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Material spectrum = GLT, CLT, bamboo; 1St WORK PACKAGE ‘
Norwegian spruce & local beech: Rotational bending tests,
Joints & adhesives — PF/UF; steel nails, Custom rotational fatigue setup = three-phase traditionally used far
screws, dowels; Exploratory pure-wood joints  motor + inverter control; Dynamic isolation = metals, will be

=* Lignostone®, beech/birch dowels universal joint & dual-bearing system: 2 -tnnovatim'ely appiiEdlto
B = Goal — simulate realistic cyclic loads efficiently E timber to evaluate fatigue
ENGINEERED WOOD = o «F

on full-scale aged specimens behavior efficiently under
AND BIO-BASED I

* uniform cyclic stresses.
PRODUCTS AND © B\ FATIGUE
m CONNECTIONS g . = TESTING

Main Goals

« Address gaps in Eurocode 5 for fatigue
in multihazard timber structures.
« Investigate fatigue mechanisms in

. connections under cyclic leoading.
» Expand fundamental understanding of
fatigue at micro and macrec scales in
bio-based materials.

+ Develop models linking fatigue
ACCELERATED FATIGUE LIFE
AGEING UNDER ASSESSEMENT
MULTIHAZARD

behavicor to degradation mechanisms.
High-cycle testing —* cycles, criteria, damage; Eurocode 5£N 1995)
Multihazard protocol —+ biological attack, Model benchmarking — adapt criteria to ‘_ HrE R provides general
UV, wet-dry, freeze-thaw; Climatic wood/bio-based; Genetic programming —* : EU R0CODES guidelines for timber

chamber —* controlled temperature & automatic model-form discovery Ll WEER structures but does not
humidity cycles; Time compression — lab include specific,

ageing simulates long-term exposure provisions for fatigue
design.

..,,_
"'I
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2nd WORK PACKAGE

Furfurylation at scale = improve uniformity &
cost with MW -assisted polymerization;

The last fo u‘teps

follow the same
methodological

Modular preservation = combine copper-
based, oil-based & remedial treatments;

Targeted delivery = specialized boring Process innovation —* faster curing, deeper

framework as WP,
cell-wall penetration, better reproducibility;

pattern preserves structural integrity;

ensuring consistency

Validation = gravimetric analysis, light Standardization —* contribute protocols for

in experimental and
chemically modified bio-based materials

microscopy, X-ray fluorescence

MULTILEVEL MATERIAL
PRESERVATION

m

CHEMICAL
MODIFICATION

AGEING AND
FATIGUE
(1ST WP)

THERMAL
MODIFICATION

Optimized thermal mod = low-0s / N3
heat treatments; OHT with vaporized

Gamma irradiation {Co-60) — controlled,
"peaceful nuclear” sterilization; In-situ
polymerization — impregnated monomers

vegetable oils: Performance balance — .
8 form durable cross-linked networks:

boost durability & stability while
minimizing brittleness; Outcome —*
improved dimensional stability and decay

Performance — higher decay/moisture
resistance with preserved mechanical

. roperties
resistance prope

Angelo Aloisio (angelo.aloisiol@univag.it)

|

©

Design a modular system with
copper, oil, and antifungal
treatments for decay prevention.
Develop a boring pattern for
preservative application without
structural compromise.

Optimize heat treatments to
enhance durability while
minimizing brittleness.

Improve furfurylation scalability
and efficiency with microwave-
assisted polymerization.
establish gamma-ray irradiation
as a scalable and environmentally
safe preservation technigue for
structural timber

Validate performance through
accelerated aging and fatigue
tests under multihazard
conditions.

Conduct LCA to assess
environmental impact and propose
sustainable design strategies

Main Goals

analytical approaches.

CONSIGLIC MAZIONALL
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3rd WORK PACKAGE

Evaluate SHM data to assess ¢
Assemble and test two full-scale bio- treatment effectiveness, fatigue Repeated (8]

based trusses, one untreated and one performance, and moisture loading using a
treated, to evaluate multi-hazard monitoring strategies for smart vehicle

performance of various bio-based durability
products, species, and connections.

STRUCTURAL HEALTH

BUILD TWO FULL-SCALE MONITORING AND FATIGUE
FILOT TRUSSES LIFE ASSESSEMENT L
r=y Main Goals

UV radiation breaks down lignin in

wood cell walls, weakening mechanical

s * Build full-scale trusses to study strength and increasing vulnerability to
L i F treated vs. untreated bio-based weathering and decay.
e T material under multihazard

Biological attacks degrade timber by
breaking down cellulose and lignin
through fungal decay or insect activity

— conditions.
» Perform accelerated aging tests on
trusses, simulating UV, wet-dry,
.il_-_lil freeze-thaw, and loads.
* Deploy sensors for real-time SHM Freeze-thaw cycles cause internal

and extract samples for CT scan
ACCELERATED AGEING UNDER
REPEATED LOADING

cracking and delamination
and microstructural analysis.

