Fatigue behaviour of threaded rods
bonded into glued-laminated timber for
application in bridge construction

René Steiger, Empa — Swiss Federal Laboratories for Materials Science and
Technology, Structural Engineering Research Laboratory, Dibendorf, Switzerland

Bruno Zumbrunn-Maurer, neue Holzbau AG, Lungern, Switzerland

Lukas Kramer, Empa — Swiss Federal Laboratories for Materials Science and
Technology, Structural Engineering Research Laboratory, Dibendorf, Switzerland

Thomas Strahm, neue Holzbau AG, Lungern, Switzerland

Ernst Gehri, Prof. em. ETH ZUrich, Dr. h. c., Rischlikon Switzerland

Keywords: Fatigue strength, stiffness, road bridges, bonded-in threaded steel rods,
ServiceClass1/2/3

1 Introduction

Due to their high load-carrying capacity (resistance) and stiffness, corrosion and fire
resistance as well as aesthetic advantages, connections with bonded-in threaded or
ribbed steel rods (BiR) are frequently used in building construction, for example, for
column anchoring, rigid connections, trusses (Tlustochowicz et al., 2010) and rein-
forcements of various kinds (Steiger et al., 2015). This very efficient type of connec-
tion can offer its advantages in bridge construction projects as well. However, timber
is still used comparatively little as a building material in bridge construction, in partic-
ular for road bridges. Reasons for this are the fatigue stresses caused by traffic loads
and the more difficult climatic conditions compared to the construction of buildings.

Current knowledge of the fatigue behaviour of members and connections in timber
bases primarily on studies performed with metallic materials (steel, aluminium) that
have been adapted for the design of timber structures. The provisions on fatigue de-
sign of timber structures in the currently still valid version of Eurocode 5-2 (CEN,
2004) were primarily developed for the design of structural members and they only
cover selected fastener types such as nails and dowels. Despite the fatigue behaviour
of BiR had been investigated, see e.g. (Bengtsson and Johansson, 2002), respective
normative specifications for the design had been lacking in the first generation



Eurocode 5-2. In the past years, additional investigations on the fatigue resistance of
BiR connections were performed (Bletz-Mtihldorfer et al., 2018; Erchinger and
Steurer, 2005; Maurer et al., 2022; Molina et al., 2009; Myslicki et al., 2019; Myslicki
et al., 2019); and in the Formal Vote (FV) Draft of FprEN 1995-1-1 (CEN, 2025), values
representing the type of fatigue effect in the fatigue verification, are specified for axi-
ally loaded BiR (afat = 6.7 and frar = 1.3).

Connections with BiR are of particular interest for structures with fatigue loading, be-
cause they allow a very uniform force transfer when arranged appropriately (Gehri,
2000). The absence of stress peaks is generally regarded as the key to get high fatigue
strength. So far, most of the experiments on fatigue strength have been carried out
on connections in dry wood, i.e. in Service Class SC 1 (CEN, 2004)). Transferability to
applications in bridge construction, where elevated moisture contents (SC 2 / SC 3)
prevail, is limited. Elevated moisture content (MC or w) significantly affects the me-
chanical properties of wood. This can impair the resistance, could possibly change the
failure mode and reduce the fatigue strength of connections.

A research project recently conducted at Empa in collaboration with the company
neue Holzbau AG (n’H) was dedicated to the determination of the fatigue strength of
connections with profiled rods bonded into glulam under practical conditions with a
focus on bridge construction by taking an elevated MC into account. Examples of
such applications are shown in Figure 1.
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Figure 1. Examples of application of BiR in bridge construction: Connections timber-to-timber
(a) and steel-to-timber (b) in trusses; connections of hangers to arches (c).

2 Methodology and materials

2.1 General approach

The project focused on two configurations of BiR in relation to the grain direction of
the timber (parallel || and perpendicular L). Fatigue tests were carried out and the
mechanical properties (connection stiffness and resistance under axial tensile force)
before and after passing the fatigue test in combination with the influences of the
MC were investigated. In addition, the load-bearing behaviour and failure modes
were compared with tests on connections subjected to static loading. Four groups of
specimens (A — D) with varying type of loading and MC were subjected to testing, ac-
cording to Table 1.



Table 1. Overview of the tests performed.

Group Series Setting of rods vs. grain direction / MC / Type of experiment Species (GLT)
A Al  BiR| / Dry wood / Fatigue !

A2  BiR| / Elevated MC / Static

A3  BiR | / Elevated MC / Fatigue + Residual strength static

European ash
(Fraxinus excelsior)

B Optimisation of test set up Norway spruce
BiR L / Dry wood / Static (Picea abies)

C Cl BiR_L / Drywood / Static Norway spruce
C2  BiRL / Drywood / Fatigue + Residual strength static (Picea abies)

D D1 BiRL / Elevated MC / Static Norway spruce
D2 BiR L / Elevated MC / Fatigue + Residual strength static (Picea abies)

D Test series A1 had been investigated in the course of an earlier project (Maurer et al., 2022).

