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Abstract

Due to the corrosion of fasteners by water-based preservatives, the preserved timber
in outdoor environments can decrease the service life of the metal fasteners. In
addition, the segregation of timber members and metal fasteners is also difficult
during the demolition of timber structures. Wooden fasteners can be a promising
alternative to metal fasteners, because they have favorable resistance against
corrosion and are more naturally harmonized with timber members. This paper

studied the pull-out performance of dried densified wood (DW) dowels embedded
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into glued laminated timber (glulam) parallel to the grain with three different
embedded lengths in two ambient environments with a temperature of 20°C and
relative humidity (RH) of 65% corresponding to service class 1 and relative humidity
of 85% corresponding to service class 2 according to Eurocode 5. The hygroscopic
swelling of the dried DW dowels with a long embedded length can provide the
friction locking to transfer the axial load comparable to the smooth nails.
Keywords: Pull-out performance; Pull-out strength; Densified wood dowel;
Hygroscopic swelling; Moisture content.
Introduction
Metal fasteners are common connectors in timber structures. However, the preserved
timber in outdoor environments can decrease the service life of the metal fasteners,
due to the corrosion of fasteners by water-based preservatives. Wooden fasteners can
be a promising alternative to metal fasteners, because they have favorable resistance
against corrosion and are more naturally harmonized with timber members. In fact,
wooden fasteners have been successfully used for long time in ancient timber
structures, shipbuilding and watermills (Edwards and Kariouk Pecquet du Bellay de
Verton 2004). In addition, wooden fasteners do not need to be separated from waste
timber components, which contributes to the recycling and reuse of wood.

In practice, hardwood pegs are usually used as reinforcements to mortise and
tenon connections in timber frame structures (Bulleit et al. 1999; Schmidt and Daniels

1999; Sandberg et al. 2000; Shanks et al. 2008), to overcome moisture condensing
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problems from fasteners. Moreover, some exploratory studies on timber-to-timber
joints with densified wood (DW) dowels have been performed (Jung et al. 2008;
Riggio et al. 2016; El-Houjeyri et al. 2019; Xu et al. 2022a), where DW dowels
provided favorable load-carrying capacities of joints.

Besides being subjected to the lateral load perpendicular to the axis of the
fasteners, timber joints are usually subjected to the axial load along the axis of the
fasteners. Hardwood dowels (Jensen et al. 2001; Kaufmann et al. 2018) or DW
dowels (Jung et al. 2010) instead of steel rods were glued into timber members to
transfer the axial force. Glued-in wooden dowels can achieve high joint efficiency for
moment-resisting joints (Koizumi et al. 2001; Jensen et al. 2002; Jensen et al. 2004).

However, the presence of some adhesives may cause health and environmental
impacts. In the environments with higher relative humidity, the plasticization and
swelling of adhesives increases the internal stresses, which cause the deterioration of
steel-timber epoxy joints (Cavalli et al. 2014). Thus, it is worthwhile to explore
all-timber adhesive-free connections.

When wooden dowels dried or with relatively low moisture content are
embedded into timber members, the hygroscopic swelling can provide the friction
locking to transfer the axial load (Ohuchi et al. 2008; Chang and Nearchou 2015). The
shape-recovery effect of DW dowels leads to the persisting expansion and facilitates
friction fit with timber substrates. Therefore, the DW dowels can provide greater

swelling pressure than hardwood dowels (Gronquist et al. 2019) and contribute to
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higher pull-out capacity and better long-term performances than hardwood dowels
(Mehra et al. 2021).

Chang and Nearchou (2015) performed the pull-out tests on the 12 mm dia. DW
dowels with the 40% compression ratio made from western red cedar, embedded into
the end grain of spruce, and the pull-out capacity with the 150 mm embedded length
was 1.88 kN as the specimens were conditioned for 4 days before the pull-out tests.
Mehra et al. (2021) conducted the pull-out tests on the 10 mm dia. DW dowels with
the 54% compression ratio made from Scots pine, embedded into the side grain of
Scots pine, and the pull-out capacity with the 150 mm embedded length was 3.80 kN
as the specimens were conditioned for 45 days before the pull-out tests. The pull-out
capacity was improved as the specimens were subjected to the accelerated ageing tests
under a series of different wetting and drying cycles.

In some previous studies (Chang and Nearchou 2015; Mehra et al. 2021), the
DW was machined to circular dowels with the moisture content of 5-6% after hot
compression, and the dowels were then embedded into the timber. Prior to the
pull-out tests, the specimens were conditioned in a standard ambient environment
with a temperature of 20 + 2°C and relative humidity of 65 + 5%, which corresponds
to service class 1 according to Eurocode 5 (CEN 2004).

