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Abstract. Fire safety has always been a major concern in the design of timber con-
struction. Even though wood is a highly combustible material, timber members can
perform adequately under elevated temperatures. The thermal response of timber
connections, however, is in most cases poor and determination of their fire resistance
is usually the crucial factor in evaluating the overall load-bearing capacity of wood
structures exposed to fire. The analysis of timber joints under fire conditions can be
challenging due to their complexity and variety. After presenting the variation of the
properties of timber with temperature, this paper reviews the fire performance of var-
ious connection types, such as bolted or nailed wood-to-wood and steel-to-timber
joints. Results from relevant experimental programs and numerical studies are dis-
cussed in detail and future research needs are highlighted. The effect of several fac-
tors on the fire resistance of timber connections, such as the fastener diameter, timber
thickness and joint geometry, is investigated and useful conclusions are drawn. Based
on these, preliminary guidelines for the efficient design of timber connections under
fire exposure are presented.
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Wood is widely used in contemporary construction for architectural/aesthetic pur-
poses and because it provides cost-efficient design solutions. Its combustible nature,
however, makes timber structures vulnerable to fire. An appropriate fire design
approach for timber members alone is not sufficient if the joints are not capable of
sustaining the applied load in a fire situation. This observation suggests that the
design of the connections, which are typically the weakest zones in timber con-
struction, will most probably determine the overall fire resistance of the structure.
Despite recent efforts to investigate experimentally and simulate the behavior of
timber connections under elevated temperature effects, their thermal response is
not fully understood yet. This can be attributed to the complex nature of these
connections (i.e. the different joint types used, their geometric characteristics, etc.),
the degradation of the properties of wood with temperature increase, the applied
load, the nature of fire protection (if any) and other phenomena such as charring
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of wood, heat transfer among steel and wood surfaces, etc. This article presents a
literature review on the behavior of wood-wood-wood (WWW), wood-steel-
wood (WSW) and steel-wood-steel (SWS) connections under fire exposure.

2. Fire Definition

For the majority of the tested connections presented in this paper, the tempera-
ture evolution in the furnace was according to the ISO 834 [1] standard time—tem-
perature curve. In certain cases, however, this curve could not be followed because
of the heating method used (e.g. electrical coil instead of gas burner) or the fur-
nace and a correlation (based on the fire severity) between measured and pre-
sented fire resistances was made. Moreover, in one test program, fire exposure
followed the CAN/ULC-S101 [2] standard fire curve. Most researchers tested their
specimens in custom-made, small-scale furnaces with different geometries and
heating capabilities. Convection and radiation effects vary according to the geo-
metric characteristics and size of the furnace, because they depend on the location
of the specimen with respect to the burner, the proximity to the walls, etc. As a
consequence, heat transfer to specimens tested by different authors was not identi-
cal. This observation provides a reasonable explanation for the scatter and dis-
crepancies among the fire resistances reported in the literature (Sect. 7).

As mentioned earlier, researchers exposed their specimens to standard fires,
which are generally suited for experimental testing. In such fires, temperature rises
rapidly during the initial stage of exposure (e.g. 7 = 680°C at r = 10 min and
T =~ 840°C at t+ = 30 min according to the ISO 834 [1] curve) and then increases
steadily at a slow rate. High temperature values (greater than 1,000°C) are
reached after several hours of exposure. This is not the case for natural fires, in
which temperature evolution depends on many parameters, such as the combusti-
ble material (fuel), the openings in a compartment, etc. Before flashover, tempera-
ture rises at a slower rate. Afterwards, it reaches a peak, which is followed by a
steady decline (decay phase of the fire). Despite these differences in time—tempera-
ture evolution, peak temperature values in natural fires are almost always lower
than those in standard fires, especially after prolonged exposures. This fact results
in thermal profiles that have a more onerous effect on fire resistance. Therefore,
experimental results obtained from standard fire exposure are more conservative
and can be safely used in the design of timber connections subjected to real fires.

3. Properties of Timber at Elevated Temperatures
3.1. Thermophysical Properties

The fire performance of timber connections depends on the thermophysical proper-
ties of their components at elevated temperatures. Researchers investigated experi-
mentally and numerically the variation of thermal conductivity [3—6] specific heat |3,
4, 7] and density [4, 8, 9] of timber and charcoal with temperature. Figures 1 and 2
present a plot of the collected data together with relevant mathematical expressions
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Figure 1. Plot of (a) thermal conductivity and (b) specific heat of
wood/charcoal versus temperature.
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Figure 2. Wood/charcoal density reduction with temperature.

given in EN1995-1-2 [10]. The steep increase of thermal conductivity beyond 600°C,
which was proposed by the authors of the Eurocode [10], is not reflected in the data
encountered in the literature. It should be noted that thermal conductivity depends on
grain orientation. The data presented here correspond to across-grain measurements.
It has been reported [11] that the parallel-to-grain values are 1.5 to 2.8 times higher. In
relevant numerical simulations, authors [11] correlated the transverse and longitudinal
thermal conductivities by a factor of two. The sharp peak in the specific heat around
100°C, which occurs due to moisture evaporation [11], is not reported by all authors.
Observed discrepancies suggest that these properties are not well defined yet. On the
other hand, the thermophysical properties of steel at elevated temperatures have
already been determined [12] accurately and are not discussed here.

3.2. Mechanical Properties

The mechanical properties of wood and steel at elevated temperatures are also
important in determining the capacity of timber connections subjected to fire. For
steel, their variation with temperature has been studied extensively and is reported
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Table 1
Mechanical Properties of LVL and Sawn Timber at Room Temperature
[25]

LVL Sawn timber

Bending strength (MPa), f, 42 10
Tension parallel to grain (MPa), f; 27 4
Compression parallel to grain (MPa), f. 34 15
Shear in beams (MPa), f; 4.50 3.80
Compression perpendicular to grain (MPa), f, 12 8.90
Elastic modulus (MPa), E 13,200 6,000
Shear modulus (MPa), G 660 400
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Figure 3. Variation of parallel-to-grain (a) strength and (b) Young’s
elastic modulus of wood with temperature according to EN1995-1-2
[10].

in EN1993-1-2 [12]. This is not the case for wood, as its mechanical properties
vary considerably among different types of timber and depend on the direction of
the loading with respect to grain orientation. To illustrate this, a relevant compar-
ison (for ambient conditions) between laminated veneer lumber (LVL) and sawn
timber is given in Table 1. EN1995-1-2 [10] proposes formulas for their reduction
with temperature (Fig. 3).