» Develop a digital twin framework Moisture content causes
Simulate accelearated multi- to link SHM data with predictive ) dimensional changes, reducing
hazard aging (e.g., freeze-thaw, maintenance strategies, », mechanical strength, and promoting
wet-dry, UV, biological) under * Propose unified SHM protocols and decay and fungal growth
repeated loading until failure Eurocode 5 updates for timber
fatigue design.
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OUTLINE

* [ntroduction
0 Reuse (Sirktre Project);
0 Advantages of Wooden Dowels
e Theory
o FprEN 1995-1-1 model (Modes I-IV);
o Miller’s model (mode V)
« Experimental test. Discussion and model validation
0 Embedment test
0 Bending test
0 Axial tension test
O Shear test
 Conclusion
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REUSE @ F Fﬂrsknlngsrédet

Circular Economy

> 180 Milioner NOK

Picea abies - Faqgus sylvatica - il S e
ccion i Norway spruce ~~ Europeanbeech . . R DT
Goal: reduce 8% carbon emission in Norway by 2030 B EALEI L L
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Advantages

» Low-carbon, all-wood solution (no steel fasteners or plates)

e 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

-

AT - = ; "
aﬁ?’&u‘i‘:. i-ei W -E';--- R

Figure: Wiesenkédmper & Berling-Hoffmann, 2023
Ein Himmelstor aus Holz — Neuer Hangar schafft
wirkungsvollen Rahmen fir ein Luftschiff in
Mulheim. Innsbruck, Austria: Forum Holzwissen,
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Y
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1. Theory. Eurocode model

fp 1 1cthad (a) « ECS5/Johansen assumes ductile plastic
fr 2 kthod (b) hinges in the fastener + wood
b trd b [t \2 tr\2 t embedment crushing (great for steel
1L 2 _“ < 3| = — _—=
L+p JB+ZB (1+th1+(th1) )+B (thl) B(1+th1) © fastener_s) .
o Adaptations in prEN1995-1-1 (draft):
fh,1kth1d 4B(2 + P)Myx modified embedment formulae and
. e 2B(1+P) + = — d
Fp k = min 2+ J pa+P) fi,1cd R B‘ @ yield/ultimate moment for wooden
C 4 TREES dowels; still hinge-centric.
o ;E JZBz(l R ‘ (e) e The 1.15 multiplier was reduced to 1.
h,1,kYth2
28 model modell modelll modelV
T+pV 2My kfp 1 xd ® r : » | :
\ oy ol B N i
i e The prefactor 0.75 P % % % % % @
Mu,k = 0-75§ﬁrn,kd3 for 12mm < d < 30 mm COI’I‘eSpOHdS tO a {a) (b) (e) (d) () ()
reduction factor b, tig hy b
10— 0010 introduced to account oo H % > 4 @ % @
ke = 107*Pdowel kPk 530 0454) Sin” & ¥ cos7 & for the brittle behavior - U - :
R of wooden dowels. ik ; i
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1. Introduction. Miller’s model

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

I

R R =

\

%%
%
|

I:l Weak element

What is it?
Mechanics:

Why it occurs:

Mode V is introduced
(Miller et al 2010)

r ];‘ 1 SPINOTTO $12 mm SUUALGAID — —ARCAO
FAGEQ a—f AEED

i | — ? m R e dia.acclals ™ 255 KN

R ediadaggles =TOKN

R estin,acciuio | R ppedia iaggio™ 3.6

Strong clement 0 10 x N a0 &0 a0 n 80 w

Combined bending, shear, and compression perpendicular to grain inside the dowel
where no plastic hinge forms

distributed longitudinal shear fractures with limited rotation capacity; brittle, span-
dependent response.

dowel and timber have comparable density/stiffness, short unsupported shear span,
orthotropic shear strength

Angelo Aloisio (angelo.aloisiol@univag.it)
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1. Introduction. Miller’s model

Observations: Multiple longitudinal shear fractures across the dowel; thin
Intact fibre bundles kinked by flexure. No plastic hinge, span—-dependent

response specific gravity of the dowel
shear stress at failure » G. =
fv — 3344‘Gd67%75 (in N/mm 2) d = Pa/Pw
specific gravity of the

* Regression-based, calibrated for ModeV; not a plastic-hinge (EYM) model; embedding material

« Strong dependence on embedment density by construction; some recent G, = P/ P
tests report weak density influence on yield (Vilguts 2025)
« Sensitive to MC/temperature; use densities compatible with the test or apply

corrections. SHEAR CAPACITY

« Afast, density-driven estimator for shear-dominated dowel failure (Mode V
F,=f-A

Angelo Aloisio (angelo.aloisiol@univag.it)
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2. Experimental campaign
Material (mean values)

B

u Birch dowels (py = 608 kg/m?3)
N LDW dowels (p4 = 1350 kg/m3)

