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Abstract. Correct assessment of fire resistance
of building structures requires accurate mechanical
modeling of material behavior, taking into account
thermal creep in the stress-strain response of
materials at elevated temperatures. Finite element
models of fire-resistant structures using different
types of coatings have been developed [6]. Using
the example of timber nodal joints, the article
presents a review of works and models of steel
dowels. The review is based on experimental results
presented in the literature and their application to
models of nodal joints at elevated temperatures. The
works considered in the review provide extensive
factual material on the bearing capacity of a dowel
joint and its stiffness. Today, these issues are
actively studied by many researchers. A two-
component model was analyzed in detail, on the
basis of which a series of samples were compared
under normal operating conditions and under fire
conditions, and the corresponding  stress
coefficients for different degrees of fire exposure
were obtained. The limit states of a dowel joint are
the loss of strength due to plastic bending of the
dowel in the socket when embedding wood. The
analysis of numerical experiments makes it possible
to verify the validity of the current design rules and
standards [1, 2] and national design standards
implemented in them [3-5], and also allows to
identify shortcomings and limitations of the
application of fire resistance design rules for this
type of connection. The results emphasize the need
to include the actual operation of dowels in the
connections of wooden structures in modern
advanced structural calculations for fire resistance
and in engineering practice. The review considers
an example of a symmetrical connection with two
shear planes, the implementation of the
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finite element model and the results obtained.
Today, the use of calculation methods for assessing
fire resistance is associated with the introduction of
the latest software computing complexes, in
particular, such as LIRA-SAPR, Ansys Mechanical,
Comsol Multi-physics, IdeaStatica and others [6, 8,
9]. New research allows us to improve information
bases for creating tools for numerical modeling of
complex structures in the direction of harmonizing
international and national standards of Ukraine in
the field of construction, taking into account the
actual stiffness of timber structure nodes under
temperature conditions [7, 39].
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INTRODUCTION

The progress of scientific research on the fire
resistance of building structures has accelerated
in recent years. This is due, not least, to the fact
that fire safety is moving from regulatory [1-5]
to operational solutions [6-8]. Software tools
have been developed and successfully used to
assess the fire resistance of steel and reinforced
concrete structures. Using the "LIRA-SAPR"
software (Ukraine), a method for numerically
studying the fire resistance of reinforced
concrete  structures using non-stationary
temperature  fields in  concrete  and
reinforcement, which implements the fire
regime using the "Heat Conductivity" system
[6], Finite element models of fire-resistant
structures using various types of coatings have
been developed to assess the fire resistance of
structures, determine the fire resistance limit of
reinforced concrete structures with changed
stiffness characteristics due to the influence of
elevated temperatures, as well as the
temperature distribution in the nodes of the
models. The library of finite element models of
thermal conductivity contains one-dimensional,
flat and spatial elements. Nonlinear thermal
conductivity, implemented for rod, plate and
volumetric finite elements, allowed us to
estimate the thermal conductivity coefficient,
take into account the change in material
characteristics due to the influence of
temperature heating in
accordance with the requirements of [3].
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This ensures structural adequacy at all stages
of the life cycle of the structure. The functional
requirement is to ensure the necessary load-
bearing capacity for a sufficient time for safe
evacuation and rescue [4]. The specifics of the
operation of wooden structures require further
study of the characteristics of materials under
the influence of fire and improvement of
calculation models. One of the key features of
the implementation of fire design standards
based on characteristics is the assessment of the
fire resistance of the structure as a whole and its
nodal connections, hence the need to study the
thermomechanical behavior of the material at
elevated temperatures and develop material
models suitable for numerical implementation
[10].

For adequate modeling of the structure, the
work of the connection is very important. In the
case of wooden structures, they are semi-rigid,
and their behavior affects the overall stress
distribution, the consideration of which leads to
a more realistic structural modeling.

The calculation schemes of the considered
building structures are required to be as close as
possible to the real structure, taking into
account the peculiarities of its functioning.

Calculation models are especially complex
in relation to wooden structures. They are
somewhat conditional, requiring consideration
of both the statistically random anisotropic
physical and mechanical characteristics of
materials and the nature of the operation of
different materials in the contact zones.

Depending on the purpose of the calculation,
both linear-elastic models and models taking
into account geometric and  physical
nonlinearity can be considered (Fig. 1).