4. Charring Rate

Application of sufficient heat to wood leads to a process of thermochemical
decomposition, called pyrolysis, which results in alteration of its chemical compo-
sition and physical appearance (formation of char). This phenomenon is accompa-
nied by mass loss. In timber structural members, charring appears in all exposed
surfaces in the form a layer which increases in depth with the progression of fire.
According to EN1995-1-2 [10], the position of the charred layer coincides with
that of the 300°C isotherm. This is verified by other authors [13]. The charred
layer cannot carry structural loads (resulting in a reduction of the cross-section)
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but acts as thermal insulation for the remainder of the cross-section [13, 14]. The
charring rate is defined as the ratio of the charred depth divided by the duration
of fire and is considered to be constant with time. This is a common assumption
for exposure to standard fire and is based on the principles of one-dimensional
heat transfer, which hold true for members used in typical timber construction.
The notion of a constant charring rate has been adopted by EN1995-1-2 [10].
Moreover, authors [13] refer to experimental results which verify this assumption
for softwood. The importance of charring rate in the fire design of timber con-
struction has already been emphasized [15]. Eurocode 5 [10] proposes a charring
rate of 0.65 mm/min for softwoods and a slightly larger value if the effect of cor-
ner rounding is included. Experimental results (Table 2) from various authors [15-
21] show that the charring rate of WWW, WSW and SWS connections can be
estimated as 0.65, 0.70 and 0.50 mm/min, respectively. Research results confirm
the conclusion that the charring rate of WSW connections is slightly higher than
that of WWW joints because of the steel plates [22].

5. Design According to Eurocode 5
5.1. Timber Members

In contrast to steel and reinforced concrete construction, a different fire design
approach must be employed for timber structures due to charring of wood and its
effect on the resistance of load-bearing elements. EN1995-1-2 [10] proposes two
methodologies for calculating the resistance of timber members exposed to fire.

Table 2
Measurements of Charring Rate for Timber Connections

Experimental charring

Type of connection Ref. Type of fastener rate (mm/min)
WWW [16] Bolts 0.67
Screws 0.71
[17] Bolts 0.70
[18] Bolts 0.58
Dowels 0.65
[19] Dowels 0.70
WSwW [1] Bolts 0.75
[16] Bolts 0.60
Dowels 0.70
[17] Bolts 0.82
[18] Bolts 0.53
[20] Bolts 0.80
[20] Dowels 0.81
0.68
SWS [15] Bolts 0.41
[16] Bolts 0.57
Nails 0.66

[17] Bolts 0.35
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According to the “reduced cross-section method”, an ineffective zone around the
exposed perimeter is defined. Its depth equals that of the charred layer plus an
additional 7 mm layer, which is formed linearly with time during the first 20 min
of fire exposure. Based on this zone, a reduced cross-section is determined and the
strength of the member is calculated using the mechanical properties of timber at
ambient temperature conditions. On the other hand, the ‘“‘reduced properties
method™, defines temperature dependent factors for reducing the mechanical prop-
erties of the residual cross-section. In this case, the latter is determined by taking
into account only the charred layer.

5.2. Timber Connections

EN1995-1-2 [10] provides design rules for symmetrical three-member connections
with various types of fasteners (nails, bolts, dowels, etc.) exposed to the ISO-stan-
dard fire. These apply to laterally loaded joints (i.e. the connectors are subjected
to shear) and are generally limited to fire resistances less than 60 min. The design
can be performed either by: (a) application of simplified rules or (b) by the
“reduced load method”. According to the first approach, the fire resistance of
unprotected connections with dowels is considered to be 20 and 15 min for joints
with other connector types. If a greater fire rating is desirable, the edge distance
as well as the thickness and width of the side members should be increased. This
is only applicable to connections with screws, nails and dowels, while the
enhanced fire resistance cannot exceed 30 min. For higher fire ratings, application
of fire protection is necessary and specific rules depending on the connection type
are given. According to the “reduced load method”, the load bearing capacity of
the connection under fire exposure is obtained by reducing the room temperature
capacity via a conversion factor 5, given in Eq. (1), which incorporates the design
fire resistance of the unprotected connection #y45 (in min) and a dimensionless
parameter k depending on the connection type:

n=e (1)

Specifications for calculating the resistance of joints with axially loaded screws
under elevated temperatures are also provided. These take into account the config-
uration of the connection, the edge distance and the embedment depth of the
screws. It should be noted that the fire design of timber structures per EN1995-1-2
[10] has been discussed in detail by Konig [23, 24], who also provided information
regarding the background of the specific code.

6. Embedding Strength

Another parameter that plays an important role in determining the capacity of tim-
ber connections is the embedding strength of the fasteners in wood. Austruy [25]
defined it as “‘the average compressive stress at maximum load at the inter-
face between a timber specimen and a stiff linear fastener, with the fastener’s
axis perpendicular to the surface of the specimen.” At ambient temperature, the
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Figure 4. Variation of the embedding strength with temperature in
timber connections.

embedding strength is a function of the timber density, the bolt diameter and the
angle of the load with respect to the grain. EN1995-1-1 [26] provides numerical
expressions for its calculation depending on the type of the connectors and the tim-
ber class.

The variation of the embedding strength with temperature has been experimen-
tally investigated by researchers [17, 27-30]. Figure 4 shows a plot of the collected
test data. Results refer to specimens loaded parallel to the grain. Besides experiments
of bolted connections, Moss et al. [28] also tested specimens with screws and nails.
The same authors [28] conducted tests of joints with loading perpendicular to the
grain which are not presented here. The reduction pattern and the relative minimum
around 100°C have already been reported [27]. An expression to correlate the
embedding strength with temperature was proposed by Noren [31]. This was based
on experiments of nailed connections and takes into account the parallel to grain
compressive strength of wood as well as the moisture content. Moss et al. [32] also
formulated tri-linear approximations to match the data from a relevant experimen-
tal program [28]. It can be observed that Noren’s expression [31] matches well the
data for joints with nails and screws, while the approximation proposed by Moss
et al. [32] is comparable with results pertaining to bolted connections.

In the tests carried out by Chuo [17], heating of the specimens was not pro-
longed and resulted in a variable temperature profile. This was also the case for
the screwed connections exposed to 2-h heating in the experimental program con-
ducted by Moss et al. [28]. For the rest of their tests [28], the thermal profile of
the joints was uniform due to long-duration fire exposure. Others [27, 29] also
reported that 2.5 h heating led to a constant temperature throughout the cross-
section of the specimens.

7. Fire Resistance of Timber Connections
7.1. Wood—Wood—Wood Connections

7.1.1. Experimental Studies. WWW connections usually consist of three timber
members (two side members and a central one) joined together with various types
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of connectors (screws, bolts, nails, etc.). Steel plates are not used in this type of
connection. Figure 5 presents a typical arrangement of a WWW connection toge-
ther with the applied loading. Researchers [16-19, 25, 31] measured the fire resis-
tance of such connections for different fastener types and layouts as well as
varying member thicknesses. Members were typically made from LVL, while glued
laminated timber GL28h (grade according to EN 1194 [33]) was used in some
cases. The load ratio, which is defined as the applied load during the fire test divi-
ded by the ultimate strength of the connection at ambient temperature, ranged
from 10 % to 30 % in most tests, with values as high as 65 % being reported. No
fire protection was applied on the connections. Relevant information on the tests
found in the literature is summarized in Table 3.

7.1.2. Discussion and Future Research Needs. Member thickness is one of the
parameters that affect the fire performance of WWW connections. Figure 6, in
which the fire resistance of unprotected specimens is plotted against wood thick-
ness for various load ratios, shows that connections with thicker wood members
can achieve higher fire ratings. This observation is reflected in current design spec-
ifications [10], which allow for higher fire resistances to be considered when mem-
ber thickness is increased. Decrease in fire resistance is related to the charring of
wood and the reduction of the embedding strength. Experimental results reported
by [19] support this statement. More specifically, for a load ratio of 30 %, speci-
mens with 84 mm side member thickness sustained the applied load 16 min longer
than those with a thickness of 64 mm. For the specific connection configuration, a
thickness increase of approximately 35 % led to improvement of the fire resistance
by 40 %.