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

Forry  Birch dowels (py = 653 kg/md)
Half hole set § vereaar &
{GJ_ G{ "fof o oo Beech dowels (pg = 733 kg/m3)
T P
1T 1l L= |
L z
el [T
(c) Axial tension test setup (d) Shear setup

Angelo Aloisio (angelo.aloisiol@univag.it)
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2. Experimental campaign. Embedment test ~ NOTE Undesired failure mechanism
() Full-hole embedstient test setup can OoCcur

ol Teodorescu, B. Pereira, C.
Aquino, and J. Branco,

Dhsplacement

irnsducer “Experimental evaluation of
‘ dowel-type timber joints with
wooden dowels,” Proceedings
NOTE: shear of the Institution of Civil
behavior instead of Engineers: Structures and

grain compression

——>

NOTE: squeezing of
the wooden dowels

Buildings, vol. 173, no. 12, pp.

EN 338
e 927-938, 2020

Fiont vlew

(b) Half-hole embedment test setup

"system strength”

Displacement
transducer

(differs from the
bearing behavior
between steel dowel
and glulam)

 Diowel

Face grian angle

ASTMD 5764 ™= B

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 _ I I 11
acetylation, Construction and Building Materials, Volume 384, 2023, half hOIe Setup IS Often more SUItabIe e

Angelo Aloisio (angelo.aloisiol@univag.it)
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Connection with wooden dowels connectors EMBEDMENT TEST

Timber dowel

@ ) @ B Part of the available
@ material was allocated to
— ™ | 180 ]‘ 180 conventional embedment
tests using steel dowels,

which are not affected by

120 a0 . .
" this type of deformation
I and allow for a clearer
slam sllam? oo I dowel Interpretation of the
Material Dimensions Repetitions | response. A total of nine
LDW Birch Steel embedment test
configurations were
Glulam, 0 90x90x180 10 7 3 . (‘3 ted using the half
Glulam., 90 90x180x120 10 7 3 investigated using the ha
Plywood  62x90x180 10 7 3 hole setup

Angelo Aloisio (angelo.aloisiol@univag.it)
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2. Experimental campaign. Embedment test

(o) Half hole setup

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.

Angelo Aloisio (angelo.aloisiol@univag.it)
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2. Experimental campaign. Embedment test

ot rwav i Name £ CoV  ulfy) CoV [y Soy
= i (N/mm?) (%) (mm) (%) (N/mm?) (%)
& 60¢ ___ — - EMB-GLO-BI 178 8% 50 0% 257 | 45%
= 50 . o 2 EMB-GLY0-BI 126 19% 50 2% 103  -19%
= 4ot D EMB-PLY-BI 200 9% 50 0% 389 | 94%
& EMB-GLO-LDW 299 4% 33 15% 492 [65%
L == Z EMB-GLOO-LDW 168  29% 50 0% 197 | 1/%
= 20F g : — EMB-PLY-LDW 555 4% 50 0% 744 | 34%
10t : —  EMBGLOS 289  10% 23 9% 328 | 14%
1 [ Ik & EMB-GL90-S 148 9% 48 6% 131 | -11%
GLO GL90 PLY GLO GLS0 PLY GLO GL90 PLY " EMB-PLY-5 55.1 3% 5.0 0% 49.6 -10%
Birch LDW Steel Fa“ure modes
Wooden dowel

1,1-(1—0,01-d)
3,4 — 0,045 -d) - sin® a + cos? a

fh,k = 10_4 * Pdowel ke * Pk (

0,082-(1—=0,01-d) - pp

';"nmf

fh..i.:.f'r'hrhrrrf -
— Steel

frrpry = 0,11+ (1 —0,01-d) - py dowel
_ Beech LDW

Angelo Aloisio (angelo.aloisiol@univag.it)
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2. Experimental campaign. Bending test
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Name Dowel type Test type p(kg/m®) d(mm) [(mm) a(mm) b(mm) Testrep. (n°
BI-D-5 Birch Shear 618 20 500 70 325 10
BI-D-B Birch Bending 599 20 500 155 155 10
LDW-D-S Laminated densified wood Shear 1336 20 500 70 325 10
LDW-D-B  Laminated densified wood  Bending 1333 20 500 155 155 10
Name s CoV T, CoV E CoV G CoV  Example of failure mode
(N/mm?) (%) (N/mm?) (%) (N/mm*) (%) (N/mm?) (%)

BI-D-5 143.2 15% 6.8 15%
BI-D-B 132.7 11% 2.9 11%

17820 11% 891 11% — SHEAR
14639 9% 732 9%
35682 3% 1784 3%
26580 7% 1329 7%

—_—— BENDING
—_—  —SHEAR
—— BENDING

LDW-D-S 278.0 7% 13.2 7%
LDW-D-B 235.0 9% 5.1 9%

(b) Bending setup

Shear test (S) Bending test (B)