2.2 Shape and geometrical properties of the specimens

While it was known from previous experiments (Maurer et al., 2022) that the test
setup worked for the fatigue tests on BiR inserted || to grain, a suitable setup first had
to be developed for the tests on BiR inserted L to grain. Figure 2 and Figure 3 show
the experimentally examined specimens for the series of BiR || or L to grain, respec-
tively. For the specimens with BiR || to grain, hardwood was chosen because high
forces can be applied here. Compared to softwood, this leads to higher stresses in
the bond line. The specimens with BiR L to grain were designed with two groups of
BiR (top 3 GSA in 1 row and bottom 4 GSA in 2 rows) in a way that failure in rolling
shear was to be expected. In this mode, which is typical for the nodes of BiR trusses,
the failure occurs in the wood between two rows of BiR crossing in the chord (see
Figure 1a). Therefore, softwood glulam was chosen to allow for exploring the lower
strength limit for this failure mode.

Timber cross-section 70x140 ash GL40h Timber cross-section 160x320 spruce GL28h

Fasteners:
GSA steel rods 500
8.8 (static) or duplex (fatigue)
dgri=18
Fasteners: 3 GSAMIG
GSA steel rods 91760, 0, =80
8.8 (static) or duplex (fatigue)
242 GSA M16 constricted 4 GSA M16
a,=70, a, =35, dy;=18 a,=80, a,=90

Figure 2. Specimen with 2 pairs of BiR on both Figure 3. Specimen with 2 groups of BiR for
sides for fatigue tests || to grain in European ash fatigue tests L to grain in Norway spruce glulam.
glulam. All dimensions in [mm)]. All dimensions in [mm].



2.3 Materials
2.3.1 Glued-laminated timber (GLT)

Glued-laminated timber (GLT) produced from the most relevant wood species (Euro-
pean ash, Fraxinus excelsior, and Norway spruce, Picea abies) regarding truss struc-
tures in timber dedicated to road bridge construction in Switzerland was chosen. To
keep the variations of mechanical properties low, the laminations used for the GLT
production were strength graded with the Timber Grader MTG (Brookhuis) into the
respective T classes i.e. T18 for Norway spruce and T33 for European ash (Arnold et
al., 2021; Bernasconi et al., 2021; CEN, 2016). Finally, laminations of uniform densi-
ties (groups of laminations with minimized CoV of the density) were selected.

For the series with elevated MC, conditioning of the specimens to an MC of around
20 % was essential for simulating real conditions such as those that occur in bridge
structures. Hence, for the series A2, A3, D1 and D2, the laminations used to produce
the GLT were stored in an environment with strongly elevated humidity of the sur-
rounding air. A special climate box with water-tight sealing on the inside was devel-
oped, and the laminations were stored in that box above a saturated salt-water solu-
tion. After first trials with sodium chloride (NaCl), potassium chloride (KCI) was finally
used to increase water uptake. The air in the box was ventilated by means of two
fans. The MC achieved in the laminations was monitored by weighing them in regular
intervals. After the glulam production, joinery and bonding of the rods, the climate
boxes were used for further conditioning, storing and transporting the specimens
ready for testing. The MC developing in the specimens was monitored indirectly by
weighing reference specimens (spruce and ash members with cross-sections be-
tween 70 x 70 mm? and 160 x 160 mm?), see Figure 4. The end faces of these four
groups of specimens and of all reference specimens were sealed. Two layers of end
grain protection from Koch & Schulte were applied with a brush.
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Figure 4. Development of the MC of the reference specimens (calculated equilibrium moisture
content (EMC) based on the measured climate in the boxes).



The equilibrium moisture content (EMC) was calculated from the temperature T [K]
and the relative humidity RH [-] according to the formula in Figure 4 (Reichel, 2015).
The difference between this EMC model and the measured MC of the reference
specimens is attributed to the size of the cross-sections. For the GLT properties de-
termined from the tested specimens, the mean values per series are listed below, i.e.
density (Table 2, Table 6) and modulus of elasticity MOE (Table 4). The individual val-
ues for each specimen are given in (Steiger and Zumbrunn-Maurer, 2024). The differ-
ences in MOE and density between Series A1 and A2 — A3 result from having chosen
raw material from different sawmills.

Table 2. Local densities [kg/m?] at w = 12 % of the European ash GLT specimens of group A.

Specimen Series Al Series A2 Series A3
Mean values 718 Y 644 640
Mean value of group A 662
CoV of group A 6 %

D Test series A1 had been investigated in the course of an earlier project (Maurer et al., 2022).

Table 3. Bulk densities [kg/m?] at w = 12 % of the Norway spruce GLT specimens of groups B, C, D.

Specimen Group B and Series C1 Series C2 Series D1 Series D2
Mean values 429 445 423 424
Mean value of groups B, Cand D 430
CoV of groups B, Cand D 4%

Table 4. Modulus of elasticity [N/mm?] of the European ash GLT specimens of group A.

Specimen Series Al Series A2 Series A3

Test name Y Proof loading Pull-out test Proof loading Preloading Pull-out test
MC =9% =20% =20% =20% =17 %
Mean 15'500 11'900 11'300 11'500 11'900

U The names of the static load tests are explained in 2.6.