Emphasis should also be given on the effect of the applied load ratio. Experi-
mental results show that its reduction increases the fire resistance. A relevant plot
(Fig. 7) verifies this. For example, in results presented by Laplanche [19], the
increase in fire resistance ranged from 20 min to 25 min for reducing the load
ratio from 30 % to 10 %. Similarly, in connections with a side member thickness
of 60 mm [18], the fire resistance dropped dramatically (approximately 28 min)
when the load ratio was increased from 33 % to 65 %. It should also be noted
that for load ratios ranging from 50 % to 65 %, the reported fire resistance is
extremely low (7 min to 13 min). Despite considerable scatter of the collected data
for fire resistances ranging between 20 min and 40 min (due to the effect of differ-

/:://A/ —
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Figure 5. Typical arrangement of WWW connections.
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Table 3
Fire Resistance Tests of WWW Connections Reported in the Literature

Wood & Side timber  Central timber No. of Diameter of  Applied Fire
Ref.  fasteners  thickness (mm) thickness (mm) fasteners fasteners (mm) load ratio resistance (min)
[25] LVL, bolts 45 65 1 12 0.22 17.2
6 12 0.21 20.4
[16] LVL, bolts 45 63 6 12 0.15 20.5
[17] LVL, bolts 45 63 1 12 0.14 17.5
5 12 0.13 20.3
[18] GL28, bolts 60 100 4 20 0.28 22.0
0.56 14.0
60 100 8 20 0.30 24.0
0.59 15.0
50 80 8 12 0.24 22.0
0.57 13.0
[18] GL28, bolts & 60 100 6 20 0.33 35.0
dowels 0.65 7.0
12 20 0.21 38.0
0.42 23.0
50 80 6 12 0.28 32.0
0.56 13.0
[19] GL28, dowels 64 112 8 16 0.10 59.5
0.20 45.5
0.30 39.5
84 160 8 16 0.10 79.0
0.30 54.0
[16] LVL, screws 45 63 17 6.3 0.15 30.3
[31] Picea abies, 28 45 71 4 0.20 19.0
nails 0.20 19.2
0.20 23.2
0.30 17.9
0.30 15.8
0.40 11.2
0.40 12.7
0.50 8.2
0.60 7.7
40 45 84 4 0.40 24.7
0.40 26.9
0.40 252
45 45 89 4 0.40 253
0.40 26.4
0.40 28.4
20 45 52 2.8 0.10 19.9
0.20 19.1
0.20 18.8
0.30 16.7
0.30 14.9
0.40 12.7
0.40 12.5
0.40 114
0.50 10.4

0.60 6.7
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Figure 7. Load ratio versus fire resistance in unprotected WWW con-
nections.

ent configurations, wood thickness, etc.), the load ratio reduces almost linearly
with fire resistance. High fire rating values (greater than 60 min) correspond to
doweled connections with a thick central member (greater than 110 mm).
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Even though fasteners of different diameters were used in the tested connec-
tions, a direct comparison is only possible in the experiments presented by Dhima
[18]. Connections with 12 mm bolts displayed approximately the same fire resis-
tance with those in which 20 mm bolts were used. However, the load ratio was
different (33 and 12 % respectively). Even though this implies that larger fasteners
provide better fire resistance, it should be noted that the fastener number and
arrangement were not identical. Further testing of connections with the same load
ratio and connector layout should be conducted to verify this.

The effect of fastener type requires further experimental investigation. The col-
lected experimental data refer to connections with bolts, dowels and screws. How-
ever, the applied load ratios were different. Results from one author [16] suggest
that connections with screws have a greater fire resistance (approximately 10 min)
compared with those with bolts, for the same load ratio. The same author [16]
pointed out the increased heat transfer to timber resulting from the bolt head,
which is the most probable reason for the reduced fire resistances of the bolted
connections tested in his experimental series.

At ambient temperature, current codes [26, 34] account for net tension failure in
WWW connections by setting minimum edge distance requirements according to
the type of connector used. An edge distance of 1.5d, where d is the fastener
diameter, is given in the Canadian Standard CAN/CSA-086-09 [35]. However,
under elevated temperature effects, the adequacy of the proposed edge distances
must be reexamined due to the reduction of the cross-section resulting from char-
ring. Experimental data considering this phenomenon are not extensive. The effect
of edge distance in nailed WWW joints was studied by Noren [31], who reported
that charring parallel to the side members led to a faster decrease in the load
bearing capacity of edge nails and that these connectors failed in a different mode
than those located at the middle. Others [19] reported that a 43 % increase of the
material towards the edge led to a fire resistance increase of 60 and 30 %, for
load ratios 10 and 30 % respectively. In order to avoid a premature failure of this
type, authors [15] suggested that edge distances be increased by the product of the
charring rate and the desirable fire resistance.

In future research work, the effect of fastener type on fire resistance should be
further investigated by testing connections with identical load ratios and wood
members. Configuration of the connectors should be similar. The temperature
evolution in the region around the connectors is not well documented and under-
standing it is crucial. The need to determine the charring rate around the connec-
tors has already been reported [16]. It should also be noted that tests of fire
protected WWW connections have not been reported in the literature. The
improvement of the fire resistance resulting from application of thermal insulation
should also be investigated.

7.1.3. Numerical Analysis Studies. Few attempts to simulate the fire resistance of
WWW connections have been conducted so far. A 3D finite element model was
proposed to describe the behavior of dowelled WWW connections under fire
exposure [36]. The model included uncoupled thermal and mechanical analyses.
Initially, the temperature profile of the connection was determined by taking into



Fire Technology 2013

account the appropriate heat transfer mechanisms (conduction, radiation, etc.) as
well as the thermophysical properties of timber (its transformation to charcoal
was included) and steel at elevated temperatures. A mechanical analysis followed,
with plasticity being considered for both materials. Friction at the timber—steel
interface was modeled according to the Mohr—Coulomb criterion. The numerical
results compared well with the data from a relevant experimental program [19].
Others [25] also created a 3D finite element model to simulate the thermal
response of bolted WWW connections subjected to elevated temperatures with
limited success. However, for the bolts and wood region around them, analysis
temperatures were in agreement with the measured ones close to the failure time
[25]. Johansen’s failure theory was then used to calculate the fire resistance, which
matched the results of connections tested by the author accurately [25].

A component model for dowelled-type timber connections subjected to fire has
also been proposed [37]. The authors initially modeled a single fastener connection
at room temperature, in which the parameters of the timber component were
selected from formulas given in EN1995-1-1 [26] and experiments, while the force—
displacement curve for the dowel component was obtained by fiber analysis of its
section. This model was expanded to include elevated temperature effects by
applying reduction factors (as proposed by the EN1993-1-2 [12] and EN1995-1-2
[10]) to the material properties. The required temperature profile was obtained via
3D finite element simulation of the connection.