Fig. 1 Alternative stress—strain relationships com-
monly used in non-linear analysis:
a - elastic-perfectly plastic; b - elasto-plastic
with strain hardening; ¢ - continuously vary-
ing; d - rigid plastic behaviour

Puc.1 AnpTepHATHBHI 3aJCKHOCTI HaIPy->KCHHS-
nedopMmariii, MmO 3a3BHYail BUKOPHCTO-
BYIOTBCS B HETIIHIMHOMY aHali3i: a - ileallbHO
MPYXHO-TUIACTHYHI; O - MPYXHO-TUIA-CTHYHI
3 nedopmarliitHuM 3MIilHEHHSIM; B — Oe3rie-
PEPBHO 3MiHHI; T - JKOPCTKO-TUTACTUYHI
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For calculations of pin-type connections,
calculation with limit state analysis for fully
plastic behavior of materials is mainly used.

The purpose of the article is to analyze the
methods for calculating the stressed-deformed
state of dowel joints of wooden structures,
taking into account non-stationary temperature
fields in wood and dowels for a standard fire
temperature regime, which make it possible to
evaluate the real operation of the connection
components and the fire resistance of the joints.

The materials and methods of research
consist in studying the results of experimental
and theoretical research in comparison with the
existing theoretical base.

The object of research is the directions,
methods and experimental data obtained on the
basis of the analysis of scientific sour.

PROBLEM STATEMENT AND
RESEARCH ANALYSIS

For room temperature design, the modern
design methodology of the Eurocode 5 design
code [2] is based on the theory of plastic
deformations and the results of Johansen [11]
and uses the calculation of the plastic limit state
to determine the bearing capacity of the
connection [12, 13] (Fig. 2).  Further studies
are based on the theory of plastic deformations
(European Yield Model EYM). With changes
and adaptations, this theory is the basis of the
design codes for timber structures Eurocode
(EC5), similar to the content of the national
design codes of the USA (NDS), Canada (CSA
086), which are developed on the basis of EYM.

Dowel joints are theoretically considered
semi-rigid [14]. This takes into account the
phenomenon of initial slippage, which occurs in
joints with a fastener fit and continues until
contact with the hole is achieved. Failure at this
stage is brittle and is considered unacceptable.
In contrast, viscous work (i.e., plastic with
significant deformations) is characteristic of
well-designed joints [15, 16, 17].

For the calculation of doweis in [2],
expressions are proposed that are a function of
the density of the timber and the diameter of the
fastener. These expressions for the work of the
dowel do not take into account some effects,
such as the angle of inclination of the load to
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the grains or the geometry of the joint, which
are fundamental for accurate modeling.
The calculation formulas are analyzed in
detail by us in the review [29].
F
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Fig. 2 Typical "load - shear deformation” rela-
tionships for dowel-type connections: a -
on screws and nails; b - on bolts and
dowels

Puc.2 TumoBi 3ameXHOCTI "HaBaHTaXXEHHSI -
nedopmariiss  3cyBy"  anmA 3'eqHAHbB
HAareJbHOrO THITY: a - Ha IIypyHax Ta
1Bsxax; 0 - Ha OOJNTax Ta HaressIx

Numerical simulations of timber joints at
room temperature have been carried out by
many researchers [17, 18, 19]. In [20, 21, 22]
the joints were modelled as three-dimensional,
but it was shown that their behaviour can also
be analysed using two separate two-
dimensional approaches. The behaviour of the
timber (perpendicular to the tongue) is actually
modelled by two-dimensional finite element
models [23-25], while the behaviour of the
tongue (parallel to the tongue) is actually
modelled by beam finite elements with elastic
properties relative to the timber [13, 26, 27, 28].

Examples of finite element modeling of
timber joints under fire loading are given in [29,
30] and in [29] a mechanical analysis of the
joint is also performed. The conclusion made in
[31] is that the influence of the number of
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fasteners on the calculation of the load-time-to-

failure curves is very small. Thus, the use of a
single dowel for modeling timber dowel-type
joints under fire should provide accurate
results.