There are limited studies on the pull-out capacities of DW dowels in literature. In
order to complete the available experimental results, pull-out tests were carried out on

the dried DW dowels embedded into the glued laminated timber (glulam) parallel to
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the grain with different embedded lengths. Before testing, the specimens had been
conditioned in two ambient environments with a temperature of 20°C and relative
humidity (RH) of 65% corresponding to service class 1 and relative humidity of 85%
corresponding to service class 2 according to Eurocode 5 (CEN 2004).

Materials and Methods

Materials

The DW was manufactured by compressing the poplar (Populus tomentosa carriere)
with alkali pretreatment along the radial direction at 100°C under a pressure of about
12 MPa for about one day to a target thickness of 18 mm with the compression ratio
of 55%. Before compressing, Poplar blocks were immersed in an aqueous solution of
mixed 2.5 M NaOH and 0.4 M Na>SOs for 3 days and then boiled for 7 hours, in
order to soften the blocks.

The obtained DW blocks were cut first, planned to strips with a target thickness
of 13 mm, then dried in the drying oven, and finally machined to the round DW
dowels (see Fig. 1) with the diameter d = 12 mm, which is the commonly used
diameter in some previous studies on timber joints with DW dowels (Jung et al. 2008;

Chang and Nearchou 2015).

Fig. 1. DW dowels.
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The density, elastic modulus and tensile strength parallel to the grain of the DW,
which had been conditioned in a standard climate room with a temperature of 20°C
and relative humidity of 65% until the equilibrium moisture was reached, were
measured by Xu et al. (2022b) and are shown in Table 1.

Table 1. Density and some mechanical properties of the DW (Xu et al. 2022b).

Density Modulus of  Tensile strength parallel
(kg/m®) elasticity (MPa) to the grain (MPa)

1241 13251 164

The substrates were glulam made of Mongolian Scots pine (Pinus sylvestris var.
mongolica Litv.) with a cross-section of 100 mm x 70 mm. They were first
conditioned in a standard climate room with a temperature of 20°C and relative
humidity of 65% until the equilibrium moisture was reached, and then the density was
measured. The mean density p was 487.50 kg/m® (COV = 5.37%). The moisture
contents of the substrates were measured by the wood moisture meter, and the mean
moisture content H was 12.65% (COV = 3.33%). Finally, the 12 mm dia. boreholes
were drilled.

Specimen Preparations

A total of six series were designed, including three embedded lengths / = 96 mm, 120
mm and 144 mm, which corresponded to 8d, 10d and 12d, and two ambient
environments with a temperature of 20°C and relative humidity of 65% corresponding
to service class 1 and relative humidity of 85% corresponding to service class 2

according to Eurocode 5 (CEN 2004). The minimum anchorage length for glued-in
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rods was the maximum value of 0.5d% and 10d according to DIN 1052 (DIN 2008),
and thus the series with a 10d embedded length was taken as the reference, where the
shorter embedded length of 8d and the longer embedded length of 12d were also
adopted for the tests in this study.

The series were named as DX-12/20, where D8-12 denoted the series with the 8d
embedded length and conditioned at a temperature of 20°C and relative humidity of
65% corresponding to 12% moisture content in timber, and D12-20 denoted the series
with the 12d embedded length and conditioned at a temperature of 20°C and relative
humidity of 85% corresponding to 20% moisture content in timber.

The configurations of the test series are summarized in Table 2 and the
schematic diagram of the borehole in the specimen is shown in Fig. 2. After the dry
DW dowels were embedded into the glulam substrates, the specimens were
conditioned in a corresponding climate room until the masses of the specimens
became constant to allow for the hygroscopic swelling of the dried DW dowels for

tight-fitting.

~ ~

?17

65

100 70

Fig. 2. Schematic diagram of the borehole.
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Pull-Out Tests

The pull-out tests were carried out under a constant displacement rate of 2.0 mm/min
in a 100 kN electromechanical universal testing machine, and a load cell was used to
record the applied load, as shown in Fig. 3. Two linear voltage displacement
transducers (LVDTs) were used to measure the relative displacements between the
DW dowel and the substrate. The DW dowel was wrapped tightly by the grip, which
was contact with the probes of the LVDTs, and there was no slip between the DW

dowel and the grip.