Despite some efforts, limited numerical analysis of WWW connections under
fire has been conducted up to date. Even though 3D finite element simulations
seem to describe their behavior in an accurate way, current analyses are limited to
doweled connections. Further modeling of different configurations (namely vary-
ing wood member size, different type and number of fasteners, etc.) followed by
comparison with a wider range of experimental results (current and future) is
required. Moreover, the proposed component model [37] cannot directly assess the
thermal field and requires the use of a 3D finite element model for its determina-
tion.

7.1.4. Failure Modes. The predominant failure type for the tested WWW connec-
tions is related to the reduction of the embedding strength around the region of
the fasteners with temperature. Lau [16] reported that failure of the tested speci-
mens occurred due to elongation of the bolt holes (Fig. 8a) combined with split-
ting of wood around that region and that bending of the bolts was not evident. A
similar failure mode (splitting of wood near the screws) was observed for screwed
connections (Fig. 8b) [16]. WWW connections tested in another experimental pro-
gram [17], failed by crushing of the timber members around the region of the
bolts. On the contrary, this failure mode was not reported in the experiments by
Laplanche [19]. Because the load ratio of these connections was low (less than
50 %), failure occurred due to prolonged fire exposure times which led to charring
and loss of strength of the wood members [22].
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Figure 8. Failure modes observed in (a) bolted [16] and (b) screwed
[16] WWW connections.
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Figure 9. Arrangement of a typical WSW connection.

7.2. Wood-Steel-Wood Connections

7.2.1. Experimental Studies. The thermal behavior of WSW connections has also
been experimentally investigated [16-21, 25, 38]. Such connections are typically
made of four timber pieces (two on each side) connected together with a thin steel
plate. Various types of fasteners can be used. Figure 9 presents a schematic of
such a connection with the joined members loaded axially. A different arrange-
ment was used in tests by Frangi et al. [38], who tested multiple shear steel-to-tim-
ber connections (three steel plates slotted in the timber members). Tables 4 and 5
summarize results from fire resistance tests of WSW connections reported in the
literature. Information regarding the timber quality, (in most cases LVL or glue
laminated timber-Glulam), the fastener type and quantity, the member dimensions
and the load ratio (ranging from 0.10 to 0.58) is provided. In certain cases fire
protection (intumescent paint on steel or gypsum boards/plywood) was applied.

7.2.2. Discussion and Future Research Needs. The results (plotted for selected load
ratio cases in Fig. 10) show that timber thickness increase improves the fire resis-
tance of WSW connections. In one source [21], for a load ratio of 0.1, thicker spec-
imens (100 mm thickness) failed 38 min later than thinner specimens (75 mm
thickness). The influence of timber thickness is not so strong for higher load ratios.
In connections loaded at 30 % of their ultimate strength [21], it is observed that
for a thickness increase of 23 mm (from 77 mm to 100 mm), the fire resistance
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Table 4
Fire Test Results of Unprotected WSW Joints Reported in the
Literature

Side timber  Steel plate Diameter of  Applied Fire
Wood thickness thickness No. of fasteners load resistance
Ref. & fasteners (mm) (mm) fasteners (mm) ratio (min)
[25] LVL, bolts 45 6 1 12 0.24 17.2
5 12 0.18 15.0
[16] LVL, bolts 45 6 5 12 0.14 16.5
[17] LVL, bolts 45 6 1 12 0.14 16.5
4 12 0.12 15.1
[20] Lumber, bolts 38 9.5 2 12.7 0.10 14.7
0.30 8.2
[18] GL28, bolts 60 6 16 20 0.19 22.0
0.39 15.0
32 20 0.19 23.0
0.38 16.0
50 6 8 12 0.29 17.0
0.58 10.0
16 12 0.25 18.0
0.49 11.0
32 12 0.24 18.0
0.48 13.0
[20] Glulam, bolts 60 9.5 4 12.7 0.11 28.0
0.18 22.5
0.29 17.5
2 19.1 0.11 27.0
0.32 15.0
4 19.1 0.10 26.0
0.30 14.0
80 9.5 4 19.1 0.10 39.8
0.29 19.0
[21] GL28, dowels 76 8 8 16 0.10 55.5
0.20 41.0
0.30 36.0
75 10 8 20 0.10 52.0
0.30 37.0
77 6 8 12 0.10 54.0
0.30 39.0
100 10 8 20 0.10 90.0
0.30 45.0
[16] LVL, dowels 45 6 32 5 0.12 25.8
[19] GL28, dowels 60 10 6 dowels 20 0.10 50.0
&bolts 2 bolts 0.20 40.5

0.30 35.5
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Table 4
continved
Ref. Wood Side timber  Steel plate No. of Diameter of  Applied Fire
& fasteners thickness thickness fasteners fasteners load resistance
(mm) (mm) (mm) ratio (min)
[38] GL24h, 37 side 3x6 18 6.3 0.075 41.0
dowels 54 central 0.15 33.0
0.30 33.0
18 6.3 0.30 73.0
9 6.3 0.30 32.5
44 side 2x6 8 12 0.30 34.5
100 central
[38] GL36h, 37 side 3x6 27 6.3 0.30 31.0
dowels 54 central

improved only by 5 min. On the contrary, the thickness of the steel plate does not
seem to affect the fire resistance of joints loaded at the same load ratio. This is con-
firmed by experiments from Ayme [21], in which specimens with different steel
plate thickness (6 mm and 10 mm) failed approximately after the same fire expo-
sure time (the thickness of the side wood member was 77 mm and 75 mm respec-
tively), as well as results from other authors [38]. As expected, the temperature in
the protected (by the timber members) steel plate will remain low regardless of its
thickness and, consequently, the fire resistance will be determined from the failure
of the wood section.

Figure 11 presents a plot of the applied load ratio versus the fire resistance for
the unprotected WSW connections found in the literature. Despite considerable
scatter, the data confirm the anticipated increase in fire rating with load ratio
reduction. In one source [20], for specimens with side members of 60 mm thick-
ness, the fire resistance increased approximately 10 min to 13 min when the load
ratio dropped from 30 % to 10 %. For the same reduction in the load ratio, other
authors [21] reported improvement of the fire rating by 15 min to 20 min for side
members with thicknesses ranging from 75 mm to 77 mm. The scatter in the data
is justified by the various parameters affecting fire resistance, such as the arrange-
ment of the tested connections, the member thickness, the type of the connector,
the variability of heat transfer among different test programs, etc. Despite this
observation, the derived plot shows that the load ratio can provide insight regard-
ing the fire resistance of WSW connections. One specimen (multi-shear connec-
tion) [38] with a load ratio of 0.30 had an exceptionally high fire resistance
(73 min) and is not consistent with the rest of the data.

