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ABSTRACT:

In the frame of sustainability, circular design, and modern robotic fabrication possibilities, traditional disassemblable
Mortise-Tenon Joints (MTJs) using mostly only timber become increasingly interesting. However, in current European
design practise, most traditional MTJs are still designed as full hinges, due to lack of precise knowledge about moment
rotation behavior as well as weak performance of wood in compression perpendicular to the grain. This study analyses
experimental moment rotation behavior of MTJs where the tenons were reinforced by splitting wedges, polymer concrete
and screws, in order to maintain easy disassemblability. While initial moment-rotation stiffness was not significantly
affected by the different reinforcement alternatives, the cyclic envelop and energy dissipation showed significant differences
and potential to be tailored to engineered moment rotation behaviors.
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1 - INTRODUCTION

Timber joints are fundamental for structural integrity,
crucial for force transfer, member connections, and sta-
bility in multi-story buildings. In modern timber architec-
ture, where sustainability and circular design are prioritized,
joints support ecological objectives such as disassembly
and reuse, extending material life cycles and promoting cir-
cular economy principles. Modern timber construction of-
ten relies on adhesives or mechanical fasteners for enhanced
load-bearing capacity and rigidity, which undermines circu-
larity by hindering reuse and disassembly. This limitation
restricts the cascaded use of timber and its components
and diminish their contribution to sustainability and post-
building life cycle. Conversely, traditional carpentry joints,
such as mortise and tenon joints (MTJs), are notable for
their inherent simplicity and disassemblable nature. These
fastener-free joints, used across cultures for centuries, rely
on an interlocking mechanism to achieve structural resis-
tance without adhesives or permanent fasteners. Historical
applications, ranging from East Asian wooden frameworks
to medieval European carpentry, demonstrate their versa-
tility, durability, and resilience, especially in seismic per-
formance [1-3]. Experimental studies e.g [4, 5] highlight
their effective energy dissipation and ductility during cyclic
loading, advantages for safety under seismic loads.

Despite these advantages, MTJs are underutilized in
modern multi-story timber buildings due to insufficient
load-bearing capacity, weak compression performance per-
pendicular to the grain, and the lack of comprehensive
design guidelines [6]. Eurocode 5, for example, provides
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some yet limited guidance on traditional joints, relegat-
ing their use and application in industry. Additionally, the
labor-intensive production process of these joints also re-
stricts their use. However, technological advancements
in robotic fabrication and automated manufacturing are
transforming this landscape. The recent advancements in
robotic fabrication and automated manufacturing now al-
low for the precise and efficient production of these joints,
fostering innovation and experimentation. This technologi-
cal shift opens opportunities to revisit MTJs for both new
construction and retrofitting of existing structures, such
as medieval frameworks or solar panel integrations, while
aligning with sustainability principles.

Despite the limitations, significant advancements have
been made in understanding their mechanical performance
and rotational behavior through experimental and theoreti-
cal studies. Key findings include the effect of connection
gaps [4], the influence of compressive strength perpendic-
ular to grain [7, 8], and the role of asperities on the micro-
scopic scale in joint behavior [8, 9]. Finite element mod-
eling (FEM) has further advanced the ability to simulate
moment-resistance and deformation angle relationships [10,
11], providing accurate insights into their performance un-
der static and cyclic loading conditions. Additionally, the
impact of joint geometry on shear force resistance can be
seen in [12, 13]. More recent research demonstrates the
influence of combined shear and bending forces on rota-
tional behavior, which extends beyond earlier models based
purely on bending moments [14]. A Mortise-Tenon Joint
(MT]J) shows two diagonally opposite contact zones (con-
tact zones (CZS)) I and II during downward movement
(positive rotation) of the tenon with respect to the mortise
as depicted in Figure 1. The study [14] defined R}, as total
compression force at the tenon bottom and the correspond-



ing horizontal friction force is f, = uRj. Similarly R,
and f; = uR, are the compressive and horizontal frictional
forces on the top face of the tenon.

The present study investigates the reinforcement of the
tenon at critical locations susceptible to compression failure
perpendicular to the grain and CZS areas subjected to high
stress, as illustrated in Figure 1. The focus is on mortise and
tenon joints (MTJs), addressing their inherent limitations
while maintaining the principles of disassemblability and
reusability. Specifically, the study examines the impact of
reinforcing the tenon in MTJs to mitigate challenges such
as compression failure perpendicular to the grain, while
ensuring the joint’s ecological viability. This study builds
upon the design, development, and fabrication of MTlJs, as
initially investigated in [15] including wedge penetrated re-
inforced tenon joints serving as benchmark here. It extends
the previous work by conducting two additional reinforce-
ment trials, which aimed to address key behavioral char-
acteristics and failure modes identified through both static
and cyclic loading tests. In addition to the geometry-based
locking mechanism by wedge-penetrated reinforcement,
which involves penetrating the tenon with a wedge, as
traditionally employed in japanese MTJs, two further rein-
forcement methods were explored: (2) a standardized local
reinforcement of the tenon using self-tapping metal screws
in alignment with European design guidelines, and (3) rein-
forcement using a filler material, namely polymer concrete
offering enhanced bonding properties and improved resis-
tance to compression. The performance of these reinforced
specimens was compared to that of Unreinforced Mortise-
Tenon Joint (UNR-MT]J) in [15] under cyclic loading to
investigate the effects of tenon reinforcement on mechani-
cal behavior of tenon-mortise connections. The hysteresis
stiffness, ductility, stiffness degradation, and energy dissi-
pation of these joints were analyzed in this study.