Fig. 3. Test set-up.
The slip modulus K is defined as the inclination of the linear approximation
from the elastic part in the load-slip curve, and the maximum load is defined as the

pull-out capacity Fax as shown in Fig. 4. The pull-out strength W is defined using Eq.

(1) below:
F
W= ;" (1)
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Fig. 4. Load-slip curve with the associated parameters.

Results and Discussion

Influence of the Moisture Content

Fig. 5 shows the load-slip curves of the specimens. For the series D8-12 specimens,

the loads almost linearly increased with the slips until the maximum loads were

reached. For the specimens of other series, the load-slip behaviours were

characterised by approximate bi-linear curves until the maximum loads were reached.
T-test with p < 0.05 was performed to evaluate the statistical significance for the

pull-out performances of the DW dowels under two ambient environments. The slip

moduli had no significant differences. For the specimens with the 10d embedded

length, the pull-out strengths significantly increased with the increasing moisture

content. For the specimens with the 8d and 12d embedded lengths, the pull-out

strengths had no significant differences under two ambient environments.
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Fig. 5. Load-slip curves of the pull-out tests: (a) series with the 84 embedded length;

(b) series with the 104 embedded length; and (c) series with the 12d embedded length.
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Table 2. Configurations of the specimens

) Dowel diameter =~ Substrate length Embedded Ratio of length to Conditioned Duration
Series d (mm) L (mm) length / (mm) diameter (/d) environment (days)
D8-12 280 96 8
D10-12 330 120 10 20°C and 65% RH 10
DI12-12 1 385 144 12
D8-20 280 96 8
D10-20 330 120 10 20°C and 85% RH 16
D12-20 385 144 12
Table 3. Summary of the pull-out test results

o) H K Fax /4
Series Mean COV Mean COV  Mean COV Mean COV Mean COV
(kgm’) (%) (%) (%) Nmm) (%) *N) (%) Nmm) (%)
D8-12  491.37 343 1253 0.92 2.53 23.01 133 39.74 13.88 39.74
D10-12 505.40 495 1251 134 2.56 2415 231 1532 1924 1532
DI12-12 479.51 742 1238 0.73 2.61 39.10 344 7.69 2391 7.69
D8-20  492.60 5.78 2037 0.64 2.61 29.66 2.01 26.68 2095 26.68
D10-20 48490 438 19.69 4.53 1.93 40.73 323 485 2692 485
D12-20 47122 541 2028 0.28 2.46 3460 3.78 16.76 2623 16.76

12
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Influence of the Embedded Length

Table 3 summarises the experimental results. An analysis of variance (ANOVA) with
p < 0.05 was performed to evaluate the statistical significance for the pull-out
performances of the DW dowels with different embedded lengths. The slip moduli
had no significant differences. Under the ambient environment with a temperature of
20°C and relative humidity of 65%, the pull-out strengths almost linearly increased
when the embedded length increased from 8d to 12d. This could suggest that the
pull-out strength would depend on the embedded length, under the ambient
environment with a temperature of 20°C and relative humidity of 65%.

Under the ambient environment with a temperature of 20°C and relative
humidity of 85%, the pull-out strengths of the specimens with the 10d embedded
length were significantly greater than those for the specimens with the 84 embedded
length, while the pull-out strengths had no significant differences for the specimens
with the 104 and 12d embedded lengths. This could imply that the pull-out strengths
almost remained constant when the embedded length was larger than 10d, under the
ambient environment with a temperature of 20°C and relative humidity of 85%. It
could be because under the ambient environment with a higher relative humidity, the
higher swelling force would be induced, which could cause micro-cracks on the
timber hole walls and then would affect the frictions. This assertion would need to be

confirmed by further research on the specimens with longer embedded lengths.

13
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Pull-Out Strength

In order to assess the potential of the DW dowels, their pull-out strengths were
compared to those of the end-grain nails and self-tapping screws driven parallel to the
grain into spruce (Picea glauca), which are summarized in Table 4 from the
experimental results reported by Teng et al. (2018).

Table 4. Experimental results of the pull-out tests reported by Teng et al. (2018)

d [ P H w
Fasteners 3
(mm) (mm) (kg/m’) (%) (N/mm)
Smooth nails 2.5 30 440 12.6 11.09

Self-tapping screws 4.0 30 450 13.1  74.85

The pull-out strengths of the DW dowels were greater than those of the
end-grain smooth nails, and the pull-out strengths of the DW dowels with the 12d
embedded length attained about 30% of those of the end-grain self-tapping screws.