2.3.2 Bonded-in rod connections

The tested BiR connections were of type GSA (EOTA, 2020), consisting of steel rods
with metric thread M16 bonded into 18 mm diameter holes by means of a 2-compo-
nent epoxy resin. The performance of this system is well above the minimum charac-
teristic withdrawal strength according to the FV Draft of FprEN 1995-1-1 (CEN, 2025)
of fwx =4 N/mm?. The GSA adhesive passed tensile creep tests at 60 °C according to
EN 17334 (CEN, 2021) loaded with a shear stress of 7 N/mm? in the bond line. For the
actual specimens, the effective anchoring length (withdrawal length) of the rods was
290 mm (i.e. 16.1-dgri). For group A, a recess (not bonded length) of 70 mm was ap-
plied. In this part, the thread was removed, and the rod was machined to the appro-
priate diameter to ensure a ductile failure in the ultimate limit state. With the partial
safety factors valid in Switzerland, the design resistance as well as the forces for static
proof loading and fatigue testing were calculated (Table 5).



Table 5. Calculated resistances and forces for static proof loading and fatigue testing.

Groups A B&C D
Characteristic value of withdrawal resistance Rk 200kN ~ 187kN 187 kN
Partial safety factor for ductile connections A/ Tm 1.5 1.5 1.5
Factor considering the influence of the MC Mo 1.0 1.0 0.8
Design value of withdrawal resistance Ria=Re/(m/mv) 133kN  125kN  99.8 kN
Conversion factor 2 7a+ Ry 1.635 1.635  1.635
Assumed variable live load ? Q« 81.5kN 73.6kN 61.0kN
Chosen level of fatigue loading in tests AF 90.0kN  81.0kN 64.8 kN
Force amplitude Fa +45 kN +40.5 kN +32.4 kN

U according to the Swiss standard SIA 265 for the design of timber structures (SIA, 2021).

2l The variable live load Qx is calculated assuming that 90 % of the maximum force acting in the case of fatigue
loading (at SLS level) is caused by the fatigue-effective action. This is reflected by the chosen stress ratio R.
Based on a maximum utilization in the ULS, the following equation results: Ry = E4 = 1.35G, + 1.5Q, ,
which for the chosen case with G, /@, = R = 0.1 can be simplified as follows: @ = R;/1.635.

The BiR subjected to static loading (series A2, B, C1, D1) were of steel grade 8.8. For

the experiments with fatigue loading (series A1, A3, C2, D2), a duplex steel quality

was chosen, as investigated in earlier experiments (Maurer et al., 2022).
2.3.3 Steel parts for connecting the specimens with the testing machine

To ensure that no fatigue failure occurred in the steel connecting parts, these had to
be developed and optimized regarding the steel quality and the geometric shape
prior to the fatigue tests. In series A1 and A3 and for the top joint of the BiR L to
grain series, 30 mm thick steel plates of grade S355J2 were used. The rod-to-plate
connection detail corresponded to the design developed in 2021 (Maurer et al.,
2022). The other steel parts were fastened by nuts. They were tightened uniformly
with a torque of 80 Nm in series A2 and 30 Nm in the bottom joint of the BiR L to
grain series (for details see research report).

2.4 Connection stiffness

For comparing the measured connection stiffnesses with the specifications in the FV
Draft of FprEN 1995-1-1 (CEN, 2025), Clause 11.3.8.3, the axial slip modulus Kax
[kN/mm] is modelled with 3 displacement shares (Equations 1 — 3, below). As an ex-
ample, for the A2 specimens they result as follows:

Equation 1. Displacement share of the withdrawal length.

085 460 (644"
Kax1 = K = 460 (pZ’zeS“) 4L = 7505 (420) 11677-290%¢ = 241

Equation 2. Displacement share of the constriction zone.
E-A 210'000-133 _
[ 65-1000

Kax,z = Ks,l =



Equation 3. Displacement share of the rod length in the steel part incl. washer & nut.
(As a simplification for deformations in the threads, the entire length of the nut is
considered to be free and fully loaded rod length.)

E-A 210'000- 157

Kaxs = Ksz = === =500~ *40
Equation 4. Slip modulus for the group of 2 GSA M16.
K,,=n- ; =2 ! =229
ax j 1 1 + 1 + 1
i=1 Koy i 241 " 430 446

where d is the diameter of the rod and /w is the withdrawal length.

2.5 Experiments with fatigue loading

For the main set of experiments, cyclic tests at constant force amplitudes were car-
ried out force-controlled (sinus) in pull-pull configuration (T/ustochowicz et al., 2010)
with a stress ratio R = Fmin/Fmax = 0.1 and frequencies of f=4 — 7 Hz (Table 6). A target
value of N = 2-10° stress cycles was defined because the structural steel standards
also relate their fatigue strength categories to this value. In one case, 3-10° stress cy-
cles were applied due to the availability of the machine. A value of R = 0.1 was se-
lected because this is relevant in practice for a lightweight structure with a large vari-
able action and for comparison with results from the literature. However, the investi-
gated stress ratio R = 0.1 does not cover the range of stress ratios in the design ap-
proach given in the FV Draft of FprEN 1995-1-1 (CEN, 2025),i.e.-1<R< 1.