TenonBeam

Ry

Figure 1: Mortise-tenon CZS located diagonally opposite at ver-
tical positive loading (V) inducing a positive rotation (6). Also
shown are resultant reaction forces at the bottom (Ry) and top
(Ry), accompanied by frictional forces (f, and f;)

2 — MATERIALS AND METHODS

2.1 BEAM AND COLUMN MATERIAL
Glued laminated timber (GLT) made from softwood
specifically European spruce (Picea abies) according to EN

14080 [16] of strength class GLT 24c was used. The
timber was provided by Hasslacher Norica Timber In-
dustry which also performed the manufacture (milling)
of the specimens using an in-house CNC joinery ma-
chine. GL24c is characterized by below given strength
and stiffness properties. Characteristic bending strength
Jmgk = 24 N/mm?, tensile strength Jrogk = 17 N/mm?
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and shear strength f, o 1 of 2.5N/mm®. Mean modulus

of elasticity is Pgmean = 11000 kg/m3 and characteristic
and mean density are 365 kg/m3 and 400 kg/m respectively.
The moisture content (MC) of the specimens was measured
using an electric moisture meter at two different locations
per specimen for both tenon beam and mortise column.
Average moisture contents for beams and columns were
11.4% and 10.9% respectively.

2.2 UNREINFORCED MORTISE TENON
JOINT - DESIGN

The design and dimensional specifications of the UNR-
MTIJ were established during preliminary investigations
conducted by [15]. The structural configuration and load
considerations are based on a hypothetical two-story build-
ing designed with GLT beams and columns, supporting
square floor bays of span 6.25 m. The UNR-MTJ was de-
signed for vertical loads acting on the beam only, consider-
ing a design line-load of g4 = 12.50 kN/m. The geometry
and dimensions of the experimentally investigated config-
urations are depicted in Figure 2, which illustrates both
the tenon-beam, Figure 2.a and mortise column, Figure 2b.
The tenon-beam is 1000 mm long, including a 200 mm pro-
truding tenon matching the column width. The tenon length
200 mm ensures a snug fit within the mortise cavity. The
beam has a cross-section depth of 360 mm, with a width
matching the column’s side length. The forces within the
beam cross-section are transmitted to the column through a
reduced section of 100 mm, equal to the tenon width. The
mortise-column has a square cross-section with a 200 mm
side length and a total height of 1400 mm. The mortise
cavity is positioned 538 mm from the bottom and its dimen-
sions are offset by 1 mm relative to the tenon dimensions,
ensuring easy insertion. All contact edges are rounded by
10 mm to mitigate stress concentrations due to the geome-
try, as shown in Figure 2.

Two sets of configurations of UNR-MT]J, A and B were
evaluated in the investigation by [15]; configuration A is
characterized by the tenon being positioned at the bottom
of the mortise as depicted in Figure 2. In contrast, configu-
ration B represents an inverted setup, resulting in the tenon
being positioned at the top of the mortise. Given, cyclic
nature of the loading in testing both configurations are in-
herently the same. Therefore, this study utilizes exclusively
configuration A.

2.3 REINFORCEMENT TYPES

The primary failure modes observed in initial test config-
uration (see Figure 6) of UNR-MTJ were of serviceability
nature firstly due to excessive pullout of the tenon from
the mortise, and finally material failure due to lateral com-
pression failure of the tenon. This implied that the tenon
was subjected to lateral loading at both ends, leading to
crushing of the fibers at these locations due to geometrical

https://doi.org/10.52202/080513-0227



a)
R9-
i
<«
©1. 200 .
v
side view
T
8
i : S .
top view ~~ perspective
b) R48 W
R9 8
N p
=} o
(=]
Ll =
P~
side view “R9 i
: BT
1 N e
top view perspective

Figure 2: Specimen dimensions (in mm), with all corners rounded
to a radius of R = 9 mm; a) tenon dimensions: The tenon-beam
is 1000 mm long and 200 mm wide. The tenon itself measures
200 mm in length, 154 mm in depth, and 99 mm in width; b)
mortise dimensions: The mortise-column is 1400 mm long, with
the mortise insertion cavity positioned 538 mm from the bottom.
The cavity dimensions are offSet by 1 mm relative to the tenon
dimensions to facilitate easy tenon insertion.

changes, which in turn resulted in the tenon slipping out
during subsequent loading cycles.