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

H % assessed_
15 55 15 310 15 55 15 15 140 15 140 15 140 15
AR A : ) " LDW dowels have much higher bending strength than birch
| | | | dowels. LDW dowels also displayed significantly higher elastic
— fr——— - and shear moduli, with lower coefficients of variation, especially
10| 325 70 S in stiffness-related properties.
Shear type Bending type

Angelo Aloisio (angelo.aloisiol@univag.it)
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2. Experimental campaign. Bending test

SHEAR

[MPa)

s

16.0

15.0

14.0

13.0 -

11.0

10.0

9,0 -

8.0

1.0

6,0

5.0

g. I 16-F-a
, 8  BENDING o = }—;
3.m7-d° 7.
| |
B LDW [ Birch | B LDW [ Birch |
2400
220,0
200.0
f,.= 11,2 MPa -
£ 0 f = 168,9 MPa
D; 1600
g . 1400
R 120,0
f,.= 4,8 MPa ; fni= 101,3 MPa |
100,0 |

DEGLIINGEGNERI

BENDING TEST

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

the round or octagonal dowel with 12 mm < d
<30 mm

(diameter of the incircle for octagonal dowel)
Is made from hardwood:

Beech f,,, = 110 N/mm?;

Oak f,, = 60 N/mm?;

Bongossi f,, =100 N/mm?)

Blal3, H. J.; H. Ernst & H. Werner (1999). “Verbindungen
mit Holzstiften: Untersuchungeniber die Tragféhigkeit.”
In: BMH Bauen mit Holz 10. Sonderdruck aus bmh
10/99,pp. 1-6

Angelo Aloisio (angelo.aloisiol@univag.it)
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3. Experimental campaign. Tension axial test
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Birch/beech dowels

ty 3 tily 12 4
H————H

:zl 1#/2
IR

200

Calulam

GO

PROSPETTIVE DEI MATERIALI BIODERIVATI AD ALTA VELOCITA DI CRESCITA NEL SETTORE DELLE

Densified wood dowels

CONSIGLIC MAZIONALL
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PRELIMINARY TEST

Birch Plywood

; Fully threated screws

Configuration Fasteners Plates Connected Shear Fasteners
label tvpe type members  planes (n°) (n®)
BE-D Beech dowels Plywood gusset plates GL 30c l 2
BI-D Birch dowels Plywood gusset plates GL 30c 1 2
LDW-D Laminated densified wood dowels  Plywood gusset plates GL 30 | 2
5-5 Steel screws Plywood gusset plates GL 30c 1 2
Fasteners type il { t t ta Take M
(mm) (mm) (mm) (mm) (mm) (mm) (N/mm®) (Nm)
Beech dowels 20 300 264 21 90 - -
| | Birch dowels 20 300 261 21 90 - -
le 1;};2 Laminated densified wood dowels 20 300 264 21 90 - -
Steel screws 9 9 280 264 21 90 1000 27,2

Angelo Aloisio (angelo.aloisiol@univag.it)
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3. Experimental campaign. Tension axial test PRELIMINARY TEST
ty tz tity t2 L’nitia/s/w moaulus slip moaulus
Te J.ZI beech birch ) P o
A N
in M I M
- = 0 e 10} o
J v JLE : N
g
q § 7 g § 7 s
. - strength ductility
'f‘" densified screw anf - o
i I
I ’ ! Bf
E = 1 - l |
m % %J Jf-m: U ::l I- ‘ ‘
. " J
u::. aif n: ~ - - l-: | - . — p
L] T j (e} X {d} :
| 20 mm densified wood dowel showed similar short-term capacity
F.fgl compared to 9 mm steel screws.

(a)
Angelo Aloisio (angelo.aloisiol@univag.it)
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3. Experimental campaign. Tension axial test PRELIMINARY TEST
Mode V is observed (Miller
f b3 ity 12 &y beech et al 2010)
"F;'zI | F/2 -
g | &
A e
Glulam | ¥ |
w F £
a0 o o hFastencr MDD..EI III'U"
f“‘ ywood
L a g r% %"/I pm
N I
: el
.@m\ ‘
] ! the brittle failures are different than
Fﬁl iﬂrg those provided by Johansen theory

= (Sandoli et al 2023)

(a) : ia)
Angelo Aloisio (angelo.aloisiol@univag.it)
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3. Experimental campaign. Tension axial test

BI-D

100

0 5 10 15

LDW —D

10 15
u (mm) u (mm)
BI-D LDW-D
Config. R, (kN) wu, (mm) D Config. R, (kN) u, (mm) D
BI-D-1 52.5 7.8 10.0 [LDW-D-1 /1.0 2.3 2.0
BI-D-2 49.1 10.3 53 LDW-D-2 79.9 2.6 1.1
BI-D-3 46.9 8.8 7.2 LDW-D-3 80.0 4.0 1.6
BI-D-4* 18.4 0.5 — LDW-D-4 I 3.6 1.2
BI-D-5 43.1 4.9 6.9 LDW-D-5 68.0 3.1 2.1
Avg. 47.9 8.0 7.3 Avg. 75.3 3.1 1.6
CoV 7% 25% 23% CoV 7% 20% 25%