Fam
dowel l 44—
r%‘jhif,f" F load direction
. r I.\..‘__;:; -‘_.-' L 5
ol #f{f‘ a” l ﬂ\
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Fig. 3 Modeling the interaction of timber and
dowel elements
Puc.3 MoentoBaHHs B3a€MO/Ii1 IEPEBUHU Ta
Hareis 3a EC5

Wood is a consumable material. However,
complete combustion of structural elements is
very rare. The development of a growing layer
of charcoal acts as an insulator and protects the
inner core, but at the same time reduces the
efficiency of the transverse surface for
transferring loads.

The results of the paper [32] provide an
opportunity to analyze the behavior of both
timber and dowel under conditions of thermal
flow. To achieve this goal, finite element
simulations were performed using the
specialized finite elements SAFIR [33].

The component model considers the
connection as a set of individual components.
Each component in the solution proposed here
is modeled separately, with its own stiffness
and strength. When the connection is loaded,
the force distribution in the connection is
determined by the relative stiffness/strength
and position of the individual components [34].
For a dowel connection with a single fastener,
two components can be clearly identified: the
wooden element and the steel dowel.

To confirm the modeling results, the authors
conducted wood crushing tests in accordance
with standard requirements (Fig. 4).

Test results showing a displacement curve
are given, for example, in [13, 18, 35]. When
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the force is applied along the fibers, the ultimate
strength and initial stiffness are higher, while
the stiffness after plastic deformation is lower
than when the force is perpendicular to the
fibers [36].

In case the required experimental test results
are not available, it is acceptable to use
characteristic values, since the model is used for
theoretical research, and not for the analysis of
a specific wood species or sample.

The materially nonlinear behavior of the
dowel cross-section is described discretely
using a fiber model, where the cross-section of
a steel dowel is considered as a set of fibers,
each of which has a one-dimensional stress-
strain relationship. In [32], an elastic-ideally
plastic stress-strain relationship was considered
for the material model of dowels at room
temperature.

The scheme proposed in the work is
presented in Fig. 5 for the case of a double shear
connection. A typical finite element modeling
of the connection model uses a series of beam
elements to discretize the dowel on an elastic
support at each node according to the behavior
of the timber.

In paper [32] the properties of the timber
components are determined by assuming that
these components are continuously distributed
along the length of the dowel (the concept of a
beam on an elastic base). In the finite element
modeling, the strength and stiffness properties
of the timber components are determined by the
embedding strength.

B

grain
direct.
~ —

FrR

Fig. 4 Test principle to EN383
Puc.4 Cxema craHmapTHuX BuNpoOyBaHb Ha
3MHMHaHHS B OTBOPi

Strength and stiffness characteristics were
obtained for the simulated specimens at room
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temperature and compared with the results
from the Hankinson expressions for the fiber
inclination in the connection [2], as well as with
the experimental results from [18, 35]. The
calculated force-displacement curves are
mostly within the range of the experimental
results. Both stiffness and strength were
simulated accurately.

NepesHui

ﬁ A EI:m
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2333 spesiuin 3 = 3 3
$33F e EEEE
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Fig. 5 Model of a single fastener connection
Puc.5 Mojienb 0THOHAreIBHOTO 3€THAHHS

The numerical model of the steel dowel is
compared with the experimental one for a
symmetric connection (double shear) [18]. The
numerical results are in good agreement with
the experimental results both in terms of initial
stiffness and ultimate strength, both for the case
of a load parallel to the fibers and for the case
of a transverse member loaded perpendicular to
the fibers.

In all cases, the difference between the
model failure loads at plastic failure loads is
less than 5%. The failure modes of the
numerical model are also in agreement with the
plasticity theory and Eurocode 5.

In our review, we examine in detail the

ISSN 2522-4182

regarding the node model and the results of
calculations, and the obtained results are
compared with the experimental ones.

The analysis of the model at elevated
temperatures was performed in work [32].

The use of the component model for timber
connections under fire loading is performed in
a two-step approach: first, a three- dimensional
thermal analysis of the connection is carried out
that allows the determination of the temperature
field in fasteners and timber; second, the
component model previously described for the
connection is used to determine the mechanical
behaviour of the connection.

The three-dimensional thermal analyses of
the connections were carried out with material
thermal properties defined in Eurocodes [23—
25] using the program SAFIR. It is assumed
that timber and steel will remain connected
during thermal analysis and that no gap
develops at the interface.

