joint combines the advantages of
the single, front notched, step joint and the reverse
step joint in order to transmit higher forces. When
comparing with these single step joints, significant
increases were observed in the experimental failure
load.

Small values of strains were appreciated, which
did not impede a suitable record of data using strain
gauges. After the coupling of the bars at the begin-
ning, an elastic and linear pattern was appreciated
until a quasi-brittle failure appeared. A gap at the
front notch surface was recommended to ensure the
collaboration of the two steps to optimise the load
capacity of the joint.

Numerical models using FEM were generated
for the pieces tested both with elasticity properties
using reported values and with those obtained from
the ultrasound study of the specimens tested. These
ones could suitably reflect the behaviour observed
at the experimental stage. They were graphically
and mathematically validated, which will allow
studying other geometries and strength classes,
among others.

The stress state showed by the FEM models were
in agreement with the failure form experimentally
observed. The initial geometry of the joint implies
that in the transmission of the load to the tie-beam,
the rear notch is more loaded. This confirms the cal-
culation of the path affected by the shear stress only
from this rear notch when using this geometrical
definition. Therefore, the double-step joint allows
considering a longer chord shear length with respect
to single joints, since the limiting shearing path is
the lower one from the rear notch.

The triple strain gauges located at the shear path
allowed one to know the concentration of stress, SCF,
produced if compared with the theoretical uniform

distribution. The FEM model exhibited a distribu-
tion of the shear stress resembling a triangular shape
with the maximum concentration of stress close to
the contact surface. Both, experimental and FEM
models provide an SCF greater than 2. Therefore,
when the theoretical calculation is conducted, using
a reduction coefficient of the shear strength, related
to the stresses’ distribution, is strongly recom-
mended. The analysis undertaken here pointed out
that the k, .4 factor would be near the more restric-
tive values suggested by some authors.

The application of this study to other species,
skew angles and geometrical designs could allow
extrapolating these results. In that case, general cal-
culation recommendations could be provided since
this factor is only considered by some European
Standards.

The numerical models included the Tsai-Wu fail-
ure criterion. This criterion confirmed the experi-
mental mode of failure and the area where the shear
crack began.
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