Angelo Aloisio (angelo.aloisiol@univag.it)

Force

FH‘EIT.T

Yielding Point

D'4FHH?.T
U']'FHM.‘L'

S
. I
Displacement

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 Eurocode 5

Experimental vs. predicted capacity values (Eurocode 5) embedment values
(€) *
Label Ry exp per Ry preECs Rel. Error My precsexp Rel. Error aF T0F
dowel Fo1.2 S Fpi12 6ot ]
[kN] &y % kN % t 1t a6 —3-
BI-D-1 6.56 8.43 28 6.63 1 = 50f . * |
BI-D-2 6.14 8.43 37 6.63 8 < ol —
BI-D-3 5.86 8.43 44 6.63 13 R I R -~ 2
BI-D-4* 2.30 8.43 267 6.63 188 SOf === -
BI-D-5 5.39 8.43 56 6.63 23 N “< onk =
Mean 5.99 8.43 42 6.63 11 — - - - | - i
LDW-D-1 588 16.025 o1 13.08 7 ths ths 10 Fs " _‘
LDW-D-2 9.99 16.925 69 13.08 31 n | | ths o= . e ——— | |
LDW-D-3 10.00 16.925 69 13.08 31 = = a8 2 22?7
LDW-D-4 0.71 16.925 74 13.08 35 4 4 J 2 /8 Q< 2
i - B R B - B
LDW-D-5 8.50 16.925 99 13.08 54 (d}l (f) 1 &5 =3 S 5 &
Mean 9.42 16.93 81 13.08 39 f o vE r O T 3 S S I
0,2-17Fp,2-3 E? oM E ':‘3' o5 ."."T. __"_E' E? ::r
§ 58 @ g &N
. . - - —_— -
» The experimental shear capacity was divided by the number of shear planes, four. H 5 &

* Predictions were calculated using both theoretical embedment strength, giving R, ,ccs, and experimental embedment
values, giving R, recs exp

» The governing mechanism was failure mode C according to Fig. 11.8 of FprEN 1995-1-1 (2025).
Angelo Aloisio (angelo.aloisiol@univag.it)



3. Experimental campaign. Tension axial test
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Experimental vs. predicted capacity values (Miller)

e <
@ PROSPETTIVE DEI MATERIALI BIODERIVATI AD ALTAVELOCITA DI CRESCITA NEL SETTORE DELLE I CONSIGLIO NAZIONALE
DEGLI INGEGNERI

shear stress at failure (in N/mm ?)

fy = 33.44G4GR7>

G, =pg/p,, SPecific gravity of the dowel

G, = Pm/Pw Specific gravity of the emb. material

Ry yexp per dowel f, Miller R, ,sim Miller Rel. Error
Label [kN] IMPa] kN]| (%]
BI-D-1 5.21 15.22 3.46 -34%
BI-D-2 4.55 15.22 3.46 -24%
BI-D-3 3.98 15.22 3.46 -13%
BI-D-4* 4.74 15.22 3.46 -27%
BI-D-5 4.56 15.22 3.46 -24%
Mean 2.99 15.22 3.46 -24%
LDW-D-1 8.88 33.43 7.61 -14%
LDW-D-2 9.99 33.43 7.61 -24%
LDW-D-3 10.00 33.43 7.61 -24%
LDW-D-4 9.71 33.43 7.61 -22%
LDW-D-5 8.00 33.43 7.61 -11%
Mean 9.42 33.43 7.61 -19%

F,=f-A

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

SHEAR CAPACITY

 In contrast to EC5 model, Miller’s model is conservative, and its predictive accuracy is much better

Angelo Aloisio (angelo.aloisiol@univag.it)
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Experimental campaign at NMBU. Main takeaways:

ty &3 hity f2 B

| | IS

|
t"-'

» Experimental observation: Wooden dowels fail mainly by a Mode V
bending—shear mechanism: brittle, span—-dependent, no plastic hinge.
e Fpr1995-1-1:
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

200

GO5

Plywoad

o ol % %-’” wood-wood contact; code values tend to overestimate capacity.
1 o o (i) Even with measured embedment, EYM remains optimistic
; because it ignores the bending—shear interaction and short shear
R span.
[ Ol L « Miller:

o (i) Density-driven regression calibrated for Mode V; easy to use
but showed larger errors (bias/dispersion) on our data.
o (i) Highly sensitive to embedment density and service conditions

=y
e |
v

F/2

(a) (b)

Angelo Aloisio (angelo.aloisiol@univag.it)
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4, KTH Experimental campaign. Shear test

: — | ALUMINUM PLATES, SHEAR SPAN. L,
\ ROUNDED OPENING :

WOODEN DOWEI
- B L3 L - —— =
|
| [
- = T T [ =
BOLT IN RAILS TO
HOLLOW STEEL PROFILE ADJUST SHEAR SPAN

"T‘_‘T"‘ HEA STEEL PROFILE

(d) Shear setup

* Previous tests showed that wooden dowels mainly fail through type V mechanisms.

specially designed aluminium device

* 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

Angelo Aloisio (angelo.aloisiol@univag.it)
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4. KTH Experimental campaign. Shear test

Geometrical details of the test groups.

