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OUTLINE 
• Introduction  

o Reuse (Sirktre Project); 
o Advantages of Wooden Dowels 

• Theory  
o FprEN 1995-1-1 model (Modes I-IV); 
o Miller’s model (mode V) 

• Experimental test. Discussion and model validation 
o Embedment test 
o Bending test 
o Axial tension test 
o Shear test 

• Conclusion 
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Structural potential of reuse of timber connections 
designed for reuse 

REUSE 
Circular Economy 

Picea abies - 
Norway spruce 

Fagus sylvatica - 
European beech Betula spp. - Birches 

> 180 Milioner NOK 

Goal: reduce 8% carbon emission in Norway by 2030 

https://ies-ows.jrc.ec.europa.eu/efdac/download/Atlas/pdf/Picea_abies.pdf
https://ies-ows.jrc.ec.europa.eu/efdac/download/Atlas/pdf/Picea_abies.pdf
https://ies-ows.jrc.ec.europa.eu/efdac/download/Atlas/pdf/Fagus_sylvatica.pdf
https://ies-ows.jrc.ec.europa.eu/efdac/download/Atlas/pdf/Fagus_sylvatica.pdf
https://ies-ows.jrc.ec.europa.eu/efdac/download/Atlas/pdf/Betula_spp.pdf
https://ies-ows.jrc.ec.europa.eu/efdac/download/Atlas/pdf/Betula_spp.pdf
https://ies-ows.jrc.ec.europa.eu/efdac/download/Atlas/pdf/Betula_spp.pdf
https://ies-ows.jrc.ec.europa.eu/efdac/download/Atlas/pdf/Betula_spp.pdf
https://ies-ows.jrc.ec.europa.eu/efdac/download/Atlas/pdf/Betula_spp.pdf
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Advantages 

Figure: Wiesenkämper & Berling-Hoffmann, 2023 
Ein Himmelstor aus Holz – Neuer Hangar schafft 
wirkungsvollen Rahmen für ein Luftschiff in 
Mülheim. Innsbruck, Austria: Forum Holzwissen, 

• Low-carbon, all-wood solution (no steel fasteners or plates) 
• Material compatibility: similar stiffness/density to timber → uniform load 

transfer 
• Simple fabrication, reversible/repairable, good for circular design 
• Reduced thermal bridging and galvanic/corrosion issues 
• Aligns with prEN 1995-1-1 developments on wooden fasteners 



PROSPETTIVE DEI MATERIALI BIODERIVATI AD ALTA VELOCITÀ DI CRESCITA NEL SETTORE DELLE 
COSTRUZIONI - 28 Maggio 2026 - Roma 

Angelo Aloisio (angelo.aloisio1@univaq.it) 



PROSPETTIVE DEI MATERIALI BIODERIVATI AD ALTA VELOCITÀ DI CRESCITA NEL SETTORE DELLE 
COSTRUZIONI - 28 Maggio 2026 - Roma 

Angelo Aloisio (angelo.aloisio1@univaq.it) 

1. Theory. Eurocode model 
• EC5/Johansen assumes ductile plastic 

hinges in the fastener + wood 
embedment crushing (great for steel 
fasteners) 

• Adaptations in prEN1995-1-1 (draft):  
modified embedment formulae and 
yield/ultimate moment for wooden 
dowels; still hinge-centric. 

• The 1.15 multiplier was reduced to 1. 

• The prefactor 0.75 
corresponds to a 
reduction factor 
introduced to account 
for the brittle behavior 
of wooden dowels.  

mode II  mode I  mode III  mode IV  
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1. Introduction. Miller’s model 
the brittle failures are different than those provided by 
Johansen theory (Sandoli et al 2023) 

Mode V is introduced 
(Miller et al 2010) 

What is it?   Combined bending, shear, and compression perpendicular to grain inside the dowel 
  where no plastic hinge forms 
Mechanics:  distributed longitudinal shear fractures with limited rotation capacity; brittle, span-
  dependent response. 
Why it occurs:  dowel and timber have comparable density/stiffness, short unsupported shear span, 
  orthotropic shear strength 
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1. Introduction. Miller’s model 

 shear stress at failure 
(in N/mm 2) 

specific gravity of the dowel 

specific gravity of the 
embedding material 

SHEAR CAPACITY 

Observations: Multiple longitudinal shear fractures across the dowel; thin 
intact fibre bundles kinked by flexure. No plastic hinge, span–dependent 
response 

• Regression-based, calibrated for ModeV; not a plastic-hinge (EYM) model;  
• Strong dependence on embedment density by construction; some recent 

tests report weak density influence on yield (Vilguts 2025)  
• Sensitive to MC/temperature; use densities compatible with the test or apply 

corrections. 
• A fast, density-driven estimator for shear-dominated dowel failure (Mode V 
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2. Experimental campaign 