Three reinforcement methods were investigated in this
study: 1) Insertion of wedges to form a Wedge Penetrated
Mortise-Tenon Joint (WP-MTJ) , as traditionally employed
in Japanese MTJs [17]. This method aims to mitigate ex-
cessive tenon pullout by geometrically locking the tenon
inside the mortise through shape modification induced by
the driven wedge, as illustrated in Figure 3. To enhance
the lateral compression strength of the tenon and mitigate
compression failure, two additional reinforcement strate-
gies were examined: 2) a standardized local reinforcement
method utilizing self-tapping metal screws, aligned with
Eurocode 5 [18] design guidelines, referred to as Self Tap-
ping Screw Reinforced Mortise-Tenon Joint (STR-MTJ),
and 3) reinforcement using a polymer concrete filler ma-
terial with improved bonding and compression resistance,
Polymer Concrete Reinforced Mortise-Tenon Joint (PCR-
MTJ). These reinforcement techniques were systematically
tested to assess thier influence on the mechanical perfor-
mance of the UNR-MTIJ.

2.3.1 Wegde Penetrated MT Joint Design

Referred to as WP-MT]J in this paper, this joint layout in-
volves driving tropical hardwood wedges into pre-sawn
slots in the tenon, leading to an increase in both dimension
and material volume at the outer end of the tenon. This
geometrical locking mechanism reinforces the MTJ and mit-
igates the risk of tenon pullout—a technique traditionally
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employed in earthquake-prone regions such as Japan [17].
The driven-in wedges expand the tenon’s cross-section,
effectively tightening and pre-stressing the wood fibers in-
side the mortise. To accommodate these geometric change
of the tenon due to the wedges, the mortise dimensions
were adjusted accordingly. The smaller mortise opening
on the side where the wedges were driven was enlarged
and deepened, increasing the mortise opening depth from
155mm to 175 mm. Beyond forming a frictional and posi-
tive locking mechanism between the tenon and mortise, this
method also introduces additional stiffening material into
the tenon section, effectively eliminating potential gaps. It
was experimentally investigated in [15] to which extent
wedges need to be driven by a wooden mallet, considering
wedge indentation effects that result in tenon widening by
2cm, or 10mm on each side. The driving angle varied
between 5° and 7°. The tests further evaluated splitting
behavior along the tenon fibers and the efficiency of the
locking mechanism achieved through wedge insertion.

Inserted Wedges

a) b)

Figure 3: Hardwood wedge and WP-MTJ design, a) dimensions
of the wedge with an isometric view of its insertion into the tenon,
b) preliminary analysis of optimal insertion depth and angle.

The final wedges were inserted in pairs at an angle of
5°and depth of 60 mm as these parameters created least
splitting while engaging maximum wood fibers as seen in
Figure 3. The use of two wedge pairs resulted in improved
stress distribution and lower stress peaks in the material,
reducing the likelihood of splitting, as observed in exper-
imental tests consequently, holding the tenon securely in
place, preventing slippage and ensuring early activation of
the joint under loading conditions.

2.3.2 Screw Reinforced Tenon Design

Self-tapping screws or fully threaded screws is a widely
used method to locally reinforce wood against compression
perpendicular to grain, particularly in load introduction
areas, such as beam supports [19]. This is extensively
covered in prEN 1995-1-1:2025 (E) [20] chapter 8.1.6.2.
The relevant code reinforcement equation according for the
combined timber and screw effects reads as Eq.(1).

min {

kmatbc,%ll,ef : fc,go,k + nmin{Fw,k;Fé,k}’

by fe9o,k

Fé,90,Rk -

(M



The Eq.(1) gives the reinforcement capacity F; g9 rx
which determined by the minimum value between two ex-
pressions, considering material behavior, load application,
and screw resistance. The factor k,,,,; accounts for material
properties, such as stiffness in glulam. b gy and ; .y define
the width and effective length of the load application area,
while f¢ o0,k represents characteristic compression strength
perpendicular to the grain. The reinforcement includes n
screws, contributing their pull-out resistance Iy, j or ax-
ial resistance I ;.. The total width b and effective length
L ¢ influence load distribution. As the tenon undergoes
cyclic loading, the CZS regions at the top and bottom ex-
perience cyclic stresses too. This results in compressive
forces acting on both surfaces of the tenon. To address
this, overlapping reinforcement was applied at the top and
bottom, in accordance with [20], section 8.1.6.2,(12). The
equation provided in prEN 1995-1-1:2025 (E) [20] for
support conditions applies when the supporting surface is
composed of a material with high rigidity, such as steel.
In such cases, fully threaded screws do not indent into the
support, ensuring sufficient rotational capacity for uniform
stress distribution. However, this condition does not re-
flect the loading experienced by the tenon, as illustrated in
Figures 1.