Group  Species

Diameter d (mm)  Length L (mm)

B20
B30
E20

Birch
Birch
Beech

20 600
30 600
20 500

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

in Table

Field Example Meaning

L R/T Loading direction: R = radial, T = tangential
S/S 0/1, 1/2,1/1  Shear-span ratio Lfee/d: 0, 0.5, or 1.0

DD 20, 30 Nominal dowel diameter (mm)

XX BI, BE Species: BI = birch, BE = beech

Y 1-5 Specimen sequence number

DEGLI INGEGNER

Two hardwood species were tested

ﬁ%% Birch dowels (o, = 653 kg/m?)

Wi Beech dowels (pg = 733 kg/md)
(mean values)

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

Shear span ()

T B 530 Birch

B SIS D20 Birch
T e———— 20 Beech

Shear span /2

T e ,'L_T_—-—:-s'—-ﬂ; 230 Birch
. i— - @20 Birch
W 20 Beech
Shear span o
— s 7= R 230 Birch
f— — 20 Birch
&) Beech

radial and tangential
loading directions

Angelo Aloisio (angelo.aloisiol@univag.it)
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4, KTH Experimental campaign. Shear test

@30 Birch

5

sl T-01-20-131 ; R-01-20-131 Cxip T-12-2)-BI : R-12-X1-B1 | 11 T-11-20B1 1 R-11-20-131
Tangential Tanygential Tamgential
gl ------Badial al -- Radial 1 -~ Radial
B ] = e .
5 g ~ - =
| f,_h: = (| =1l 1 e
niL L L . i |J: L L I [} £ L 1
1] 5 (1] 15 0 [ % mn i a0 2% 1l 5 ] 15 o
A |mn) A o) Suee [ |
ol T-01-30-131 ; R-01-30-131 e 1) I-12-30-81 ; R-12-30-B1 L 1 T-11-30-B1 : R-11-30-151
Iangemein o —— nngential —— langential
a | =e--= Raeli; S gl =ee-- aulis gl omeme= sulis
3| -!-:LM|1-I| o fg/Jﬁ=L'_ 3| Riulial = ] Raulial
> i :<.'- 'i-_:'-'. : .% 1 ~
R N & =Rt SR m
I, .-..._ﬁ"?b_":;: i, :1 L'ii TS
1 -/’ I Li / e |""";--'_ .I::-ﬂh'-"'--'-
ol | - i | | oLe
1] 5 L]} 15 20 4] 5 il 15 20 25 ] ] 10 13 ]
S [mmum| A |oum)| Sy [ |
, =i FAN-20-1E » R-01-20-BE it TA220-HE @ B-12-K-BE | 1 [-11-H1-BE : B-11-20-BE
Tangential Tangential Tamgeatial
gt ----—-Radial al --=--- Raulial glomeme= Radial
e =
A B
th 5 (1] 5] 20 ] 5 {1 15 20 a5 . 1 1 1] 15 2
A [min] A Joom)| Duie [pmm |

~ @20 Birch

The double-peaked shape is typical of Mode-V dowels with short spans (L. < d/2)

Angelo Aloisio (angelo.aloisiol@univag.it)

PROSPETTIVE DEI MATERIALI BIODERIVATI AD ALTA VELOCITA DI CRESCITA NEL SETTORE DELLE

Shear span
d/2
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4, KTH Experimental campaign. Shear test s @ 4
Group JFy-,v(MP;)f Group fyﬁ\fIPa)SI @30 Birch ""'?—-l 'j"hg— ﬁ

T-0/1-20-BI 1889 1.31  R-0/1-20-BI  24.55 1.78
T-1/2-20-BI 1620 1.20  R-1/2-20-BI 2044 1.65
T-1/1-20-BI  14.39 091  R-1/1-20-BI  17.06  1.58 220 Birch | B _—
T-0/1-30-BI  16.14 123  R-0/1-30-BI  24.94 0.80 il —
T-1/2-30-BI 1577 0.56  R-1/2-30-BI  21.25 1.82
T-1/1-30-BI ~ 13.60 0.95  R-1/1-30-BI  17.07  0.98
T-0/1-20-BE  23.02 2.12  R-0/1-20-BE  25.00 3.17
T-1/2-20-BE  18.06 1.62  R-1/2-20-BE  21.21 1.43 220 Beech | N | i — | ==
T-1/1-20-BE 1448 195 R-1/1-20-BE  18.91 3.05

s

 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.
Angelo Aloisio (angelo.aloisiol@univag.it)
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4. KTH Experimental campaign. Insights for possible dynamic grading...