The temperature T in the bond lines, the machine stroke and the force F were meas-
ured continuously. Monitoring the temperature in the bond lines was important to
ensure that the fatigue loading would not lead to an impermissible heating of the ad-
hesive and thus to an influence on the load-bearing behaviour of the BiR.

Table 6. Loading parameters for the fatigue tests.

Parameter Symbol Series Al Series A3  SeriesC2  Series D2
Number of fatigue tests n 3 4 4 4
Minimum force Fenin 10 kN 10 kN 9 kN 7.2 kN >
Mean force Fon 55 kN 55 kN 2) 495kN  39.6kN®
Maximum force Frnax 100 kN 100 kN 3 90 kN 72 kN7
Force amplitude Fa + 45 kN +45kNY  +405kN +32.4kN?®
Stress ratio R = Fimin/Fmax 0.1 0.1 0.1 0.1
Frequency f 5-12Hz 4-6Hz 55-7Hz 4-6.25Hz
Wave shape - Sinus Sinus Sinus Sinus
Control — Force Force Force Force
Parameters for test on specimen A3-04: 114 kN 2177 kN 3140kN Y +£63kN

Parameters for test on specimen D2-01: 9 kN © 49.5 kN 790 kN 8+ 40.5 kN



In the fatigue test on specimen D2-01, cracks appeared after only 135'000 stress cy-
cles, and it was suspected that these were initiated by the drying of the specimen.
Therefore, it was decided to cover the end faces of the specimens with plastic tape
for the remaining fatigue tests on specimens of series D2 in order to prevent exces-
sive or too rapid drying out.

2.6 Experiments with static loading

The experiments with static loading were performed according to EN 26891 (CEN,
1991) including 1 cycle in the elastic range. At n'H, loading in pull-pull configuration
was applied via hollow plunger hydraulic cylinders, operated by means of a hand
pump. The load was increased incrementally, with the cylinder force (oil pressure)
and the measured displacements being noted for each load step. In all static tests,
the differential displacements at the BiR connections and some displacements in the
timber member were measured. For parallel to grain specimens, the static MOE of
the timber was determined in the central part of the member based on the defor-
mation over a measuring length of 300 mm (Steiger and Zumbrunn-Maurer, 2024).

2.6.1 Proof loading and preloading prior to the fatigue tests

Static tensile proof loading and preloading was carried out on all specimens to assess
their stiffness. For series A1, B, C1 and C2, the proof loading was done some days af-
ter production. The specimens of the series with elevated MC were proof loaded af-
ter conditioning. For series A2 and A3, around 166 days passed after the bonding pro-
cess. Series D1 and D2 were loaded after 201 days. Proof loading ensured that no
specimens were included in the fatigue tests that did not meet the quality require-
ments. Prior to the fatigue test, a static preloading in 5 identical cycles in pull-pull
configuration was carried out on all specimens with a force level that corresponded
to the maximum load of the fatigue tests Fmax. The loading rate for the static experi-
ments at Empa varied between 0.66 kN/s and 3 kN/s.

2.6.2 Pull-out tests after passing of fatigue tests

After the fatigue tests, static loading tests were carried out to determine the residual
resistance and the residual stiffness of the BiR connections. The loading was force-
controlled until reaching 1.75 times the maximum force of the fatigue tests Fmax. Be-
yond, the loading was displacement-controlled with a rate of 0.012 mm/s for series
A3 and 0.005 mm/s for series C2 and D2.

2.7 Investigations after testing

After completion of all tests, every specimen was disassembled and analysed in detail
to identify the types of failure. Pictures of these investigations are presented in the
research report (Steiger and Zumbrunn-Maurer, 2024).



3 Results and discussion

3.1 Temperatures in the bond lines during the fatigue tests

When testing specimen A1-01 under fatigue loading with a frequency of 12 Hz, the
temperatures in the bond lines after 20'000 stress cycles (i.e. after 0.5 h of testing)
reached 45 °C, and there was no indication that they would tend to increase less pro-
nounced when continuing the test (Maurer et al., 2022). Trials with lower frequencies
revealed that with frequencies of 5 — 8 Hz, the temperatures in the bond lines could
be kept in reasonable ranges regarding the mechanical performance of the epoxy ad-
hesive at elevated temperatures (Verdet et al., 2016). This was confirmed later when
specimens of series A3 were tested with frequencies of 5 Hz and 6 Hz (Figure 5).
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Figure 5. Development of the temperatures in the bond lines in the fatigue tests with different
frequencies (BiR M16 inserted || to grain in European ash GLT, 3 specimens from series A3).

3.2 BiRinserted parallel to grain in European ash GLT

The results of the tests on specimens made of European ash GLT with BiR || to grain
(group A) are summarized below, i.e. results of the fatigue tests (Table 7), stiffness of
the BiR connections before and after fatigue loading (Table 8) and results of the pull-
out tests with and without prior fatigue loading (Table 9).