Considering an unhindered rotation, the maximum
length of the triangular CZS area can be considered as half
the total tenon length €;. Hence Eq.(1) was solved for n
(number of screws) employing, €1, .¢ = €,/2, to achieve
a compressive resistance of twice the magnitude of the
compressive resistance of reinforced tenon area of length
€,/2. The reinforcement of the tenon was carried out by
two rows of four 6 mm diameter WURTH ASSY®plus VG
4 CSMP screws,(Product No. 0150106100) with a length
of 100 mm. Additionally, reinforcement against tension
perpendicular to grain close to the tenon notch was realized
by means of three fully threaded WURTH ASSY®plus VG
4 CSMP, (Product No. 0150106100), each with diameter of
8 mm and length 300 mm. Both screw reinforcements were
following the design recommendations of ETA-11/0190
[21]. This reinforcement as shown in Figure 4d was imple-
mented to mitigate the risk of tensile perpendicular cracks
which initiate at the tenon corner in-case of larger tenon
rotations.

The designated reinforcement locations were pre-drilled
using a 4.5mm diameter drill hole for tenon reinforce-
ment screws and a 6 mm diameter drill hole for tension-
perpendicular screws. The drill depth corresponded to the
length of each designated screw to ensure proper inser-
tion. Edge distances and spacings are shown in Figure 4
and quantified in Table 1. The realized spacings a; and
a, as well as edge distances a4 perpendicular to grain
to grain were throughout larger as compared to the mini-
mum values specified in [20]. However edge distance as .
parallel to grain was much smaller than the code - prescrip-
tion (Table 1) in order to effectively reinforce the highly
compressed bearing area within the CZS regions.

2.3.3 Polymer Concrete Reinforced Tenon Design

Just as self tapping screws, an emerging reinforcement
technique for timber components under compression per-
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Figure 4: STR-MTJ reinforcement placement and design; a) Iso-
metric view of overlapping screw reinforcement at the tenon’s
top and bottom, along with tension-perpendicular screws; b)
fabricated tenon with screw reinforcement, c) top view showing
compression-perpendicular screws and clear spacing notations;
d) section view illustrating screw reinforcement with normative
spacing.

Table 1: Norm recommended and provided values for edge and
clear spacings

a; 4y Q4 A3
prEN 1995-1-1 30 15 12 60
provided 36 27 36 36

pendicular to grain involves the application of polymer
concrete [22]. In the study by [22], polymer concrete was
utilized to reinforce the compression support zone of a
modified glulam beam via drilled holes filled with polymer
concrete. This lead to an increased stiffness and compres-
sive strength at the support area according to study. Further
studies, such as [23], claim that polymer concrete infill was
able to achieve a load increase of 284 % compared to 225 %
for self-drilling screws using push-out tests with glulam
blocks.

Building on this research, the third reinforcement method
explored in this study, denoted as PCR-MTJ, involved the
use of polymer concrete infills to enhance compression
perpendicular to grain resistance in the tenons. The initial
investigations by [24] provides insights, having numeri-
cally and experimentally examined perpendicular to grain
push-out tests on cylindrical polymer concrete infills in
Glulam and CLT blocks. The investigation also examined
failure modes at the interface between polymer concrete
and wood, with a focus on bond strength, edge distance
influence, geometric edge conditions. Further a reinforce-
ment design was proposed for cylindrical polymer concrete
infills in timber loaded under compression perpendicular
to grain. Four different failure modes were observed when
loading polymer concrete reinforced infills namely, a) fail-
ure of adhesive joint, b) Failure of wood in rolling thrust c)
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failure of wood in transverse tension and d) failure of poly-
mer concrete infill. The investigation revealed that stress
concentrations at the adhesive joint depend on diameter and
height of the infill. The proposed design principles closely
resemble the reinforcement mechanisms of self-tapping
screws, as defined in [20]. In the investigation, the max-
imum characteristic load-bearing capacity (F; go,rk,pc) 18
determined by two failure mechanisms: (i) adhesive bond
failure between polymer concrete and wood, represented
by the first term in Eq.(2) and (ii) failure of the polymer
concrete infill itself, represented by the second term of

Eq.(2).

Fé,Q(),Rk,pc = min(fv ‘Acontact,pc s fc,pc,k 'Ainfill,pc) (2)

The equation defines the minimum value between two
terms: the product of the characteristic bond strength of
the adhesive joint, f,, and the surface area of the cylin-
drical infill, Aconsacr,pe; and the product of the charac-
teristic compressive strength of polymer concrete, f; pe ks
and the cross-sectional area of the infill, Ay, fiyppe- Ac-
cording to [24], given an infill diameter (d).) and bonded
height (h,), the respective contact surface area and cross-
section area are calculated as Acontactpe = 7 * dpe * Mpe
and Ay, it pe = ﬂdﬁc/4. The experimental investigation
provided a mean bond strength (+ standard deviation) of
Joexp,mean = 6.45 £1.83 N/mm?. The rather high scatter,
denoted by the a coefficient of variation (COV) of 29 %
results from complex interaction effects on . To prevent
polymer concrete infill failure, the minimum required di-
ameter (dpc,min) is determined by Eq.(3), as the resistance
to failure of polymer concrete infill must be greater than
resistance of the adhesive joint .