miniature accelerometer attached with beeswax
L3 - T ———

free—free boundary conditions while reducing support vibration

" ll 'I I'. _/:nll
[ [ ~ !
R [ ! [ ! [ %
— Y | [ i R
= | | ! v
e | | h 4
i { ,' ] o
E =Y t
£ N
& (i W/
L=
1] 0.5 1 L3 2 !
w1

Freguency |Hz|

PSD [m /s /Hz]

25

1074 |

105

20000

F
A
y I

TN GEIDK ] 1M
Frequency [He]

peak-picking clearly identifies axial frequencies and provides at least seven bending modes

Angelo Aloisio (angelo.aloisiol@univag.it)

axial modes

bending about the tangential axis
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[ ) = : 0 ) o O ) ) -
E' = 52 B & ) :E!-E_I,, g - = g, :tll o - All specimens
= -L"”ﬁ'n ““%f | .Ur%? | G5 1l e % Density Eax FEpr Fsr Grn Gru fv fu
: = = la L Density 1 —028 —033 —031 049 040 015 —0.02
. %E A oo | | e[S e | R Eax —0.28 1 095 097 —-048 —0.15 023 036
& oot ) : { = B : A Epr —-0.33 095 1 095 —052 —0.19 019 030
= _nas o Egy —0.31 097 095 1 —0.48 —0.18 022 0.36
e e 0.49 —048 —0.52 —0.48 1 028 006 001
j o GRu 0.40 —0.15 —0.19 —0.18 0.28 1 013 003
E? ! %}F _ fﬁ' 0.15 0.23 0.19 .22 .06 0.13 1 0.50
oo e 005 il fu —0.02 036 030 036 001 003 050 1
e | : Birch only
L;':" ‘ﬁﬁ = j j Density 1 0.36 (.25 .34 0.17 0.44 0.23 —-0.02
g B pp o DT g Eax 0.36 1 091 098 006 031 040 031
T o ,, Egt 0.25 091 1 083 —0.01 019 036 034
o ok e o Epg 0.34 098 0.93 1 006 024 045 038
o ﬁﬁ - _% :&: = Gy, 017 006 —0.01 0.06 1 018 006 0.22
Ea= 040 p= 048] p= 052 e ) 044 031 019 024 018 1 012 0.02
R - fu 0.23 040 036 045 006 0.12 1 031
. - o oy ® _ Ju —(.02 0.31 0.34 (.35 .22 0.0x2 0.31 1
b ] TR-F- 18 i T U
=040 p=-015 PR T Beech only
atT | am | C: Density 1 006 —007 002 006 —007 004 018
s o '],'- _ ﬁi% Eay (.0¥ 1 0.594 0. —0.46 003 0.28 .41
- -@’.‘ o e | - U Egr —0.07 094 1 084 —051 —005 021 026
S =015 p=0.23]"5p =010 Eug 0.02 094 0.9 1 —040 —002 023 0.36
- o - o e 0.06 —0.46 —0.51 —0.40 1 —0.08 —0.04 —0.02
ﬁ;h - Wy | g % . GRL ~0.07 003 —0.05 —0.02 —0.08 1 010 015
T R e B ] ﬁ | Io 0.04 028 021 023 -0.04 010 1 077
= 0 = 136 l|:_ pr = (130 ||'-,u—131‘3f' {i.ﬂ—'ﬂm ) _@ﬂ—ﬂ’;{' Ju 018 041 0.26 036 —-0.02 015 0.77 1
Dian=ity Flix Fia o (rrg 1750 Ty o

Angelo Aloisio (angelo.aloisiol@univag.it)
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4. Mode V. Empirical capacity model with two regressors

Measured f, (MPa)

26

b

!
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[
—
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Birch model

L ]
L
L] e »
.. ’f
3
g N
- : .
9
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. ¥ .
<

Predicted f, (MPa)

Measured f, (MPa)

26

fy.Bireh = 19.03 — 0.227Gap,,,, + 4.714 Dy

-ﬁhBeEﬂh = 22.521 — 0'483Gap111[[1 + 3.202 Dy

Angelo Aloisio (angelo.aloisiol@univag.it)

Beech model
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Predicted f, (MPa)

(MPa; 5-fold RMSE = 1.50 MPa)

(MPa; 5-fold RMSE = 1.37 MPa)

|

CONSIGLIC MAZIONALL
DEGLLNCGEGNERI



¥

4. Mode V. Alternative interaction model

Bending-shear interaction model for Mode-V dowel failure

FL F
M = 1 V = 5
32M SFL
T1: — 5 — .
max 'ﬂ'd& ’ﬂ'dd Y
Tmax

(
|

f.

SF/

PROSPETTIVE DEI MATERIALI BIODERIVATI AD ALTA VELOCITA DI CRESCITA NEL SETTORE DELLE
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)+

el

fm

‘|

n9
Omax ) —

8FL/(md?

