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a b s t r a c t

Steel-to-timber connections, loaded in tension perpendicular to grain, are tested in cold and ISO-fire conditions.
The experimental results are used to validate a 3D finite element model. This model is based on two different
meshes for thermal and thermo-mechanical calculations. To manage the plastic yielding of materials, the
mechanical model is based on vonMises criterion for steel and Hill criterion for timber. To take into account the
brittle character of wood in transversal directions, Hill criterion is combined with Tsaï–Wu failure criterion.
The thermal model, based on a continuous mesh, simulates the evolution of the temperature field inside the
connections. The thermal and mechanical models are validated by comparison of their results with those from
tests (temperatures, load–displacement curves). The developed thermo-mechanical model considers the
mechanical properties evolution as a function of the temperature. The comparisons of calculated and
experimental fire resistances show that the model predicts accurately the thermo-mechanical behavior of
the connections. The validated model is used to observe mechanical parameters which are difficult to obtain
experimentally, such as the load distribution among fasteners in fire conditions.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The analysis of the fire behavior of timber connections is complex
due to the influence of several parameters, such as the geometry of the
connection combining various materials (steel and timber), the
fastener types, and the different thermo-physical and thermo-
mechanical properties of these materials [1]. Timber is the structural
material for which the studies on the properties and the tools of
simulation in fire situations are the least numerous. The large variety
of wooden species and the natural origin of the material, leading to a
large variability of its characteristics, make difficult the synthesis of the
data and the development of generalized models. Thus, the complex
thermo-mechanical behavior of timber connections is difficult to
predict.

In recent years, progress has been observed in the regulations
relative to the fire performance of timber structures. Eurocode 5
(EN1995-1-2) [2] proposed design rules for symmetrical connections
made with various fastener types including a simplified calculation
method, the ‘Reduced Load Method’. Besides, some experimental and
numerical studies concerning the fire resistance of timber connections

have been performed [3–9], opening the way for an extended use of
timber in buildings. Nevertheless, large limitations still exist due to the
lack of data. Thus, the design rules developed are based on a limited
number of experimental and numerical results [10,11]. This is due to
the high cost of large-scale experiments in fire conditions and the
complexity to develop accurate numerical models. As a consequence,
the EN1995-1-2 method covers a maximum fire resistance limited to
30 min for doweled steel-to-timber connections and still thus of
limited application.

Moreover, most of the available studies concerning the thermo-
mechanical behavior of timber connections deal with connections
loaded in tension parallel to grain. However, in real doweled timber
connections, timber is loaded in tension or compression parallel or
perpendicular to grain combined with shear [12]. Due to the brittle
character of the material in tension perpendicular to grain, the
knowledge of the behavior of the connections in this orthotropic
direction is of main importance. The anisotropy of timber can lead in
many cases to brittle failures related to the stresses in shear and
in tension perpendicular to grain [13]. These failures may result in
splitting of the timber member. In normal conditions, the number of
published researches on timber connections loaded in tension per-
pendicular to grain is limited [13–16]. In fire situation, this loading case
has not been studied yet.

An extensive experimental and numerical program has been
conducted in France from 1999 to 2010 [17–20]. The experimental
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part of this program allowed determining the fire resistance of
timber connections subjected to various loadings: tension parallel
and perpendicular-to-grain, tension with an angle of 451 to the
grain and bending. These fire tests were completed by tests at
normal temperature to obtain the real resistance of the connec-
tions to be used as a basis for the load ratio to be applied in fire
situations. Numerical models, validated by the experimental
results, have been developed for timber connections subjected to
a tension parallel to grain [3,4]. These models allowed simulating
accurately the thermo-mechanical behavior of the connections [4]
and were used to analyze the load distribution among the
fasteners of steel-to-timber connections [5].

In this study, these numerical models are adapted for the steel-
to-timber connections loaded in tension perpendicular to grain.
In a first part, the tested connections are presented and the
experimental results in cold and fire conditions analyzed. Then,
the three-dimensional (3D) finite element model is developed in
two phases. The first one concerns the modeling of the heat
transfer inside the connection components under a fire exposure.
This model is validated using the temperatures measured inside
the connection under fire. Then, the main assumptions considered
in the modeling of the mechanical response of the connections in
normal situations are presented. The mechanical model is vali-
dated using test results performed in cold conditions. Finally, the
thermo-mechanical modeling approach, based on the two pre-
vious models considering the evolution of the mechanical char-
acteristics of the materials according to the temperature is
detailed. The simulated thermo-mechanical behavior of the con-
nections is validated comparing the experimental and the numer-
ical results. As the mechanical load is kept constant during fire
test, the evolution of the relative displacement between the
connected parts during the time of heating is used as basis of
comparison. The validated thermo-mechanical model is then used
to analyze the behavior of the connection loaded in tension
perpendicular to grain and mainly the load distribution among
fasteners in fire conditions.

2. Test program and experimental results

2.1. Experimental setup

Two different types of connections, with different fasteners
diameters and timber thicknesses, loaded in tension perpendicular

to grain, have been tested under ISO-fire and in normal conditions
(�20 1C). They concern double shear steel-to-timber connections
with four dowels. Two fastener diameters, 16 and 20 mm, are
associated to two timber member thicknesses, respectively 77.5
and 105 mm. The geometrical configurations of the tested con-
nections have been determined for fire design. Thus, in addition to
the minimum requirements of EN1995-1-1 [21] for spacing and
size, the end and edge distances towards the fasteners have been
increased by a value afi. This additional thickness is recommended
by EN1995-1-2 to increase the fire resistance of timber connec-
tions up to 20 min [2]. The timber member thickness t1 is chosen
considering the usual glulam dimensions, the thickness to dowel
diameter ratio and the dimensions of connections tested under
tension parallel to grain [18]. The same geometrical configurations
(determined for fire design) have been tested in cold as well as in
fire situations. Fig. 1 and Table 1 summarize the geometrical
configuration and data values of the tested connections.

Six specimens were tested in normal conditions, at Blaise
Pascal University, in order to determine the load–displacement
curves of the connections including the main parameters which
are the stiffness and the load-carrying capacity [22]. The loading
perpendicular to grain was applied to the extremity of steel
plate in accordance with the European Norm NF-EN26891 [23].
Firstly, the connections are subjected to a pre-loading cycle: load
until 40% of the maximum estimated load (Fest) for 30 s, and
unload until 0.1Fest for 30 s. Then, the specimens are reloaded until
failure. During tests, the relative slip between the steel plate and
the wood side members was measured.

Four specimens, with the same configurations as in normal
conditions, were tested at CSTB under ISO-fire exposure. The loads
applied in fire are calculated as a ratio of real load-carrying
capacities Nu instead of the estimated one Fest. After a pre-
loading cycle identical to that for tests in normal conditions (NF-
EN26891), the specimens are reloaded to the load ratio ηfi chosen
equal to 10%, 30% or 45% of Nu. Then, the ISO-fire exposure was

Fig. 1. Geometrical configurations of the tested steel-to-timber connections.

Table 1
Geometrical data of the tested connections.

Type ϕ

(mm)
t1
(mm)

δp
(mm)

h
(mm)

L
(mm)

b
(mm)

a1
(mm)

a2
(mm)

a4,t
(mm)

a4,c
(mm)

afi

A16 16 77.5 8 267 2000 115 65 60 65 58 42
A20 20 105 10 320 2000 115 65 60 88 88 42
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