hpc : fl‘),k

d e,min = 4+
pe fc,O,pc,k

A3)
Considering rolling shear resistance, the investigation rec-
ommends minimum spacing and edge distances for infills.
To avoid rolling shear failure the minimum spacing between
the axes of adjacent polymer infills as well as edge distance
of an infill to the end grain face is obtained by equating
areas, Acontact,pe 10 Arolling,shear = €1,2Mpc Tesulting in

e; >0.8 d Fipc 4

120067 pc'h o ()
samp.

e,>07-7-d Fve 5

22071 pc'h N (5)
samp.

The difference between e; and e, is bound to empirical ob-
servations. Following these design recommendations, two
20 mm diameter polymer concrete infills were placed along
the tenon’s mid-width, with a center-to-center spacing of
e; =90 mm, as illustrated in Figure 5.

The material specifications of the utilized polymer con-
crete are provided in Table 2. The holes with 20 mm diam-
eter were drilled at the design tenon locations, and polymer
concrete was mixed and poured within an half-hour after
drilling. To optimize bonding and stress distribution, a
rectangular groove was added atop of the tenon, to form

https://doi.org/10.52202/080513-0227

1860

20 mm
Polymer concrete
in-fill

Wiirth, ASSYeplus
VG 4 CSMP
8x300 [mm]

AN

i -

Figure 5: PCR-MTJ reinforcement placement and design, a)
Isometric view illustrating polymer tenon concrete infill and re-
inforcement screws, b) fabricated tenon with polymer concrete
infill; c) top view of reinforcement and spacing; d) section view.

Table 2: Technical properties of the polymer concrete tested

Property Value

Density approx. 2.0 g/cm?

Compressive strength ~ >100 N/mm?

Bending strength >35 N/mm?

E-modulus (static) 14000 N/mm?

Maximum grain size 1.6 mm

Mixing ratio A:B:C = 3.04:0.78:21.18
(parts by weight)

Processing time approx. 2.5 - 4 hours at 23°C

Processing temperature 15 - 25 °C

Curing approx. 24 hours

a 5mm deep and 20 mm wide channel connecting both in-
fills. A metal plate was placed at the tenon cavity bottom
and polymer concrete was filled in stage-wise compaction
to ensure void-free filling. Once the cavity was completely
filled, an additional plate was positioned on the top of the
tenon, and both plates were securely clamped to maintain
pressure and improve adhesive penetration. The specimens
where left to cure for 28 days to ensure complete polymer
concrete binding with the tenon fibers. The manufactured
polymer concrete reinforced tenon can be seen in Figure 5b.

2.4 EXPERIMENTAL TESTING PROTOCOL
The tenon beam was horizontally pre-inserted into the
mortise column, as depicted in the test setup shown in Fig-
ure 6. The load was applied using specially hinged swing
frame, which was clamped to the tenon as shown in Fig-
ure 6a. To counteract uplifting of the column during upward
bending, the column was clamped as shown in Figure 6b.
Mortise column was rigidly fixed and supported using a
rigid steel truss to ensure structural stability. Clamps were
strategically employed to mitigate any lateral displacement.
Figure 6¢ further depicts the pin mounted to the load-



Figure 6. Test set-up; a) back side; b) front side; ¢) downward
loading test, front side

ing piston in scenarios requiring large displacements. The
swing was omitted in such cases due to significant defor-
mation of the swing frame. The remaining two transduc-
ers, labeled “V”, with a maximum range of 100 mm, were
installed to measure the vertical displacements at the can-
tilever end, both on the front and rear faces of the beam. Dis-
placement and load data were directly recorded in real-time
from the loading machine, complemented by the displace-
ment data obtained from the externally mounted LVDTs
used for rotation determination.

The clear distance, corresponding to the lever arm dis-
tance from the center of the loading piston to the start of
the joint, was fixed at 0.65m in all tests. Prior to load-
ing, the tenon was fully inserted into the mortise with no
visible gaps to ensure proper joint contact. The testing
procedure guidelines outlined in [25] was modified to a
displacement-controlled protocol with four specified am-
plitudes: £10 mm, £20 mm, £40 mm, and 60 mm, were
conducted, each with three number of cycles. Although [25]
prescribes loading speeds within the range of 0.02 mm/min
to 0.2 mm/min, the tests were executed at a higher loading
speed of 5mm/min for both upward and downward dis-
placement, to investigate the joint behavior under much
faster loading conditions. Failure of the test specimen was
defined either by loss of bearing capacity or slide-out fail-
ure, occurring when the tenon experienced a horizontal
pullout of 45 mm relative to the mortise.