Birch dowels (ρd = 608 kg/m3) 

Material 

LDW dowels (ρd = 1350 kg/m3) 

Birch dowels (ρd = 653 kg/m3) 
Beech dowels (ρd = 733 kg/m3) 

(few more test with steel – screws - and beech 
connectors were added for comparison) 

(mean values) 
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2. Experimental campaign. Embedment test 
Teodorescu, B. Pereira, C. 
Aquino, and J. Branco, 
“Experimental evaluation of 
dowel-type timber joints with 
wooden dowels,” Proceedings 
of the Institution of Civil 
Engineers: Structures and 
Buildings, vol. 173, no. 12, pp. 
927–938, 2020 

ASTM D 5764 

EN 338 

Y. Wang et al., Embedment behavior of dowel-type fasteners in birch plywood: 
Influence of load-to-face grain angle, test set-up, fastener diameter, and 
acetylation, Construction and Building Materials, Volume 384, 2023, 

NOTE: shear 
behavior instead of 
grain compression 

NOTE: squeezing of 
the wooden dowels 

NOTE Undesired failure mechanism 
can occur 

half-hole setup is often more suitable !!! 

 ”system strength” 

(differs from the 
bearing behavior 
between steel dowel 
and glulam) 
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Connection with wooden dowels connectors EMBEDMENT TEST 

Glulam 90 Glulam 0 Plywood Steel dowel 

Timber dowel 

Part of the available 
material was allocated to 
conventional embedment 
tests using steel dowels, 
which are not affected by 
this type of deformation 
and allow for a clearer 
interpretation of the 
response. A total of nine 
embedment test 
configurations were 
investigated using the half 
hole setup  
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2. Experimental campaign. Embedment test 

Steel and LDW dowels show a two-phase response with 
an elastic phase followed by plastic behavior 
Birch dowels instead show a tri-linear response with 
distinct hardening: after the initial growth, the curve 
flattens, then stiffens again until failure (progressive 
densification of the birch dowel during loading).  
Plywood is characterized by significantly higher embedding 
strength compared to glue laminated timber loaded 
parallel to the grain 

The most ductile behavior is obtained loading the glue 
laminated timber perpendicularly to the grain. However, 
the lowest strengths are associated with this 
configuration.  
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2. Experimental campaign. Embedment test 

Failure modes 

Steel 
dowel 

Wooden dowel 

Beech LDW Steel 
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2. Experimental campaign. Bending test 

Shear type Bending type 

SHEAR 
BENDING 

In practice, all dowels failed in bending in the central portion, 
regardless of the intended setup, so shear strength could not be 
assessed.  

SHEAR 
BENDING 

LDW dowels have much higher bending strength than birch 
dowels. LDW dowels also displayed significantly higher elastic 
and shear moduli, with lower coefficients of variation, especially 
in stiffness-related properties. 
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BENDING TEST 

SHEAR BENDING 

fv,k= 11,2 MPa  
fm,k= 168,9 MPa  

fm,k= 101,3 MPa  fv,k= 4,8 MPa  

the round or octagonal dowel with 12 mm ≤ d 
≤ 30 mm  
(diameter of the incircle for octagonal dowel) 
is made from hardwood: 
Beech fm,k = 110 N/mm2; 
Oak  fm,k = 60 N/mm2; 
Bongossi  fm,k = 100 N/mm2) 

Fpr EN 1995-1-1  
11.2.3.4 Connections with wooden dowel 

Blaß, H. J.; H. Ernst & H. Werner (1999). “Verbindungen 
mit Holzstiften: Untersuchungenüber die Tragfähigkeit.” 
In: BMH Bauen mit Holz 10. Sonderdruck aus bmh 
10/99,pp. 1–6 

2. Experimental campaign. Bending test 
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PRELIMINARY TEST 

Birch/beech dowels Densified wood dowels 

Fully threated screws 

Birch Plywood 

3. Experimental campaign. Tension axial test 
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PRELIMINARY TEST 

beech birch 

densified screw 

initial slip modulus slip modulus 

strength ductility 

20 mm densified wood dowel showed similar short-term capacity 
compared to 9 mm steel screws.  

3. Experimental campaign. Tension axial test 
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PRELIMINARY TEST 

beech 

birch densified 

screw 

the brittle failures are different than 
those provided by Johansen theory 
(Sandoli et al 2023) 

Mode V is observed (Miller 
et al 2010) 

3. Experimental campaign. Tension axial test 
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3. Experimental campaign. Tension axial test 

Beech and birch dowels with 
capacities around 40 kN, and LDW and 
screws with nearly double that.  