4V

Tmax = 94 T g2

fm

)r?:l
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normalised Mode-V stress states of all specimens

Angelo Aloisio (angelo.aloisiol@univag.it)
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4. Mode V alternative model

Tmax Omax 1

f v f m

CONSIGLIEY MATONALL
DEGLLINGEGNER

An almost linear domain confirms the absence of plastic hinges. A quadratic or otherwise convex envelope is
typical when significant inelastic redistribution occurs.

Mechanical meaning of the interaction-domain shape.

Envelope shape

Dominant mechanism

Typical for

Linear, Eq. (20)

Quadratic or convex, 7™l +

o2 =1, n; >1

Independent shear and bending fail-
ure / brittle rupture; no plastic hinge; frac-
ture triggered by the first stress compo-
nent reaching its limit.

Interactive failure; inelastic redistribution
and plastic-hinge formation; synergy be-
tween stress components.

Hardwood dowels (Mode V), concrete
punch-shear, brittle masonry.

Steel bolts in timber (Johansen
Modes a—f), ductile steel beams, tough
composites.

Angelo Aloisio (angelo.aloisiol@univag.it)
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4. Mode V alternative model

Possible design format

8V 8V
T/fﬂ+g/fm=1 Tmax:ﬁ: Jmax:m-
3rd?
— Vint = v >»Vir e = ming Vine, fuds, th.1, 0.9 fp oth,
¢ S+ 370/ ) f R.k {Vint, f Jhith 1 fhotho}

Dowel d [mm]| f,, [MPa] f, [MPa] V,

Birch 20.00 132.70 16.49 2.66 2.32 6.40

red per dowel [kN]|  Vexp, per dowel [kN]  Rel. error [%)]

Angelo Aloisio (angelo.aloisiol@univag.it)
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Journal papers on wooden dowels

Contents lists available at Sciencelirect | Emameerma Contents lists availabe at Scicncelirect 'E"T?IT%TI{'E?
g i ATRUC ]

| BTRUCTURES

Engineering Structures Engineering Structures

joumal harmespage: wanw elsevieroomdocateirngstruct

joumal hamepage: www.clsevier.comiocate’engstruct

Fire resistance of wooden dowelled cross-laminated timber panels under sy

Mechanical performance of pure-wood moment-resisting ridge joints with
in-plane loading

plywood gussets and wooden dowels

- - | RS | - % Ales Payeea bl I[i .:.' oy ok o e a 1
Angelo Aloisio 5%, Yue Wang “©, Roberto Crocettd ©'%, Anders Q. Nyrud *, Roberto Tomasi® Angelo Aloisio » Dag Pasquale Pasca ", imo Fragiacomo
* Dravrtrmint of Chdl, Crotveercsion. Al { aanil Fored ! Ergineiring , v digll Sl dellWgquiks, T, fraly
Fa:uuy af Sciiwe and Techilogy, Norwegian Dniversiey of Life Sciemces, Norway * sk Tretekmisk Bocrifnt (Morweasan nstitute of Wed Tedmaolere), Oeks, Narsay
ep of el B g, Lvereersity of LiAgeain, Soly
*© Deparmeers of Conl and Archiirmierad Engaweering, The Hova! Inshinte of Teobology, Sinckholm, Sweden
Contends lists available at ScienceTinect «.C.-:m_'lrrt_rrn:cm e B Contents lists available at Sciencelirect :‘__nn”ru‘"_n"
and Building pi: 1) __';:_ - d Building
. . . 5 MATERLALS T e an i
it 8y . =t . MATERIALS
Construction and Building Materials i) Construction and Building Materials

TS
o 3
&

Journal homepage: www.elsevier.comilocateiconbuildmat - r
Jourmal homepage: wiww.elgevier. comdlocate/conibuildmat

Sensitivity of bending stiffness to moisture content in adhesive-free e Experimental and analytical investigation on timber connections with beech
- . ¥
wooden-doweled cross-laminated timber panels birch and laminated densified wooden dowels
isio 2l b o : + i
Angelo Aloizio *%*, Dag Pasquale Pasca ", Roberto Tomasi©, Massimo Fragiacomo ® Roberto Tomasi *@7, Yuri De Santis“®, Angelo Aloisio 'O, Roberto Crocetti 10,
Bk Toackais Pt (ruegion Tots f Woad Tockmings), O dway e B, fey Vegard H. Sby *, Anders Q. Nyrud'
= Faculty of Science e Technology, Nonseghan [nbversiy of Lie Sciences, Norvgr ® Faculty of Science and Techeology. Norwepon Unneraiy of Life Soences, Moreay

* Fucsiry of Emviroamental Sclemces aud Notural Resouree Momgement, Nonwegln Dibversity of Life Scieces, Norwy
seprrtment of Cnal, Consracton drciernrs) and Fmareneeninl Pagneering neerst degh Sl del deils, L Aaquils, ey
A pegarimens of Civil and Architecesrl Engineering, The Royal Iucie of Technology, Sockholn, Sweden
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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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