In dry condition (w = 9 %) as well as at elevated MC (w = 20 %), 3 specimens passed
2-10° stress cycles (100 kN / 10 kN) without failure (Table 7). Increasing the maximum
force in the fatigue test by 40 % (i.e. to the design level), led to steel failure in one of
the rods after 56'000 stress cycles. The temperatures in the bond lines remain below



50 °C, if the test frequency is not higher than 6 Hz and if the chosen level of fatigue
loading is in the SLS range.

Table 7. Characteristic data of the fatigue tests on the specimens with BiR inserted parallel to grain
in European ash GLT (series A1 and A3).

Series Al (w =9 %)
Specimen  Stress cycles Aoy [NmmM2]  Zmax [N/mm?2] Frequency [Hz] Max. Temperature [°C] Y

#1 2'054'712 287 3.4 6—-12 55.7
#?2 2'010'000 287 3.4 8 54.2
#3 2'010'000 287 3.4 5 48.0

Series A3 (w =20 %)
Specimen  Stress cycles Aoy [NmMmM?2]  Zmax [N/mm?] Frequency [Hz] Max. Temperature [°C] Y

#1 2'000'486 287 3.4 5 26.2
#?2 2'000'483 287 3.4 6 25.4
#3 2'000'486 287 3.4 5 26.6
#4 56'175 401 4.8 5 (36.5)

2 Temperature in the bond line.

Ao, Stress difference in the rods (2 GSA M16, As = 157 mm?).
Tmax  Shear stress in the bond line under maximum force Fmax (in relation to the nominal diameter of the rod
and the withdrawal length).

Table 8. Connection stiffness [kN/mm] (top joint / bottom joint, respectively) determined on the
specimens with BiR inserted parallel to grain in European ash GLT (group A).

Specimen Series Al Series A2 Series A3
Kproot ! Kpull-out Kproof ! Kpre 2! Kpull-out 2!
w=9% w=20% w=20% w=17%
#1,top 343 245 304 314 342
# 1, bottom 353 313 320 310 323
#2,top 339 276 310 309 384
# 2, bottom 336 235 310 315 364
#3,top 355 270 309 315 333
# 3, bottom 356 252 302 352 370
#4, top 344 265 327 321 -
# 4, bottom 343 249 302 324 -
#5, top 347 - - - -
#5, bottom 331 - - - -
Mean value 345 263 311 320 353
CoV 2% 9% 3% 4% 7%
Kax 281 229 266 266 266
Deviation 3 +23 % +15 % +17 % +20 % +33 %

b Connection stiffness determined during proof loading by neue Holzbau AG.

Connection stiffness determined in experiments at Empa with static preloading before the fatigue test
or in pull-out tests after fatigue loading.
Relative difference of the mean value compared to Kx according to the FV draft of FprEN 1995-1-1.

2)

3)



The comparison of connection stiffness in dry condition and at elevated MC (mean
values 345 and 311 N/mm? in Table 8) shows a reduction of 10 % due to increased
MC. Hence, for the design of a BiR connection in members with elevated MC, a re-
duction factor for the stiffness of n, = 0.9, as specified in the standard SIA 265 (S/A,
2021), should be applied. The 10 % increase in stiffness between preloading and pull-
out test after fatigue loading (mean values 353 and 320 N/mm?in Table 8) is partly
attributed to the decrease in MIC (from around 20 % to around 17 %) and possibly to
the post-curing of the adhesive during the fatigue test. Detailing of the specimens
aimed at a ductile failure mode, i.e. for yielding of the rods, which is the desired fail-
ure mode in practice, and which represents the maximal performance regarding the
resistance of groups of multiple BiR. However, the diameter in the constriction zone
was kept larger than it would be designed in practice to prevent steel failure in the
fatigue test. This was also the failure mode experienced in the static experiments (Ta-
ble 9) and hence, the influence of MC on the load-bearing resistance cannot be quan-
tified. From the experiments in Series A3, it can be concluded that exposing the BiR ||
to grain in ash glulam to fatigue loading with 2-10° stress cycles and a bond line stress
Tmax 3.4 N/mm? did not lead to a reduction of the withdrawal resistance, neither in
dry condition (series Al, (Maurer et al., 2022), nor at elevated MC (series A3). The
differences in withdrawal resistance without and with prior fatigue loading (series A2
vs. A3) can be explained with the different steel quality of the rods, see 2.3.2.

Table 9. Withdrawal resistance [kN] and failure mode determined on the specimens with BiR in-
serted parallel to grain in European ash GLT (group A).