In terms of ductility, birch and 
screws were the most ductile, while 
beech and LDW were the least.  
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3. Experimental campaign. Tension axial test 
Experimental vs. predicted capacity values (Eurocode 5) 

• The governing mechanism was failure mode C according to Fig. 11.8 of FprEN 1995‐1‐1 (2025). 

• The experimental shear capacity was divided by the number of shear planes, four. 

• Predictions were calculated using both theoretical embedment strength, giving Rv prEC5, and experimental embedment 
values, giving Rv prEC5 exp 

experimental vs Eurocode 5 
embedment values 
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3. Experimental campaign. Tension axial test 
Experimental vs. predicted capacity values (Miller) 

• The experimental shear capacity was divided by the number of shear planes, four. 

 shear stress at failure (in N/mm 2) 

specific gravity of the dowel 

specific gravity of the emb. material 

SHEAR CAPACITY 

• In contrast to EC5 model, Miller’s model is conservative, and its predictive accuracy is much better 
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• Experimental observation: Wooden dowels fail mainly by a Mode V 
bending–shear mechanism: brittle, span–dependent, no plastic hinge. 

• Fpr 1995-1-1:  
o (i) Gives reasonable ranking for capacity, but its physics (plastic 

hinges in the fastener) does not match Mode V in wood dowels.  
o (ii) The main error source is the embedment formulation for 

wood–wood contact; code values tend to overestimate capacity.  
o (iii) Even with measured embedment, EYM remains optimistic 

because it ignores the bending–shear interaction and short shear 
span. 

• Miller: 
o (i) Density-driven regression calibrated for Mode V; easy to use 

but showed larger errors (bias/dispersion) on our data.  
o (ii) Highly sensitive to embedment density and service conditions 

Experimental campaign at NMBU. Main takeaways: 
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4. KTH Experimental campaign. Shear test 

specially designed aluminium device 

• Previous tests showed that wooden dowels mainly fail through type V mechanisms.  
• The embedment and bending tests confirmed that standard setups for steel dowels are not suitable for deriving 

the parameters required by the European Yield Model 
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4. KTH Experimental campaign. Shear test 

Geometrical details of the test groups. 
Birch dowels (ρd = 653 kg/m3) 
Beech dowels (ρd = 733 kg/m3) 
(mean values) 

Each test replicate was labeled with a unique code L-S/S-DD-XX-Y as shown 
in Table  

radial and tangential 
loading directions 

different shear-span level, with Lfree/d equal 
to 0 (no span), 0.5, and 1.0; 

Two hardwood species were tested 
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4. KTH Experimental campaign. Shear test 

The double-peaked shape is typical of Mode-V dowels with short spans (Lfree ≤ d/2) 
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• Radial loading consistently gives higher shear capacity than tangential loading for the same span ratio and 
diameter;   

• Increasing the free shear span from 0 to 1.0d lowers the mean strength by roughly 25–30%;  
• Beech dowels outperform birch under identical test conditions, reflecting their higher density and 

stiffness. 

4. KTH Experimental campaign. Shear test 
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4. KTH Experimental campaign. Insights for possible dynamic grading… 
 free–free boundary conditions while reducing support vibration miniature accelerometer attached with beeswax 

axial modes 

bending about the tangential axis peak-picking clearly identifies axial frequencies and provides at least seven bending modes  
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4. KTH Experimental campaign. Insights for possible dynamic grading… 
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4. Mode V. Empirical capacity model with two regressors 
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4. Mode V. Alternative interaction model 
Bending-shear interaction model for Mode-V dowel failure 

normalised Mode-V stress states of all specimens 
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An almost linear domain confirms the absence of plastic hinges. A quadratic or otherwise convex envelope is 
typical when significant inelastic redistribution occurs. 

4. Mode V alternative model 

Mechanical meaning of the interaction-domain shape. 
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Possible design format 

4. Mode V alternative model 
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Journal papers on wooden dowels 
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3. Conclusion 
• Combined free–free modal tests with quasi-static double-shear experiments on birch (20, 

30mm) and beech (20mm) dowels to clarify the mechanics of Mode-V failure. 
• Birch showed higher axial/bending moduli (about 18–19 GPa) than beech (about 15–16 

GPa), but elastic moduli had weak, non-practical correlation with shear strength.  
• Normalised stress states align with an almost linear bending–shear interaction. This points 

to negligible interaction reserve, no stable plastic hinge, and a brittle, parallel-to-grain 
shear fracture governed by whichever action reaches its limit first. 

•  Mode-V capacity of hardwood dowels can be checked with a simple additive bending–
shear criterion and the two-parameter span/direction model; treat it as a design-oriented, 
physics-consistent alternative to plastic-hinge assumptions. 

• Calibration covered one aluminium embedment, two diameters, and near-12% moisture 
content. Extensions to timber or steel plates, other MC, and broader size ranges require 
targeted testing. 
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Thank you for your attention 
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