It might be expected that a greater fastener diameter would reduce the fire resis-
tance under a constant load ratio, due to increased heat transfer to wood near the
vicinity of the connector. However, the collected results suggest that variation of
the fastener diameter does not influence the fire resistance in a major way, as sta-
ted by others [20]. Observation of Fig. 12 confirms this. In experiments involving
connections with bolt diameters of 12.7 mm and 19.1 mm [20], the difference in
fire resistance was negligible (two to three min) when the same load ratio was



Fire Technology 2013

_waoo VW
$09 0€°0 €9 LT 9 X ¢ opIs L¢ pieoq wnsdAn  spaop ‘UpzTO  [8¢]
_dbﬂuo <
SH9 0€°0 €9 LT 9 %X ¢ opIs L¢ SpIeOq IoqUI} PaIdAe[-0dIy ] S[omop ‘YpzTO  [8¢]
06T 1o S 43 9 8% yured jusosouwmyug spmop “JAT - [91]
e 620 161 14 S'6 08 pooaA[d 1y seignoQ sijoq ‘wemn - [og]
I$ €0 1’61 14 S'6 09 preoq wnsd£o syoq ‘wemin  [og]
L61 #1°0 ¢l S 9 8% jured jusosoumyug $1109 “TAT  [91]
(uru) oner (wur) sIoud)se] SIOU)SBY JO "ON (W) ssouyoryl  (UIur) ssauyoIy) uonoadjoxd jo odA SIJUQ)SE) 29 POOM  “JoY

doue)sisal a1, peof paddy

Jo 1eewelq

erd [901s [B1UDD

10quip) SpIS

24njnaayIq ul pagioday spuior MSM Po129404d JO SNSAY §saL 1]
S dqrl



Performance of Timber Connections Exposed to Fire

L]
=]

z 2

| ®Load raio 0.10

B
o
LY

.

(=]
=]
[ E——

. -
| ®Load ratic 0.20

(=3

0 20 40 60 80 100
Fire resistance (min)

20 40 60 80 100
Fire resistance (min)

Timber thickness, side member (mm)
&
(=]
L ]

Timber thickness, side member (mm)
(=]
o

—
)
—
—_—
o
_—

8
B

=]

=]
+
=
=1

@
(=]
*
@
o

| +Load ratio 0.40

[=:]
(=1
'

g

e | *Loadrato 050 |

(5]
=]

53
[=]

o
o

o
[-F

20 40 60 a0 100
Fire resistance (min)

20 40 60 80 100
Fire resistance (min)

‘e Timber thickness, side member (mm)
B
(=]
: 3
L]
E Timber thickness, side member (mm)
Fe
(=]

—
=

Figure 10. Effect of timber thickness on the fire resistance of tested
WSW connections.

applied. This is also valid for other tests [22], in which 12 mm and 20 mm bolts
were used (identical specimen configuration).

The effect of edge distance on the fire rating of WSW joints has also been inves-
tigated experimentally. A relevant study was conducted by Peng et al. [15], who
reported that a 40 % increase led to improvement of the fire resistance by approx-
imately 20 %. These authors [20] stated that reduction of the edge distance result-
ing from charring leads to premature failure of the connection. Increase of the
edge distance also enhanced the fire resistance of multi-shear steel-to-timber con-
nections [38]. Further research is required, however, to clarify the correlation
between edge distance and fire resistance for this connection type.

Another parameter that influences the fire resistance of WSW connections is the
fastener type. In the studied experiments, only bolts and dowels were used. For
specimens [16] with the same geometric characteristics and connector layout, the
connections with dowels sustained the applied load 9 min longer than those with
bolts. This can be attributed to the increased heating rate of bolts, due to the lar-
ger area exposed to temperature effects (existence of bolt head, nut, washer, etc.)
[39]. Based on numerical analysis, Audebert et al. [39] stated that, in steel-to-tim-
ber connections, heating of the bolts is two times greater than that of dowels. A
similar finding has been reported by another author [19].
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The presence of fire protection increases significantly the fire resistance of WSW
connections. From the collected data, it can be observed that the use of gypsum
board increased the fire resistance by about 37 min [20] (250 % increase). The pre-
sence of plywood was also beneficial, as the fire rating improved by 15 min [20]
(130 % increase). The use of intumescent paint on the steel plate was not as effec-
tive, because it led to an increase of only 3 min [16]. This is to be expected, as the
major portion of the steel plate is protected from both sides by the timber mem-
bers.

Despite considerable efforts, the experimental database of WSW connections
under fire conditions is still incomplete. Tests for heavily-loaded joints are few and
their thermal response is neither well documented nor well-understood. An exten-
sive experimental study focusing on the effect of the parameters discussed should
be carried out. Furthermore, results from Frangi et al. [38] show that other vari-
ants of this connection type could lead to improvement of the fire resistance.

7.2.3. Numerical Analysis Studies. The simulation of WSW connections under ele-
vated temperature effects has been the object of current research. The finite ele-
ment model generated to simulate WWW connections under fire exposure by
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Racher et al. [36] was also applied to dowelled WSW joints. Results were in good
agreement with relevant experimental data [19].The thermo-mechanical behavior
of similar joints loaded in tension parallel to the grain was simulated via 3D finite
element analysis by others [39]. A distinction was made between the thermal and
the mechanical models, which were validated against experimental results [39].
Comparisons involved temperature evolution, charring rate and evolution of the
load slip curve along the timber—steel interface. Afterwards, the separate models
were combined into a single numerical model for thermo-mechanical analysis.
Audebert et al. [40] used the finite element method (FEM) to evaluate the distri-
bution of loads among the fasteners under fire exposure. The evolution of these
loads with time was also reported. The same authors [40] proposed a simplified
analytical formula (Eq. (2)) to predict the fire resistance of WSW connections,
based on the load ratio 7, the diameter of the fastener d and the thickness of the
timber member ¢;:

tr=4847—-046-d+0.22-1, —8.68 -In(n) +0.015

-d-t; —0.22-d-1n(n) +0.0075 - ¢, - In(n). @
Thermal analysis (via the FEM) of WSW connections with bolts and dowels
exposed to fire has also been conducted by others [11, 41], who presented temper-
ature distributions in the timber section and the connectors and used the reduced
embedding strength approach to calculate the joint capacity under elevated tem-
perature effects. Based on results from this analytical model and experimental
data, these authors [11] also derived a mathematical expression (Eq. (3)) to calcu-
late the fire resistance of such connections considering three parameters (load
ratio, fastener diameter and timber thickness):

tr = —0.0042 - In(n) - (4 +2-d°). (3)

A similar correlation, given in Eq. (4), was proposed in other work done by these
authors [20]:

= (0/p)- (1=n"(@/m)"), @)

where M = 0.15736, N = 0.06004 and f = 0.8 mm/min.

The temperature distribution of one-bolted and four-bolted connections was
also simulated via a commercial FE program [25]. However, the author stated
that comparison with experimental data from a relevant program [25] led to
inconclusive results. Despite this, the calculated failure times (based on Johansen’s
approach) matched closely the experimental values for multi-bolted connections
(approximately 5 % difference) [25].

The thermal response of multi-shear connections tested in Switzerland [38] was
simulated via the FEM [13, 42], with the authors reporting the temperature distri-
bution in the timber section and the steel plates after different times of fire expo-
sure. In another work published by Erchinger et al. [13], an analytical model for
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calculating the load-bearing capacity of such connections under elevated tempera-
ture effects was presented. The same authors [13] also proposed mathematical
expressions for determining the effective cross-section based on the number of
dowels, their diameter, the fire exposure time and the dimensions of the residual
section.