At high vertical displacement of the cantilever, the load-
ing swing proved unsuitable, inducing unintended horizon-
tal forces, leading to deformation, load inaccuracies, and
hazardous conditions. Since the testing apparatus was de-
signed primarily for vertical force application, excessive
deformation of the swing frame necessitated corrective
measures. In these cases, such as 80 mm displacement
for STR-MT]J,the loading swing was replaced by a pin,
allowing precise vertical force application without bias-
ing lateral effects. Figure 6c¢ illustrates this modification,
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showing the downward loading pin in scenarios with large
displacements. The experimental results were analyzed in
accordance with [25], focusing on yield points, energy dis-
sipation, and ductility characteristics under cyclic loading.

3 — RESULTS AND DISCUSSION

3.1 HYSTERETIC AND MOMENT-ROTATION
CURVES

The bending moment M and its corresponding rotation
of the joint 6 are determined as follows:

o=2

M = PH
’ H

(6)

where P is the load applied by the actuator, H is the lever
arm which is the horizontal distance between loading point
and vertical face of the column and A is the vertical load
displacement measured at the loading point.

Figure 7 shows the hysteresis and envelop curves of
the three reinforced MTJs. The hysteresis curves of the
STR-MTJ and PCR-MTJ shown in Figure 7a and Figure 7b
respectively show a similar trend. At start of loading, due
to the low engagement - bound to the small CZS and a sig-
nificant gap between the tenon and mortise, the slopes of
the hysteretic curves very small. As the rotation increases,
the rotation stiffness grew rapidly with PCR-MTJ showing
a higher engagement at initial 10 mm displacement than
STR-MT]J. The curves show a pronounced moment-rotation
asymmetry, where the positive downward loading curves
reveal a higher stiffness than the upward negative loading
curves. This results from the different constraints under
positive and negative loading cycles as the MTJ moment
in configuration A (defined in section 2.2), where the tenon
is placed lower leading to push-out and the loosening of
the tenon under negative loading. Displacements between
50 mm to 60 mm were exclusively achieved in the down-
ward direction due to the limitations of load swing and the
pull out of tenon as mentioned earlier. Hence, the large
rotation at the cantilever end where significant slip can be
observed in Figure 7a and Figure 7b exists only for posi-
tive downward loading in STR-MT]J. The significant slip
and the reduced stiffness in load bearing capacity is due
to the tenon being significantly displaced inside the mor-
tise rather than an observed ultimate material failure. In
case of WP-MT]J as shown in Figure 7c the wedges where
gradually pushed out at increased loading and the test was
halted when the tenon was laterally pushed out beyond the
specified protocol limit. The colored solid thick line on
each plot represents the envelop curve, joining the peak
bending capacity achieved in each cycle.

Figure 8 shows the envelope curves of all reinforcement
cases overlapped for comparison. As can be seen clearly the
un-reinforced MTJ starts to yield at around 6 = 0.035rad,
whilst all reinforced tenons maintain load bearing capacity.

3.2 LOAD-CARRYING CAPACITY AND FAIL-
URE MODES

In view of the hysteresis loading cycles shown in Fig-

ure 7, the peak load achieved by each reinforced MTJ at

maximum displacement amplitudes are provided in table 3.
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Figure 7: Hysteresis and envelope curves depicting the moment-
rotation behavior of different reinforced MTJ; a) PCR-MTJ; b)
STR-MTJ; ¢c) WP-MTJ

At initial displacement of +10 mm, wedge-reinforced
specimens exhibited 1.9 % more load carrying capacity as
compared to PCR-MTJ and about 2.6 % more as compared
to STR-MT1J in peak load values. This indicates significant
contact and transfer of forces due to engagement of areas
in the CZS zones of the MTJ and closure of any gaps. On
initial positive downward displacement, WP-MTJ demon-
strated significant activation, while both PCR-MTJ and
STR-MT]J activated only after 5 mm, as recorded in the ex-
perimental data. The lower activation of STR-MTJ may be
attributed to absence of stiff material at contact zone (CZS)-
I, where PCR-MTIJ had the polymer concrete rectangular
channel, enhancing early load resistance. As the downward
displacement amplitude increased the load bearing capacity
of all reinforced MTJs started to align and be activated si-
multaneously, with WP-MT] still ahead by approximately
1.5kN ahead of other reinforced MTJs. Even at 20 mm
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Figure 8: Envelope curves depicting the moment-rotation rela-
tionship for each Reinforced Mortise-Tenon Joint (R-MTJ), illus-
trating comparative moment capacity.