A different finite element mesh was used for
the thermal analysis. In this case, the
temperature of the model components was read
from the thermal model for further mechanical
calculation.

The reduction in the strength and stiffness
parameters in compression was taken into
account by the coefficients given in Eurocode
5.

The dependences of strength and
deformability for different temperatures were
constructed.

The non-linear mechanical properties at
elevated temperatures for the pins were
obtained from the recommendations of
Eurocode 3.

Fig. 6 Fire resistanc e for a single dowel
connection [32]

Puc.6 BoruecTilikicTb O{HOHAr€JILHOTO
3’ennanHs [32]

model presented in [32]. It fully and
exhaustively presents both the considerations
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Thermal analysis was performed using the
finite element program SAFIR for isolated
fastening using a finite element mesh. It is
assumed that the connection has symmetry with
respect to the axis of the dowel. The model
assumes an ideal thermal contact at the
interface of wood and steel, and heating is
assumed to be one-sided

The temperatures along the axis of the dowel
were determined at two different locations: for
the steel dowel at the interface between the
dowel and the wood, uniform over the entire
diameter, and for the wood at a distance of 0.5d
from the dowel surface.

It is important that the stiffness of the wood
will depend on the temperature profile in the
direction perpendicular to the dowel.

Since the temperature in the wood varies
with the distance from the dowel, the spring can
be considered as a series of springs with
different stiffness properties. For simplicity, the
model of the wood component along the dowel
was used as an equivalent stiffness, i.e. a single
temperature.

By calibration, it was found that a distance
equal to half the diameter gives a good
correlation with the experimental results.

The temperature distribution in the wood at
the interface with the pin is obtained by
calculation. Temperature curves are given,
which are then entered into the component

Plastic Mosmanl st 20F C

IruHaseH i mosserT B H3reni, Haa

Diwtarce from side [mm]
BiacTine Bla domsiwsndd FpaHI ByYLAD, M

At normal temperature, two hinges are fixed in

the dowel. When the temperature increases, the
moments are redistributed. When the moment

84

MABCT4HIR MOMEHT Npe te 2P

Pladtic Mamanl at 20° C

model, and the material properties are adapted
accordingly.

After 60 minutes, the joint is still capable of
withstanding 20% of its initial load-bearing
capacity. The curve obtained from the model is
compared with the curve of load factor versus
time to failure according to Eurocode 5. The
graph shows a fire resistance limit of 40
minutes. Experimental results give a longer
time, but it has been shown in [31] that the
Eurocode 5 model is a conservativeculation of
load-time curves to failure is very small. The
comparison showed the correspondence
between the numerical and experimental
results.

In work [31], a conclusion was made about
the sufficient accuracy of approximation, so a
longer time to failure can be expected.

The joint was chosen so that all failure
modes typical of a timber joint in double shear
can be observed: a dowel with two plastic
hinges; a single hinge in the central member;
and compression of the timber. The behaviour
of a double shear symmetrical joint is illustrated
in Fig. 7 - 9. The graphs show dotted lines that
correspond to the limit of complete charring of
wood at time periods. The vertical solid line
corresponds to the boundary of the central and
lateral elements. The graphs are plotted to the
axis of symmetry. Distribution of moments
along the dowel (Fig. 7).

Fig. 7 Final moment diagrams in
the dowel at times 0, 15,
30, 45, 60 and 75 min [32]

Puc.7 Emopnm 3ruHaIHHU3
MOMEHTIB B Haremi y
npomixku 4acy 0, 15, 30,
45 ta 75 xB. [32]

BiCh CMMETHE EyAna

in the lateral elements decreases, the fracture
occurs in the middle element and a hinge is
formed in the middle element. A decrease in the
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thickness of the lateral elements is observed
and the fracture mode changes again. The
moment in the central element decreases again,
and the final fracture occurs from the crushing
of the wood without the formation of a plastic
hinge.

Fig. 8 shows the movement of the dowel, the
location of the plastic hinge is clearly visible.