Specimen Series A2 Series A3
w=20% w=17%

#1 248 270

#2 249 270

#3 250 268

#4 250 -

Mean value 249 269

Failure mode Rod yielding Rod yielding

3.3 BiR inserted perpendicular to grain in Norway spruce GLT

The results of the tests on Norway spruce GLT specimens with BiR L to grain (groups
C & D) are reported below, i.e. for the fatigue tests (Table 10), the stiffness of the
connections with 3 GSA M16 before and after fatigue loading (Table 11), and for the
pull-out tests with and without prior fatigue loading (Table 12). In dry conditions (se-
ries C2), 3 specimens could be subjected to fatigue loading with 2-10° stress cycles at
serviceability level (90 kN / 9 kN) without failure (Table 10). One specimen even
passed 3-10° stress cycles (90 kN / 9 kN) without failure. Regarding temperatures, the
tests confirmed the findings of the group A. With frequencies in the range of 4 — 7 Hz,
bond lines of these series could be kept below 40 °C.



Table 10. Characteristic data of the fatigue tests on the specimens with BiR inserted perpendicular to
grain in Norway spruce GLT (series C2 and D2).

Series C2 (w = 9 %)
Specimen Stress cycles Aoy [INMM?2]  Zmax [N/mm?2] Frequency [Hz] Max. Temperature [°C] V)

#1 2'034'359 172 2.1 5.5 32.9
#2 1'999'998 172 2.1 5.9 30.6
#3 1'998'521 172 2.1 6.5 313
#4 2'999'801 172 2.1 7 32.1

Series D2 (w = 20 %)
Specimen Stress cycles Aoy [INMmM?2]  Zmax [N/mm?] Frequency [Hz] Max. Temperature [°C] V)

#1 422'834 172 2.1 6.25 (46.1)
#2 2'000'500 138 1.6 5 30.5
#3 2'000'500 138 1.6 59 33.8
#4 2'000'500 138 1.6 4 37.6

g Temperature in the bond line.

Aos  Stress difference in the rods of the top joint (3 GSA M16, As = 157 mm?3).
Tmax  Shear stress in the bond line under maximum force Fmax (in relation to the nominal diameter of the rod
and the withdrawal length).

When in series D2 subjecting the same connections to fatigue loading at elevated MC
with the same force parameters, fatigue failure in the wood (rolling shear) occurred
after 0.4-10° stress cycles and the temperatures in the bond lines peaked to almost
50 °C. After having reduced the forces by 20 % (72 kN / 7.2 kN), 3 specimens passed
2-10° stress cycles without failure and the temperatures in the bond lines remained
below 40 °C. It can be concluded that for the design of a BiR connection at elevated
MC, for the strength, a reduction factor of ny, = 0.8, as specified in the standard

SIA 265 (SIA, 2021), should be applied.

Concerning the connection stiffness (Table 11), only the values in cells shaded in grey
should be compared directly, due to the displacement measurements not having
been performed with the same equipment and precision. Looking at the limited num-
ber of available values, conclusions must be drawn carefully. The displacement meas-
urements at the bottom joints were influenced by different steel parts with different
nuts, depending on the series and different reference points depending on the test
lab. A detailed evaluation of these results was not done yet. Therefore, no results are
presented here, while the raw values could be found in the research report.

In series C2, tested in dry condition (MC = 9 %), the stiffness of the top joints in-
creased by 4 % for specimen C2-02 and decreased by 13 % for specimen C2-03,
which is an indication that the fatigue loading with 2-10° stress cycles at serviceability
level (90 kN /9 kN) led to a slight reduction of the stiffness. After fatigue loading with
3-10° stress cycles, an 18 % lower stiffness was measured for specimen C2-04.



Table 11. Connection stiffness [kN/mm] determined on the specimens with BiR inserted perpendicu-
lar to grain in Norway spruce GLT (groups B, C and D) at the top joint (3 GSA M16).

Specimen Group B and Series C2 Series D1 Series D2

Series C1

Kpul-out Kproof Kere  Keu-out  Kpull-out Kproof Kpre Kpull-out

w=9% w=9% w=20% w=20% w=18%
Testing @ n'H n'H Empa Empa n'H n'H Empa Empa
#1 2131 262 -2 201 188 202 212 —
#?2 246 264 254 263 201 188 195 464
#3 269 279 256 224 212 199 182 138
#4 250 230 210 1733 — 204 185 117
#5 263 - - - - 187 - —
#6 274 - - — — 203 — —
Mean value 260 240 229 198 194 128
CoV 6 % 11% 14% 4% 7 % -
Kax 305 310 310 299 299 299
Deviation -15% 23%  -26% -34% -35% -57%

g Value was not considered when calculating the mean value because a different reference point had

been selected for measuring the joint deformation than for the other tests.

Differential displacements at the BiR connections were not measured.

Value was not considered when calculating the mean value because the specimen was tested after
3-10° stress cycles, whereas the other ones had been tested after 2:10° stress cycles.

Although the specimen achieved 2-10° stress cycles in the fatigue test, damage appears to have oc-
curred because of the fatigue stress. This value was not considered when calculating the mean value
of joint stiffness.

Relative difference of the mean value compared to Kx according to the FV draft of FprEN 1995-1-1.