The DW dowels have the practice potential instead of self-tapping screws for
connecting a cross-laminated timber (CLT) floor to walls or connecting two CLT
walls together as shown in Fig. 6. In this case, DW dowels are embedded into the
narrow faces of CLT walls, i.e. driven into the laminates parallel to the grain in CLT

walls.

14
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Fig. 6. Practice potential of DW dowels instead of self-tapping screws for connecting:
(a) CLT floor to walls; and (b) CLT wall to wall.

Conclusions

This paper presented the pull-out performances of the 12 mm dia. dry DW dowels
embedded into the glulam parallel to the grain with different embedded lengths under
two ambient environments with a temperature of 20°C and relative humidity of 65%
corresponding to service class 1 and relative humidity of 85% corresponding to

service class 2 according to Eurocode 5.

15
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Under two ambient environments, the slip moduli had no significant differences.
Only for the specimens with the 10d embedded length, the pull-out strengths
significantly increased with the increasing moisture content.

With different embedded lengths, the slip moduli of the specimens had no
significant differences. Under the ambient environment with a temperature of 20°C
and relative humidity of 65%, the pull-out strengths almost linearly increased with the
increasing embedded length. This could suggest that the pull-out strengths would
depend on the embedded length, under the ambient environment with a temperature of
20°C and relative humidity of 65%. Under the ambient environment with a
temperature of 20°C and relative humidity of 85%, the pull-out strengths of the
specimens significantly increased when the embedded length increased from 8d to
10d, and had no significant differences when the embedded length changed from 10d
and 12d. This could imply that the pull-out strengths almost remained constant when
the embedded length was larger than 104, under the ambient environment with a
temperature of 20°C and relative humidity of 85%.

In the case of the 12d embedded length, the tight-fitting of the 12 mm dia. dry
DW dowels showed about twice the pull-out strengths of the 2.5 mm dia. end-grain
smooth nails, and attained about 30% of the pull-out strengths of the 4 mm dia.
end-grain self-tapping screws. DW dowels can be a promising alternative to metal
fasteners, particularly in environments with high and varying moisture contents. The

further research should be focused on the pull-out performances of longer dry DW

16
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dowels and their explorations for connecting the CLT components instead of the
self-tapping screws.

Acknowledgments

The authors gratefully acknowledge the support of The National Natural Science
Foundation of China under the grant No. 51878114.

Data Availability

Some or all data, models, or code that support the findings of this study are available
from the corresponding author upon reasonable request, with the listed items as
density, moisture content and pull-out performance.

References

Bulleit W. M., L. B. Sandberg, M. W. Drewek, and T. L. O’Bryant. 1999. “Behavior
and modeling of wood-pegged timber frames.” J. Struct. Eng., 125(1), 3-9.
https://doi.org/10.1061/(ASCE)0733-9445(1999)125:1(3).

Cavalli A., M. Malavolti, A. Morosini, A. Salvini, and M. Togni. 2014. “Mechanical
performance of full scale steel-timber epoxy joints after exposure to extreme
environmental  conditions.” Int. J.  Adhes. Adhes., 54, 86-92.

https://doi.org/10.1016/j.;jadhadh.2014.05.005.

CEN (European Committee for Standardization). 2004. Design of timber structures,
part I-1. Eurocode 5, Brussels, Belgium: CEN.

Chang W.-S., and N. Nearchou. 2015. “Hot-pressed dowels in bonded-in rod timber
connections.” Wood Fiber Sci., 47(2), 199-208.

DIN (Deutsches Institut fiir Normung). 2008. Design of timber structures. General
rules and rules for buildings. DIN 1052, Berlin, Germany: DIN.

Edwards, J. D., and N. Kariouk Pecquet du Bellay de Verton. 2004. 4 Creole Lexicon:
Architecture, Landscape, People. Baton Rouge, LA: LSU Press.

El-Houjeyri 1., V.-D. Thi, M. Oudjene, M. Khelifa, Y. Rogaume, A. Sotayo, and Z.
Guan. 2019. “Experimental investigations on adhesive free laminated oak timber
beams and timber-to-timber joints assembled using thermo-mechanically
compressed wood dowels.” Constr. Build. Mater., 222, 288-299.
https://doi.org/10.1016/j.conbuildmat.2019.05.163.

Gronquist P., T. Schnider, A. Thoma, F. Gramazio, M. Kohler, I. Burgert, and M.
Riiggeberg. 2019. “Investigations on densified beech wood for application as a
swelling dowel in timber joints.” Holzforschung, 73(6), 559-568.
https://doi.org/10.1515/hf-2018-0106.