ISSN 2522-4182

The fracture of the wood in the zone of final
displacements is observed. Fig. 9 show the
stresses in the timber component at the
corresponding time intervals. When the
temperature increases above 20 degrees, the
strength of the wood decreases; the plateau is
not constant.
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Fig. 8 Deformation of the dowel at failure at times 0, 15, 30, 45, 60 and 75 min [32]
Puc.8 ITonepeuna nedopmariis Harens y npomixku yacy 0, 15, 30, 45 ta 75 xB. [32]
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Fig. 9 Stresses at timber component at times 0, 15, 30, 45, 60 and 75 min [32]

Puc.9 Emtopu Hanpy>keHb [IpHU 3MHUHAHHI JEPEBUHU B OTBOPI 3’€IHaHHS y npoMikku yacy 0, 15, 30, 45 ta 75

xB. [32]
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The obtained numerical results were
compared with experimental data. For this
purpose, data from works [37] and [31] were
used. In experimental studies on multi-nail
joints, every fourth nail was made as a bolt to
fix the position of the elements during fire tests.

The methodology used for fire resistance
analysis was described earlier: first, a thermal
analysis is performed, and then the obtained
temperatures are applied to the mechanical
model. Numerical modeling was performed
using a single fastener, since, as noted in [31],
the influence of the number of fasteners on the
cal the model and the clarify the main
mechanisms of the joint obtained.

The model considered is relatively simple,
but at the same time validated. It provides
specific values of the bearing capacity of the
connection under fire exposure and fire
resistance values, which are somewhat higher
than those given in the standards [2] (Fig. 6).

The theoretical results and directions of
experimental work presented are evidence of
high research activity in the direction of
improving constructive solutions and standards
for designing fire resistance of structural
components.

Today, the use of computational methods for
assessing fire resistance is associated with the
introduction and successful operation of the
latest software computing complexes, in
particular, such as LIRA-SAPR, Ansys
Mechanical, Comsol Multi-physics, IdeaSta-
tica [6, 8, 9] and others. New research allows
improving information bases for creating tools
for numerical modeling of fire resistance of
nodal connections on the way to harmonizing
international and national standards of Ukraine
in the field of construction [7, 39] while taking
into account the actual stiffness of wooden
structural components under temperature
conditions.

CONCLUSIONS

1. A review of publications on the study of the
fire resistance of dowel-type joints was
conducted. The results obtained were
verified by experimental studies.

2. New models and calculation schemes were
considered, which, based on classical
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approaches, allow for a more accurate
determination of the actual stress-strain state
of multi-component dowel joints.

. The obtained research results analysed in the

review allow for a refinement of approaches
to the calculation of mass types of dowel
joints, determination of their bearing
capacity resources, and improvement of the
information base for further creation of tools
for numerical modelling of joint joints on the
path of harmonization of international and
national standards of Ukraine in the field of
construction, taking into account the actual
stiffness of wooden structure joints under
temperature influences.
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PO3PAXYHOK HA BOTHECTIMKICTh
KOHCTPYKTUBHUX BY3J1I0BUX
3’€EAHAHD 3A €EBPOKO/

Jloomuna JIABPIHEHKO
Jloomuna APAHACHEBA
Bimanit TOHKAYEEB

Anoramis. HanexHa oIliHKa CTPYKTYypHOI
BOTHECTIMKOCTI OyAiBEIHbHIX KOHCTPYKIIIN BUMArae
TOYHOTO MEXaHIYHOI'O0 MOJICIIOBaHHA pPOOOTH
Marepiaiy 3 ypaxyBaHHSIM TEPMiYHOT IOB3Yy4OCTi B
peaxmii MaTepiayiB Ha HaIpPyXEHHS-IePOpMAIIito
Opy  MiABHMINCHUX TeMmmeparypax. Po3pobieHni
CKiHYCHHO-E€JIEMEHTHI MOJIeNli BOTHE3aXHUIICHUX
KOHCTPYKIIH 13 3acTOCYBaHHSAM Pi3HHX THIIIB
MOKPHUTTIB [6]. 3 ypaxyBaHHSIM OCOOIMBOCTEH
JEPEeBUHU SIK KOHCTPYKLIHHOTO Marepialy Ha
NPUKIAAl  HAareJbHUX  BY3JIOBUX 3’ €IHAHb
MPEJCTAaBIIEHO OTJIsAA POOIT Ta Mozeneidl podoTu
BY3JIiB.