2)
3)

4)

5)

A clearer picture emerged from series D2 (i.e. specimens with elevated MC = 18 %,
tested with reduced forces 72 kN / 7.2 kN). The stiffness of specimen D2-02 after the
fatigue test was 76 % lower than during preloading and the deformation at 72 kN
reached almost 1.6 mm. Accounting for this and looking at the strongly reduced with-
drawal resistance (37 %) of 117 kN (Table 12), it could be concluded that this speci-
men had suffered significant damage during the fatigue test. The BiR connections of
specimens D2-03 and D2-04 were markedly less stiff after fatigue loading (24 % re-
duction in stiffness for specimen D2-03 and 37 % for specimen D2-04). The mean
value of the stiffnesses of these two specimens (128 kN/mm) is 51 % lower than the
mean value without fatigue loading in dry state (260 kN/mm).

The mean value of withdrawal resistance after fatigue loading at elevated MC (speci-
mens D2-03 and D2-04) was 166 kN. Compared to the 5 static tensile tests in the
same condition regarding MC (series D1 and specimens D2-05, D2-06), this corre-
sponds to a reduction of 11 %. Compared to the mean value of the specimens tested
in dry condition (Series B and C1), the reduction is 18 %. Hence, 20 % reduction for
the strength at elevated MC (ny, = 0.8, as specified in the standard SIA 265 (S/A,
2021)) is recommended for design. Clause 10.2(4) of the FV Draft of FprEN 1995-1-1



(CEN, 2025) specifies that "For the calculation of the fatigue strength in SC 3, the
characteristic strength f«c in Formula (10.2) should be multiplied by 2/3" and that "For
connections the clause should be applied analogously."

In dry condition (series C2, MC = 9% ), the first 3 specimens did not show any reduc-
tion in withdrawal resistances after having been subjected to 2-10° stress cycles at
serviceability level (90 kN /9 kN). After 3-10° stress cycles, the withdrawal resistance
of specimen C2-04 was 17 % lower than the mean value of the specimens in series B
and C1. For the design of structures with more than 2-10° stress cycles, the fatigue
strength should be confirmed with additional experiments.

For all specimens (i.e. with and without prior fatigue loading), the governing failure
mode was rolling shear failure in the wood close to the BiR rows, with simultaneous
cracking. Hence, this type of failure must be verified accordingly, when designing
such a connection. However, despite respective research is available (e.g. (Blass et
al., 2019; Meyer, 2020)), there are no design rules available in the FV Draft of FprEN
1995-1-1 (CEN, 2025). There, Clause 11.6.1(7) simply states that "In addition to the
splitting resistance .... for connections with more than two axially loaded fasteners in
a row parallel to grain (no > 2), the rolling shear failure should be verified along the
perimeter of the group of fasteners".

Table 12. Withdrawal resistance [kN] and failure mode determined on the specimens with BiR in-
serted perpendicular to grain in Norway spruce GLT (groups B, C and D).

Specimen Group B and Series C1 Series C2 Series D1 and D2 Series D2
w=9% w=9% w=20% w=18%
Testing @ n’H Empa n’H/Empa Empa
#1 210 186 200 -
#2 211 203 179 117 Y
#3 185 204 207 181
#4 209 167 2 - 150
#5 190 - 185 -
#6 200 - 164 -
Mean value 201 198 187 166
Failure mode Rolling shear failure after formation of cracks

1 The specimen passed 2-10° stress cycles in the fatigue test. It seems that damage had occurred be-

cause of the fatigue stress. This value was not considered when calculating the mean value of with-
drawal resistance.

Value not considered when calculating the mean value because the specimen was tested after having
been subjected to fatigue loading with 3-10° stress cycles.

2)

3.4 Design approach in the FV draft of FprEN 1995-1-1

In Figure 6 and Figure 7, the test results are compared with the SN-curves (Wohler-
curves) according to the FV draft of FprEN 1995-1-1. For the tested configuration and
R°=°0.1, the design model leads to conservative numbers of stress cycles for the cho-
sen levels of fatigue loading Fmax.
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Figure 6. Experimental results of BiR || to grain Figure 7. Experimental results of BiR _L to grain
compared to the design model in the FV draft of compared to the design model in the FV draft of
FprEN 1995-1-1. FprEN 1995-1-1.

According to the SN-curve for R = -1 (red line in Figure 6), a GSA BiR might be sub-
jected to 2-10° fully reversed stress cycles of £18.2 kN. The tested force amplitude of
+45 kN in the tension-tension stress range supports the expectation that the design
model is conservative also for this stress ratio. However, evidence should be provided
by experiments. In Figure 7, the blue SN-curve shows the proposed reduction factor
for elevated MC n = 0.8. This and the following proposals assume that the partial
safety factor for fatigue strength is set to s = 1.0 by the National Annexes.