Table 3: Maximum loads per displacement cycle

Displacement Wedge Polymer Concrete Screws
[mm] [kN] [kN] [kN]
10 7.69 4.10 2.92
-10 -5.64 -2.59 -1.78
20 11.37 9.50 10.49
-20 -7.34 -8.34 -7.52
40 16.95 19.11 20.72
-40 -8.87 -15.43 -14.62
60 19.95 15.91 23.78*
-60 -6.66 14.50 -13.86

* test halted at 50 mm due to extensive load swing deformation.

downward displacement the STR-MTJ has already been
activated, exhibiting peak loads slightly greater than PCR-
MT]J. As the positive displacement increases to 40 mm , the
PCR-MTJ and STR-MTJ maintained similar higher peak
loads, while WP-MTIJ peaked at significantly lower loads.
As positive rotation displacement progressed the driven
wedges were observed to be pushed out due to the small
cross-section of the loaded fibers between the wedges and
the mortise contact surface. At 60 mm positive displace-
ment, the tenon had already been significantly pushed out
from the flush surface by more than 10 mm leading to a
lower area in the CZS. This may have contributed to the fail-
ure to achieve the higher stiffness that was easily reached
during the 40 mm displacement cycle. The negative up-
ward displacement cycles exhibited a trend similar to the
positive displacement cycles, with lower peak loads. This
difference is likely attributable to the asymmetric tenon
design, resulting in uneven loading between the top and
bottom surfaces of the tenon. After testing, the MTJs were
dissassembled to observe failure modes and damage in-
duced to components. The distortion of the disassembled
tenons of both STR-MTJ and PCR-MT]J post loading can
be seen in Figure 9 and Figure 10. In both STR-MTJ and
PCR-MT], a clear compression perpendicular indentation



Figure 9: Disassembled screw reinforced MTJ post loading; a)
tenon bottom, b) tenon top, c) mortise Interior; d) zoomed view

can be observed on the tenon at diagonally opposite CZS
on the top and bottom of the tenon as stated in earlier in
Figure 1. Figure 9a shows encircled in red the screws on
the beam side of the Self Tapping Screw Reinforced Tenon
(STR-T) which where initially flush with the surfaces but
now protrude out due to excessive localized strain due to lo-
cal compression. The same is evident in Figure 10a. in case
of Polymer Concrete Reinforced Tenon (PCR-T) encircled
in red marked by distinct seam indentation at approximately
the same location. Figure 9b and Figure 10b shows the top
faces of STR-T and PCR-T respectively. As observed on
the bottom screws, screws which where flush with the sur-
face located at the diagonally opposite top face of the tenon
can be seen protruding out due to local deformation. In
case of PCR-T , Figure 10b shows compression cracks on
the polymer concrete channel connecting the two polymer
concrete infill on the diagonally opposite top face of the
tenon. In addition after local deformation of the tenon in

Figure 10: Disassembled polymer concrete reinforced MTJ post
loaded; a) tenon bottom; b) tenon top,; c) mortise Interior; d)
zoomed view
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compression perpendicular to fiber the stiff reinforcement
starts to locally punch into the interior mortise surface as
evident from Figure 9¢ and Figure 10c. The significant
push-out of the tenon resulted in the stiff reinforcement i.e.
polymer concrete infill and self tapping screws to be grad-
ually shifted and be directly near the exposed edge of the
mortise, as seen in indentations in Figure 9d and Figure 10d.
This may be the reason to observe increased slippage and
failure at higher displacement amplitudes. Most often than
not in case of PCR-MTJ and STR-MT], the test had to be
terminated due to the limitations of the testing machine due
to excessive deformation of the loading apparatus.

3.3 STIFFNESS, DUCTILITY, AND ENERGY
DISSIPATION

Stiffness variation of the various tenon reinforced MTJ
can be tracked along with the envelop curve by computing
the secant stiffness K; using Eq.(7). M; is the peak bending
moment at first cycle in the i th displacement amplitude
and 6; is the corresponding rotation angle of M;.

M+ =M

K= T e+ —al @

The evolution of the stiffness of the different reinforce-
ment types is portrayed in Figure 11, which shows K; vs
S which is the maximum deformation amplitude in mm.
As mentioned before in the load bearing section 3.2, the
WP-MT]J benefits from prestressed wood fibers and im-
proved engagement, while the PCR-MTJ exhibited stiff-
ness enhancements due to the existence a polymer concrete
channel at the CZS. Demonstrated by the higher stiffness
of WP-MT], followed by PCR-MT]J. At initial small dis-
placements or rotations, WP-MTJ exceeding PCR-MTJ
by 1.8% and STR-MTIJ by 2.7 %. As rotations/displace-
ment increase, the WP-MTJ exhibited a gradual decrease
in stiffness due to wedge expulsion, while the STR-MTJ
and PCR-MTIJ showed increasing stiffness, gradually be-
coming comparable with each other. This behavior was
attributed to compressive forces initiating at the extreme
CZS of the tenon and moving inward during loading. With
further loading, the STR-MT]J surpassed both the PCR-
MTJ and WP-MT]J in rotational stiffness. The stiffness of
the WP-MTJ became lower than that of the PCR-MTJ at
the last test with a displacement of 60 mm, with STR-MTJ
maintaining higher stiffness compared to the rest of the
reinforced MTJs.