The FEM is the predominant method for analyzing WSW connections under
elevated temperature effects. The simulation of the thermal field and the thermo-
mechanical response seem to be credible, because they match the experimental
results with sufficient accuracy. The analytical expressions found in the literature
yield different results. Table 6 shows the error among the values calculated from
Egs. (2) to (4) and the experimental results. It can be observed that the correlation
proposed by Peng et al. [20] matches the test data found in the found in the litera-
ture well for bolted connections (the average error is 11 %). This is not the case
for doweled joints (a mean error of 38 % was calculated). On the contrary, the
equations by Peng et al. [11] and Audebert et al. [40] can only be used for dow-
eled connections, because for bolted joints errors greater than 100 % were calcu-
lated in certain cases.

7.2.4. Failure Modes. Various failure modes for this connection type have been
reported in the literature. Experimental results from [15] show that elongation of
the bolt holes (Fig. 13a) occurred in all specimens. In certain cases, this mode was
combined with a shear-through failure (Fig. 13b), splitting of wood (Fig. 13c) or
tear-out of the edge material (Fig. 13d). Other bolted (Fig. 13e) and dowelled
(Fig. 13f) connections failed via splitting of wood around the fasteners [16]. Bolt
hole clongation was observed for the WSW connections tested by others [17].
However, Laplanche [19] reported block shear of the wood section along the con-
nector lines. Failures of heated multi-shear connections were similar to those with
a single steel plate [38] and typically involved elongation of the holes and splitting
of wood [38].

7.3. Steel-Wood-Steel Connections

7.3.1. Experimental Studies. Another connection type commonly encountered in
timber structures is that in which the joined timber members (one on each side)
are sandwiched between two steel plates. Figure 14 presents a typical arrangement
of a bolted SWS connection loaded in tension. Experimental work regarding the
fire performance of such connections has been carried out recently [15-17, 25, 38].
Tables 7 and 8 present a summary of the geometric characteristics, the load ratio
and the measured fire resistance of the tested connections found in the literature.
In most cases LVL was used in conjunction with bolts, while two authors [16, 38]
selected to test nailed connections. Buchanan and King [43] tested connections
with steel gusset plates and reported that they behaved poorly when no fire pro-
tection was applied. In certain cases, fire protection materials, namely intumescent
paint or gypsum boards, were applied to improve the fire resistance of the tested
specimens.
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Table 6
Fire Resistance of WSW Connections-Comparison Among Experimental
and Analytical Expressions

Diameter Experimental
Side timber of Applied fire

Wood & thickness fasteners load resistance  Ref. Error Ref. Error Ref. Error
Ref. fasteners (mm) (mm) ratio (min) [4] (%) [25] (%) [14] (%)
[25] LVL, bolts 45 12 0.10 17.2 224 30 20.1 17 357 107
45 12 0.18 15.0 16.7 11 16.6 11 292 95
[16] LVL, bolts 45 12 0.14 16.5 19.1 16 181 10 320 94
[17] LVL, bolts 45 12 0.14 16.5 9.1 16 18.1 10 32.0 94
45 12 0.12 15.1 20.6 36 19.0 26 33.7 123
[20] Lumber, bolts 38 12.7 0.10 14.7 171 16 16,5 13 325 121
38 12.7 0.30 8.2 89 9 10.7 31 202 146
[18] GL28, bolts 60 20 0.19 22.0 30.7 40 209 5 333 51
60 20 0.39 15.0 174 16 145 4 242 61
60 20 0.19 23.0 30.7 33 209 9 333 45
60 20 0.38 16.0 179 12 147 8 245 53
50 12 0.29 17.0 145 15 153 10 26.1 53
50 12 0.58 10.0 64 36 938 2 185 85
50 12 0.25 18.0 162 10 164 9 277 54
50 12 0.49 11.0 84 24 112 2 204 85
50 12 0.24 18.0 16.7 7 167 7 282 56
50 12 0.48 13.0 86 34 114 12 206 58
[20] Glulam, bolts 60 12.7 0.11 28.0 364 30 267 5 408 46
60 12.7 0.18 22.5 28.3 26 228 1 354 57
60 12.7 0.29 17.5 204 17 188 7 301 72
60 19.1 0.11 27.0 40.1 49 255 5 403 49
60 19.1 0.32 15.0 20.7 38 165 10 27.0 80
60 19.1 0.10 26.0 419 61 263 1 414 59
60 19.1 0.30 14.0 219 56 17.1 22 278 99
80 19.1 0.10 39.8 68.9 73 36.1 9 519 30
80 19.1 0.29 19.0 37.1 95 245 29 388 104
[21] GL28, dowels 76 16 0.10 55.5 60.8 10 348 37 493 11
76 16 0.20 41.0 425 4 278 32 412 1
76 16 0.30 36.0 31.8 12 234 35 36.5 1
75 20 0.10 52.0 62.1 19 335 36 494 5
75 20 0.30 37.0 325 12 221 40 357 4
77 12 0.10 54.0 60.1 11 363 33 49.0 9
77 12 0.30 39.0 314 19 250 36 372 5
100 20 0.10 90.0 1044 16 460 49 629 30
100 20 0.30 45.0 546 21 31.1 31 493 10
[16] LVL, dowels 45 5 0.12 25.8 185 28 209 19 360 39
[19] GL28, dowels 60 20 0.10 50.0 42,6 15 26.1 48 414 17
& bolts 60 20 0.20 40.5 29.7 27 205 49 326 19
60 20 0.30 35.5 222 37 169 52 275 22

7.3.2. Discussion and Future Research Needs. Similarly to the other two connec-
tion types, the load ratio affects the fire rating in a major way. Specimens with
wood members of 80 mm [15] showed a better fire resistance (65 % increase)
when the load ratio was reduced from 0.3 to 0.1. Observation of Fig. 15 shows
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Figure 14. Typical arrangement of SWS connections.

that, for load ratios between 0.1 and 0.2, most specimens failed after 10 min
to 15 min of fire exposure. For comparison purposes, only unprotected speci-
mens were plotted. It should be noted that there are fewer data for this type of
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Table 7
Fire Resistance Tests of Unprotected SWS Connections Collected from
the Literature

Central
timber Steel plate Diameter of  Applied Fire
Wood & thickness thickness No. fasteners load resistance
Ref. fasteners (mm) (mm) of fasteners (mm) ratio (min)
[25] LVL, bolts 63 6 1 12 0.21 11.4
4 12 0.17 10.4
[15] Glulam, bolts 80 9.5 4 12.7 0.10 14.0
0.30 8.5
130 9.5 4 19.1 0.10 23.5
0.19 15.5
[16] LVL, bolts 63 6 4 12 0.14 8.8
[17] LVL, bolts 63 6 1 12 0.14 7.4
4 12 0.12 10.6
[16] LVL, nails 63 3 33 3.15 0.12 9.0
[38] GL24h, nails 112 4 54 4 0.15 13.3
0.30 11.8
Table 8
Fire Resistance Tests of Protected SWS Connections Collected from the
Literature
Central
timber Steel plate Diameter of Applied  Fire
Type of thickness thickness No. of fasteners  load resistance
Ref. Wood & fasteners protection (mm) (mm) fasteners  (mm) ratio (min)
[16] LVL, bolts Intumescent paint 63 6 4 12 0.14 18.7
[15]  Glulam, bolts Gypsum board 80 9.5 4 12.7 0.30 41.5
[15]  Glulam, bolts Intumescent coating 130 9.5 4 19.1 0.19 25.5
[16] LVL, nails Intumescent paint 63 3 33 3.15 0.12 17.2
[38] GL24h, nails  Intumescent paint 112 3 54 4 0.15 36.8
0.30 23.8

connection than for the WWW and WSW joints. However, the reduction of the
fire resistance with the load ratio is still evident.