17



291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331

332
333
334
335

Kaufmann M., J. Kolbe, and T. Vallée. 2018. “Hardwood rods glued into softwood
using environmentally sustainable adhesives.” J. Adhesion, 94(11), 991-1016.
https://doi.org/10.1080/00218464.2017.1385459.

Koizumi A., J. L. Jensen, and T. Sasaki. 2001. “Structural joints with glued-in
hardwood dowels.”. In Joints in Timber Structures, Proceedings of the
International RILEM Symposium, edited by S. Aicher and H.W. Reinhardt,
403-412. Stuttgart, GER: RILEM.

Jensen J. L., A. Koizum, T. Sasaki, Y. Tamura, and Y. Lijima. 2001. “Axially loaded
glued-in  hardwood  dowels.”  Wood  Sci. Technol., 35, 73-83.
https://doi.org/10.1007/s002260000076.

Jensen J. L., T. Sasaki, and A. Koizumi. 2002. “Plywood frame corner joints with
glued-in ~ hardwood  dowels.”  J. Wood  Sci., 48,  289-294.
https://doi.org/10.1007/BF00831349.

Jensen J. L., T. Sasaki, and A. Koizumi. 2004. “Moment-resisting joints with
hardwood dowels glued-in parallel to grain.” In Proc., 8th World Conference on

Timber Engineering, 239-246. Lahti, Finland.

Jung K., A. Kitamori, and K. Komatsu. 2008. “Evaluation on structural performance
of compressed wood as shear dowel.” Holzforschung, 62(4), 461-467.
https://doi.org/ 10.1515/HF.2008.073.

Jung K., S. Murakami, A. Kitamori, W.-S. Chang, and K. Komatsu. 2010.
“Improvement of glued-in-rod joint system using compressed wooden dowel.”
Holzforschung, 64(6), 799-804. https://doi.org/10.1515/hf.2010.117.

Mehra S., A. M. Harte, A. Sotayo, Z. Guan, and C. O’Ceallaigh. 2021. “Experimental
investigation on the effect of accelerated ageing conditions on the pull-out
capacity of compressed wood and hardwood dowel type fasteners.”
Holzforschung, 76, 89-98. https://doi.org/10.1515/hf-2021-0097.

Ohuchi T., M. Kinjyo, Y. Murase, Y. Fujimoto, and M. Ikeda. 2008. “Withdrawal
strength of new type connection with sugi compressed-dowel.” In Proc., 10th
World Conference on Timber Engineering, 1156-1161. Miyazaki, Japan.

Riggio M., J. Sandak, and A. Sandak. 2016. “Densified wooden nails for new timber
assemblies and restoration works: A pilot research.” Constr. Build. Mater., 102,
1084-1092. https://doi.org/10.1016/j.conbuildmat.2015.06.045.

Sandberg L. B., W. M. Bogue, and E. H. Reid. 2000. “Strength and stiffness of oak
pegs in traditional timber-frame joints.” J. Struct. Eng., 126(6), 717-723.
https://doi.org/10.1061/(ASCE)0733-9445(2000)126:6(717).

Schmidt R. J., and C. E. Daniels. 1999. Design considerations for mortise and tenon
connections. Becket, MA: Timber Framers Guild.

Shanks J. D., W.-S. Chang, and K. Komatsu. 2008. “Experimental study on
mechanical performance of all-softwood pegged mortice and tenon connections.”
Biosyst. Eng., 100(4), 562-570.
https://doi.org/10.1016/j.biosystemseng.2008.03.012.

Teng Q., Z. Que, Z. Li, and X. Zhang. 2018. “Effect of installed angle on the
withdrawal capacity of self-tapping screws and nails.” In Proc. 15th World
Conference on Timber Engineering. Seoul, Korea.

Xu B.-H., S.-Y. Jiao, B.-L. Wang, and A. Bouchair. 2022a. “Mechanical performance

18



336
337
338
339
340

of timber-to-timber joints with densified wood dowels.” J. Struct. Eng., 148(4):

04022023. https://doi.org/10.1061/(ASCE)ST.1943-541X.0003317.

Xu B.-H., T.-T. Wang, K.-B. Yu, Y.-H. Zhao, and B. Zhang. 2022b. “Physical and
mechanical properties of densified poplar by partial delignification.” Wood.

Mater. Sci. Eng. https://doi.org/10.1080/17480272.2022.2128696.

19