4 Conclusions

From the investigations on BiR || to grain in European ash GLT and BiR L to grain in
Norway spruce GLT, consisting of static tests and fatigue loading with forces at SLS
level and an R value of 0.1, the following conclusions can be drawn:

e The applied methodology, test setups and materialisation of specimens proved to
work well for the investigation of fatigue strength of BiR at different levels of MC.

e BiR can be applied in connections subjected to fatigue loading in environment with
elevated MC (e.g. to construct road bridges), provided the materials and shapes of
the steel parts (rods, adapters) are optimized for fatigue loading.

o When applying high-performance BiR connections (fwx >4 N/mm?) in GLT at ele-
vated MC (upper range of SC 2), the withdrawal resistance (for fatigue and quasi-
static loading) should be reduced by 20 % in the design if the characteristic value is
based on short term tests in dry conditions. This reduction would be in line with
the strength reduction factor of 2/3 specified in the FV draft of FprEN 1995-1-1,
Clause 10.2(4) for applications in SC 3.

e The values for the coefficients art and Srat for axially loaded BiR given in the FV
draft of FprEN 1995-1-1 are considered reasonable considering the current
knowledge. More tests should be performed to justify less conservative values.



o Criteria regarding the displacement increase during the fatigue test and/or regard-
ing the residual withdrawal resistance should be defined in the standards.

e The axial slip modulus for BiR (e = 0°) given in the FV draft of FprEN 1995-1-1 un-
derestimates the stiffness of the tested BiR || to grain configuration. For BiR L to
grain with the chosen reference point on the member, the stiffness is overesti-
mated. Assuming the reference point to be standardised and formulae for the axial
slip modulus in SC 1 to be improved, the connection stiffness should be reduced by
10 % in the design for quasi-static loading at elevated MC. Stiffness reduction fac-
tors up to 0.5 should be discussed for the design of axially loaded fasteners under
fatigue loading at elevated MC.

e When performing fatigue tests of BiR inserted in timber, the temperatures in the
bond lines should be monitored to prevent their excessive warming. With ambient
temperatures below 22 °C, test frequencies up to 6 Hz led to temperatures in the
bond lines of not more than 40 °C. Respecting this limit should prevent inadmissi-
ble post-curing of the adhesives. Post-curing can lead to a beneficial behaviour of
the adhesive not representing the situation in practice, where much lower fre-
qguencies of cyclic loading by vehicles occur.

e The tests on BiR || to grain in European ash GLT showed that static ductility (rod
yielding) can be achieved with a dedicated design, detailing and execution. Neither
the fatigue loading nor the elevated MC led to questioning the provision in the FV
draft of FprEN 1995-1-1, Clause 11.10.5.1(3) about ductile prior to brittle failure.

e For the specimens with BiR _L to grain in Norway spruce GLT, rolling shear in the
wood close to the rod rows was the governing failure mode. This was identified in
the pull-out tests, for specimens with and without prior fatigue loading. Even
though a respective hint can be found in the FV draft of FprEN 1995-1-1, no re-
spective design formula is given in the standard.

« Conditioning of timber specimens to an MC to be expected in SC 2 / SC 3 takes ap-
proximately 200 days depending on the size of the specimens. Conditioning
proofed to work well in a box with saturated potassium chloride (KCl) water solu-
tion and ventilation of the air in the box.

e The weighing of reference specimens with representative cross-sections showed
the slower moisture uptake of lager dimensions. Their mass constancy was clearly
lower than predicted by the formula for the calculated EMC. The reason for this is
very likely a permanent moisture gradient which seems to establish in a timber
member with dimensions as occurring in building practice.

Overall, it can be concluded that the investigation contributes to the future standard-
isation of fatigue and static tests on timber connections. When designing (BiR) con-
nections for applications with elevated MC, the stiffness, withdrawal resistance and
fatigue strength should be reduced. The values of the reduction factors must be
aligned with the base values chosen in the standard. If a force introduced by rows of



axially loaded fasteners causes rolling shear stresses in the wood, this should be veri-
fied and hence, a suitable design approach should be added to FprEN 1995-1-1.
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DISCUSSION
The paper was presented by R Steiger

S Winter asked why parallel to grain was considered in ash but perpendicular to grain
was considered in spruce. R Steiger said that budget constraints led to concentrating
testing on the boundary situations to seek reduction in cost. S Winter received
clarification of the stress level in the bond line.

C Demirci questioned the tolerance for this type of connections if they were made on
site and asked how to ensure this work in service class 3 conditions. R Steiger replied
that this type of connections needs a company with good quality control. In this case
the company has more than 20 years of experience. The work was not extrapolated
towards service class 3.

C Sandhaas commented on the test setup of 3 or 4 bonded-in rods and asked if the
number of bonded-in rods in a connection would affect the conclusions. R Steiger
agreed that this could affect the results.

H Blass commented about the statement that there is lack of guidance in the code on
rolling shear failure in the perpendicular to grain cases. He said Karlsruhe Institute of
Technology has worked on this topic with a proposal available. R Steiger stated that
they are aware of the work but the partner company has been working on their own
proposal.

P Dietsch commented that the paper indicated that a reduction to 2/3 for SC3 seems
to be safe. He asked if there was any data available for justification. R Steiger agreed
that they do not have test results on this.

U Hubner said high risk is associated with on-site gluing and implied that on-site
gluing should generally be avoided; hence, quasi-industrial, factory made systems are
needed.
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