The thickness of timber is also important for SWS connections. As anticipated,
better fire resistance is achieved in joints with thicker members. For instance, in
one experimental series [15], the specimens with 130 mm wood thickness sustained
the imposed temperature effects 13 min longer than those 80 mm thick, when the
load ratio was 10 %. Results from the literature, which are plotted in Fig. 16,
confirm this observation and show an almost linear increase of fire resistance with
timber member thickness. Steel plate thickness is not expected to play an impor-
tant role on the fire performance of such connections, as steel plates are very thin
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compared with the wood members. Variations in their thickness will affect the
thermal field inside the timber section in a minor way.

Even though greater edge distance is expected to improve the thermal response
of SWS connections, limited experimental work on this crucial area has been con-
ducted so far. One author [16] reported that the edge distance reduced until split-
ting of timber along the edge occurred. The effect of the steel plates in
transferring heat flux to wood around the edge is not well discussed in the litera-
ture and further research on this issue is required.

Contrary to WWW and WSW joints, the gathered data show that the connec-
tor type (bolts or nails) does not affect the thermal response of SWS connections
in a major way. Specimens with nails and bolts [16] displayed similar fire resis-
tances under approximately the same load ratio. This is anticipated, as transmis-
sion of heat to the timber members is governed by the steel plates and not the
connector parts (bolt head, washer, etc.).
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The beneficial effect of fire protection is evident in the experimental results. In
one case, the use of gypsum board increased the fire resistance by about 33 min
[14], which corresponds to an increase of approximately 390 %. The presence of
intumescent paint was not so effective, as it improved the fire resistance by only
about 8 min [15] or, in other experiments [16], by 10 min (90 to 110 % increase).

A limited number of experiments regarding this type of connection is encoun-
tered in the literature. The complete absence of data for load ratios exceeding
30 % is noteworthy. Tests of joints at higher load ratios should be included in
future work. The fire resistance of unprotected specimens was less than 25 min,
showing that this type of connection generally behaves poorly in fire conditions.
The effect of fastener diameter on the fire performance of such joints should also
be investigated. Testing involving other bolt arrangements, sizes and connector
types should be carried out, as the existing data majorly refer to one and four-bol-
ted connections. The effect of other types of protection materials and schemes
should also be investigated in future work.

7.3.3. Numerical Analysis Studies. Numerical analysis studies of SWS connections
under fire conditions are extremely limited. Austruy [25] tested one bolted SWS
joints and created a 3D finite element model to predict the temperature evolution
in the various parts of the connection. Afterwards, the author used Johansen’s
equations to calculate the failure time of the connection. Even though numerical
results pertaining to the thermal profiles of the bolts did not show good correla-
tion to the temperature measurements, the calculated fire resistance matched the
experimental accurately (a 13.5 % difference was reported [25]).

A 3D finite element heat transfer model for four-bolted SWS connections has
also been reported in the literature [41]. Comparison with experimental results
from the relevant experimental program [15] showed that the model underesti-
mated temperatures for the initial stages of fire exposure [41], but calculated val-
ues matched measurements close to failure time [41]. A structural model, which
took into account the obtained temperature profiles, was then created to calculate
the load bearing capacity at elevated temperatures according to the possible fail-
ure modes. The authors reported that Noren’s theory [31] for reduction of the
embedding strength with temperature gave the most accurate results [41].

Limited research related to the simulation of SWS joints at elevated tempera-
tures has been conducted so far. The FEM has been used only for thermal ana-
lysis of such connections and comparison with test data raises doubts about the
validity of the results. Contrary to the other two timber connection types studied,
the time—temperature evolution of SWS joints cannot be described with sufficient
accuracy. Coupled thermo-mechanical analyses of SWS are absent from the litera-
ture and should be included in future research work. Estimated fire resistances
should be compared with a wider range of experimental results.

7.3.4. Failure Modes. Several authors reported the failure modes of SWS connec-
tions subjected to fire. In one experimental series [15], the following failure types
were reported: bolt hole elongation (Fig. 17a), shearing through the timber mem-
ber (Fig. 17b) and wood splitting (Fig. 17¢). Bending of the bolts was justified [15]



Fire Technology 2013

Figure 17. Failure of SWS specimens as reported by Peng et al. [15]
{a=c) and Lau [16] (d, e). (a)={c) Reprinted with permission of Multi-
Science Publishing Co Lid. Copyrightc 2012 Journal of Structural Fire
Engineering.

by the existence of steel plates, which increased the rate of heat transfer and
reduced the yield strength of the connectors. In other experiments [16], wood split-
ting around the bolts (Fig. 17d) or excessive deformation of the nails and loss of
embedding strength was reported (Fig. 17¢). Chuo [17] stated that, in his experi-
mental program SWS and WWW connections failed in a similar way (elongation
of the bolt holes). In the nailed joints tested by others [38], the reported failure
mode was either block shear (specimens with fire protection) or excessive deforma-
tion of the connectors (unprotected connections).
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7.4. Comments for All Connection Types

7.4.1. Failure Mechanism Categorization. The failure pattern of timber connec-
tions subjected to fire is majorly affected by the evolution of the thermal profile in
their cross-section. Moreover, temperature rise in fasteners and the sensitive
region around them is critical in determining the failure pattern, because it affects
the embedding to strength to the connected members. It should also be noted that
SWS connections are more vulnerable to fire, because the steel plates are directly
exposed to fire and accelerate heat transfer to the timber members and the con-
nectors. Failure modes can be categorized as follows:

e Fuilure of the connectors Bending/deformation failure of the connectors is associ-
ated with loss of the yield strength because of temperature increase. This type of
failure typically occurs for thin connectors (nails, screws, etc.), due to their low
bending resistance and high embedding strength, when they experience a steep
temperature rise (e.g. detachment of the insulation protecting them or due to exis-
tence of external steel plates) and timber members have not undergone consider-
able charring. For larger connectors, such as bolts, failure typically occurs due to
the formation of a charring zone around the fasteners, which remain straight after
fire exposure. It should be highlighted that the connector failure modes according
to Johansen’s theory are valid for timber joints at elevated temperatures. In con-
trast to ambient conditions, however, failure is associated with embedding
strength loss/fastener bending resistance reduction resulting from temperature rise
in the connectors and the wood region around them.

o Timber member failure These types of failure (wood splitting, crushing, etc.)
occur due to thermal degradation of wood. Crushing of wood, which results in
hole elongation, is observed because of charring around the connectors. Exces-
sive force transfer from the fastener to this thermally weakened region leads to
crushing of the material. This failure mode is directly associated with the dimin-
ishment of the embedding strength. It is most commonly encountered in joints
with large-diameter bolts because of the increased heat transfer from the con-
nector to wood. In connections (loaded parallel to the grain) with thin timber
members, their thermal degradation might cause splitting of wood along the
fasteners. Block shear failure of the heated timber member, via reduction of
both shear and tensile resistance, is also possible. It is the predominant failure
mode (often referred to as edge material tear-out) in connections with small
edge distances, because charring (which initiates from the outer portion of the
cross-section) further reduces them. Net tension failure of the timber cross-sec-
tion is also possible in connections with multiple, large-diameter fastener holes,
especially when excessive charring develops along the fracture section.