Orisi; TpOBEACHO HAa OCHOBI HaBEIEHUX B
JTEpaTypl eKCIEPUMEHTATLHUAX PE3ybTaTIB Ta iX
3aCTOCYBaHHSI IO MOJIeNIell BY3JI0BUX 3 €JHaHb B
YMOBax MiJIBUIIEHUX TemrepaTyp. Po3risayBani B
ornsaai poOOTM HANAIOTh BENUKUHA (paKTHYHMIA
Mmarepiai CTOCOBHO Mozenei HECy4ol
CIPOMOJKHOCTI 3’€/IHAHHS HAarelbHOTO THUIYy Ta
HOT0 YKOPCTKOCTI.

Ha cporomni mi TWTaHHS JOCTIIKYIOTHCS
OaraThbma nochigHUKaMu. [leTaqbHO aHai3yeThes
JIBOKOMITOHEHTHA  MOJieJlb, Ha OCHOBiI  SIKOi
NpOBEICHO  MOPIBHAHHSA  cepii  3pa3kiB  3a
HOPMAJIbHUX YMOB €KCIUTyarallii Ta B yMOBax
TMIOKEX1, OTPUMAaHI BIJIMOBI/IHI KOe]illieHTH
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Hampy>KeHb 3a pI3HOTO CTYNEHIO BOTHEBOTO
BIUIMBY. SIK TpaHW4HI CTaHU HAreJIbHOTO 3’ €AHAHHS
PO3TIIAIAIOTHCS BTpaTa MIITHOCTI gepes
TUTACTUYHUMN 3TMH HArelisl B HAreJIbHOMY THI3/Il ITPU
3MHHAHHI JIGPEBUHH CTIHKH OTBOpY. AHAII3
YUCEIbHUX CKCICPUMEHTIB HAaJa€ MOXKJIHBICTh
MTePEKOHATHCS B HAAITHOCTI YMHHKX TIPABHI 1 HOPM
npoekTyBaHHs [1, 2] Ta IMILIEMEHTOBAHUX JI0 HUX
HaI[IOHATBHUX HOPM MPOCKTYyBaHHS [3-5], a TaKoxk
JTO3BOJISIE BUSIBUTH HEJOJIKY Ta MEXI1 3aCTOCYBaHHS
MpaBWJ TPOEKTYBaHHS BOTHECTIMKOCTI CTOCOBHO
BOTO BUIY 3’€HAHHS. Pe3ynbTaTu miaKpecIrooTh
HEOOXITHICTh BKIIFOUEHHS JiHCHOI poOOTH HaremiB
y 3’€¢OHaHHSAX JIepeB’SHUX KOHCTPYKIIH 710
Cy4acHHUX YIIOCKOHAJICHUX CTPYKTYPHHUX
PO3paxyHKiB Ha BOTHECTIHKICTh Ta B iH)XKEHEPHY
NpakTUKy. B ormsnl  po3risimaeTsest MpHKIAR
CUMETPUYHOTO 3’€HAHHA 3 JBOMa IUIOIIMHAMH
3CYBY, peaiisailisi CKIHYeHHO-CJIEMEHTHOI MOJei
Ta  OTpuMaHi  pe3ympTaTh. Ha  croromHi
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3aCTOCYBaHHS PO3PaXyHKOBHX METOJIB OI[IHKU
BOTHECTIHKOCTI TOB’s3aHE i3 BIPOBAKEHHIM
HOBITHIX MIPOTpaMHHUX 00YHCITIOBATEHUX
KOMIUIEKCIB, 30Kpema Takux sik Jlipa-CAIIP, Ansys
Mechanical, Comsol Multi-physics, IdeaStatica Ta
i [6, 8, 9]. HoBi mocmimKeHHS DO3BOJSIOTH
BIIOCKOHAIUTH iH(MOpMaIiiHi 6a3u 11 CTBOPECHHS
THCTPYMEHTIB YHCEIbHOTO MOICTIOBAHHSI CKIIaTHUX
CIOpyA Ha TUIIXY TapMOHI3aIlii MIKHAPOMHUX i
HaliOHAJbHUX CTAaHAApTIB YKpaiHM B ramysi
OyIiBHUIITBA MPH ypaxyBaHHI JiHCHOI JKOPCTKOCTI
BY3JiB JIepeB’STHUX KOHCTPYKLIH B  yMOBax
TEeMIEepaTyPHHUX BILIUBIB.
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