The energy dissipation of each of the connections was
determined in accordance to [25] using the envelop as il-
lustrated in Figure 8. Elastic potential energy, E, repre-
sents the energy stored in a system during the elastic re-
coverable deformation phase and energy dissipation, E4
corresponds to the total energy irreversibly lost during a
loading-unloading cycle. Together, the values of Eg, Ej,
were calculated at peak load and the equivalent damping
ratio vgq defined as v,q = Eg/(27E,,) provide essential in-
sights into the energy absorption and damping efficiency of
the mortise and tenon joint configurations analyzed under
cyclic loading conditions.

The results presented in Table 4 demonstrate that each
mortise and tenon joint (MTJ) type exhibits distinct energy
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Figure 11: Stiffness trend curves illustrating variations in rota-
tional stiffness for different reinforced MTJ

Table 4: Energy dissipation and damping measure

MTIType  Eq(D)  E, () U ()
PCR-MT] 899.88 351.09 0.0
STR-MTJ 1193.96 609.6  0.31
WP-MTI] 73625 740.76 0.158

dissipation and damping characteristics, reflecting their dif-
ferent mechanical performance under cyclic loading. The
STR-MT]J displayed the highest energy dissipation, indi-
cating increased capacity for energy absorption through
inelastic deformation and damping mechanisms. The WP-
MT]J follows STR-MT]J, while the PCR-MT]J exhibited the
lowest dissipation. The WP-MTJ demonstrated the highest
recoverable elastic potential energy, highlighting its greater
capacity to store energy during elastic deformation. The
PCR-MT]J achieved the highest damping ratio, suggesting
its enhanced capacity to dissipate energy at reversed load-
ing situations. The STR-MTJ followed closely, while the
WP-MT] displayed the lowest damping ratio. The higher
damping ratio of the PCR-MT]J suggests its effectiveness
in reducing vibration amplitudes. However, the higher en-
ergy dissipation observed in the STR-MTJ highlights its
robustness under cyclic loading conditions. Meanwhile,
the WP-MTI is better for elastic energy storage, making it a
favorable candidate for applications requiring recoverable
energy and structural resilience, but its lower dissipation
and damping ratio might limit its effectiveness in scenar-
ios requiring significant energy absorption. In traditional
timber joints, such as those studied in [1], performance
evaluations of joints retrofitted with Near Surface Mounted
(NSM) steel rods and Glass Fibre Reinforced Polymers
(GFRP) sheets show cumulative energy dissipation values
comparable to this study for a maximum displacement of
35 mm, with NSM reinforcements exhibiting much lower
values. In [3], energy dissipation of different traditional
Fork-Column Dou-Gong specimens was measured as ap-
proximately 4007 for an end rotation angle of 6 = 0.10,
which is also lower than the values obtained in this study.
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Findings in [8] on the cyclic behavior of ancient Chinese
wooden frames with mortise—tenon joints indicate that for
a maximum vertical displacement of 60 mm, the energy
dissipation is only around 200 J, below the levels achieved
in all specimens examined here, despite being specifically
designed for vertical displacement only. These values high-
light the hidden potential benefit of such joints in terms of
design for resistance to horizontal loads using ductility and
energy dissipation.

4 — CONCLUSION

This study demonstrated that reinforcement techniques
such as self-tapping screws, polymer concrete, and wedges
enhance the structural performance of MTJs, improving
bending moment capacity, stiffness, and ductility. In con-
trast, UNR-MT]J yielded earlier, at a low rotation angle
of 0.035 rad, emphasizing the potential of reinforcement.
The investigated reinforcement alternatives of MTJs por-
trayed different behaviors in terms of load bearing capac-
ity, rotation stiffness and energy dissipation characteristics
emphasizing their potential to tailor joint performance in
according structural requirements.

Reinforcement methods that maximize contact area and
prevent localized indentation lead to improved performance
on MTIJs. Stiffer materials at critical zones improved ini-
tial stiffness and engagement at low rotations (as seen in
PCR-MTJ and WP-MTJ). At higher displacements, em-
bedded reinforcing materials in the tenon section (as seen
in PCR-MTJ and STR-MTJ) showed better structural be-
havior, while localized compressive strain perpendicular
to the grain facilitated tenon sliding. To mitigate this, re-
inforcement strategies should prioritize strain reduction,
particularly at the CZS. Additionally, lateral tenon pullout
must be controlled to ensure full engagement. Experimen-
tal limitations restricted load observations beyond a vertical
displacement of 60 mm displacement, warranting improve-
ments in the test setup. Energy dissipation capacity varied
across reinforcement types, highlighting the need of future
research on optimizing reinforcement strategies to improve
structural resilience, mitigate sliding effects. The deter-
mination of ultimate capacities necessitates an improved
loading set-up.
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