e Fuilure of the steel plates Rupture of the connecting steel plates has not been
reported in the literature. Despite their high thermal conductivity, a large por-
tion of their yield strength is maintained at elevated temperatures and possible
failure is preceded by that of the timber member. This failure mode can only
occur for external thin plates used in conjunction with thick timber elements
and connectors with high load bearing capacities.
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Table 9
Calculated (per EN1995-1-2 [10]) Versus Experimental Fire Resis-
tances of Timber Connections

Fire resistance (min)

Side timber Applied Reduced
Type of thickness load Simplified  load
Ref. Wood & fasteners protection (mm) ratio Experimental  rules method
WWW connections
[16] LVL, bolts - 45 0.15 20.5 15.0 -
[18]  GL28, bolts - 60 0.30 24.0 29.3 30.0
[19] GL28, dowels - 84 0.30 54.0 30.0 40.0
[16] LVL, screws - 45 0.15 30.3 15.0 20.0
WSW connections
[18] GL28, bolts - 60 0.19 23.0 29.3 30.0
[21]  GL28, dowels - 76 0.20 41.0 30.0 30.0
[16] LVL, dowels - 45 0.12 25.8 20.0 -
[20]  Glulam, bolts  Gypsum board 60 0.3 51 45.2 43.8
[20]  Glulam, bolts  Douglas fir plywood 80 0.29 34 34.5 33.0

7.4.2. Comparison of ENI1995-1-2 Design Methods with Experimental Results.
EN1995-1-2 [10] makes a clear distinction between connections with external steel
plates and joints with timber side members. For the latter, two design approaches
have been proposed (Sect. 5.2).The simplified rules pertaining to unprotected con-
nections are applicable to the majority of the data collected from the literature, as
they cover the design of joints with different types of connectors (bolts, dowels,
screws, nails, etc.) and most of the tested specimens satisfy the side member thick-
ness/fastener diameter requirements set by the specific code. However, these rules
do not refer to the design of connections including different types of fasteners (e.g.
dowels and bolts). The reduced load method, which provides an analytical for-
mula for calculating the design fire resistance of unprotected timber connections,
has more stringent requirements for member thickness in doweled and bolted con-
nections. Even so, it is applicable to most tests carried out by researchers to date.
The design of multiple steel-to-timber connections is not covered by this code.
Table 9 compares calculated fire resistances (according to both methods given in
EN1995-1-2 [10]) for selected joints tested by researchers with the respective exper-
imental results. The values proposed by EN1995-1-2 [10] are lower (typically from
Smin to 10 min) than those reported by the authors. This is to be expected,
because a design code has to yield results that are on the safe side. Despite this,
the design methods given in the specific code can be used to conservatively esti-
mate the fire resistance of unprotected timber connections.

Calculation of the fire resistance in protected connections is limited to gypsum
board insulation or wood-based panels. Reference to other protection materials,
such as intumescent paint, is not made. For protected joints, the only differ-
ence between the two calculation methods lies with the determination of the
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unprotected fire resistance. Experimental results are in good agreement with calcu-
lated values (Table 9).

On the contrary, a design method is not proposed for timber connections with
steel side members (SWS joints). The provisions of EN1995-1-2 [10] take into
account only the external steel plates and refer to EN1993-1-2 [12] for determining
their resistance at elevated temperatures. A correlation among the collected experi-
mental data and the regulations of EN1995-1-2 [10] is not relevant.

7.4.3. Analysis Method Selection. According to the failure patterns reported in the
literature, determination of the thermal profile in the vicinity of the connectors is
critical. Most thermal FE analyses have yielded results that match measurements
of the thermal field around that region. Analytical methods lead to satisfactory
estimation of the mechanical response of timber connections subjected to fire, but
cannot accurately predict temperature evolution in the fasteners and the region
around them. In certain cases, authors conducted FE simulations to determine the
thermal profile for their analytical (mechanical) models. Moreover, such models
are typically restricted to a specific fastener type (e.g. dowels). On the contrary,
the applicability of the FEM is not limited to a single connection type and can
account for different connector arrangements. Based on these observations, a cou-
pled thermo-mechanical analysis via the FEM is considered to be the most appro-
priate method for evaluating the fire performance of timber connections.
Incorporation of a contact element at the timber—connector interface to account
for relative slip and embedding strength variation with temperature is also deemed
necessary. It should be noted that, in certain cases, computational effort can be
reduced by inputting the thermal profile (which can be determined directly from
the basic principles of heat transfer) of certain components. For example, in SWS
connections, temperature evolution in the thin external steel plates can be readily
calculated by assuming a flat plate exposed to fire from three sides.

8. Preliminary Guidelines for Future Codes

Based on the literature reviewed, future codes should include the following guide-
lines with regard to the fire design of timber connections:

e Tabulated data providing the fire resistance of typical timber connections
should be generated. The data must refer to a wide range of joints and include
different geometries, fastener arrangements and types. The fire rating of these
connections with various fire protection types should also be listed.

e Analytical expressions for calculating the fire resistance of connections involving
parameters such as the edge distance, the fastener diameter and spacing, the
thickness of the timber members, insulation (if any), the load ratio, etc. should
be developed based on current and future research. To achieve better accuracy,
separate equations have to be provided for each connection type.

e A simplified approach to determine their fire rating should also be incorporated
in future specifications. This should include the following steps: (a) Evaluation
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of the thermal profile of the connection, especially around the timber—connector
interface, depending on its geometry and the fire exposure. (b) Selection of the
appropriate values for the embedding strength and the mechanical properties,
based on the temperature profile. (c) Calculation of the capacity according to
the most plausible failure mechanism/theory.

e General rules for selecting the various parameters (e.g. material properties at
elevated temperatures) in numerical simulations must be established.

9. Conclusions

A review of the performance of timber connections exposed to fire was presented
in this paper. The thermo-mechanical properties of timber at elevated tempera-
tures and its charring rate were studied. The variation of the embedding strength
with temperature was also reported. Afterwards, experimental and numerical stud-
ies on the fire resistance of WWW, WSW and SWS connections were presented
and the effect of several parameters was discussed.

Results show that timber connections are extremely vulnerable to fire. The fire
rating of unprotected joints loaded axially is typically less than 30 min. Conven-
tional wisdom suggests reducing the applied load ratio or increasing the thickness
of the wood members to enhance the fire resistance. However, this is impractical
or not economical in most cases. As of today, the most effective solution is the
application of fire protection. More research is needed, nevertheless, to determine
the effect of other insulating materials or types on improving the thermal response
of timber connections. Loss of embedding strength due to temperature rise is the
predominant factor in determining their fire resistance and typically results in
elongation of the fastener holes. This failure pattern is commonly encountered in
conjunction with others. Furthermore, investigation of different connection types
is deemed necessary, as they might be more effective in fire situations. The absence
of research related to the thermal behavior of joints with axially loaded connec-
tors is also remarkable. Relevant work should be included in future publications.
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