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ABSTRACT

Composite T-joints are adhesively bonded joints between a base plate and a panel normal to it. These are
crucial, yet, they remain a structural weakness of marine composite structures. A new T-joint configuration,
namely, bonding ties, has recently emerged but has never been experimentally characterised. Moreover, hon-
eycomb cores have been favoured over foam for high-performance applications, but the former remains
comparatively understudied. Consequently, this paper undertakes the mechanical testing of both foam and
honeycomb-cored T-joints, using four configurations: resin fillets, bonding angles, bonding angles with fillets
and bonding ties. The results show that (i) peel strength is independent of the core employed; (ii) both resin
fillets and bonding ties achieve the lowest peel strength, and thus, bonding ties are not recommended; (iii) for
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foam-cored T-joints bonding angles and bonding angles with fillets respectively yield a 42% and 96% increase
in peel strength compared to resin fillets; and (iv) for honeycomb-cored T-joints, an increase in peel strength of
46% and 84% compared to resin fillets is achieved for bonding angles and bonding angles with fillets, respec-
tively. These findings provide novel insights into the strength of composite T-joints and may inform regulatory
developments, future numerical studies and the design of marine T-joints.

1. Introduction

Composite T-joints (or tee joints) are adhesively bonded structural
joints comprising a base plating (e.g. single skin or cored hull shell or
deck) and a panel normal to it (e.g. cored bulkhead). Such joints are
crucial in marine applications, for instance, in joining the bulkheads
to the hull plating and deck. This allows for load transfer and con-
tributes to the structural stiffness of the structure, as well as its sur-
vivability in the case of watertight bulkheads (Dharmawan et al. 2004;
Li et al. 2006; Delzendehrooy et al. 2022; Truelock et al. 2022). How-
ever, despite the structural significance of adhesively bonded T-joints
in composite structures, these remain a structural weakness where
failure is likely to originate (Bai et al. 2019). Indeed, the interface
between the base plating and bulkhead has been consistently identi-
fied as being the origin of failure (Hawkins and Shenoi 1993; Phillips
and Shenoi 1998; Dharmawan et al. 2008; Nimje and Panigrahi 2015).

The structural reliance over such a specific and localised joint
has, therefore, prompted research into the various configurations
available, and the peel strength associated with these (Stickler and
Ramulu 2006). This was deemed particularly relevant given the
out-of-plane nature of T-joints, compared to the extensively stud-
ied in-plane composite joints (Matthews et al. 1982; Crammond
etal. 2014; Xu et al. 2016). Early work provided an initial assessment
of the breadth of options for T-joints (Hawkins and Shenoi 1993;
Theotokoglou and Moan 1996; Phillips and Shenoi 1998; Shenoi and
Dodkins 2000; Dulieu-Barton et al. 2001). Further configurations
were subsequently investigated (Toftegaard and Lystrup 2005; Diler
etal. 2009; Di Bella et al. 2010), ultimately leading to a smaller range
of commonly employed configurations (Greene 2014) being included
in structural regulations such as ISO 12215-6 (ISO 2018), namely: (a)
resin fillets (also known as glueing on both sides under ISO 12215-6
(ISO 2018) terminology); (b) bonding angles (also known as tabbing

on both sides in ISO 12215-6 (ISO 2018) or overlamination); and,
(c) bonding angles with fillets. These configurations are depicted in
Figure 1(a—c), respectively. While resin fillets benefit from simplicity
and low cost, their structural strength is known to be inferior to that
of overlaminated configurations, such as bonding angles and bond-
ing angles with fillets (Theotokoglou and Moan 1996; Dulieu-Barton
et al. 2001; Di Bella et al. 2010). In recent years, an increasingly
employed configuration emerged, namely, bonding ties, as shown
in Figure 1(d), and now included in Lloyd’s Special Service Crafts
rules (Lloyd’s Register 2023). However, the peel strength of T-joints
employing bonding ties remains to be experimentally characterised,
and any benefit over existing configurations (such as bonding angles
with and without fillets) is yet to be quantified.

The applications of T-joints extend to a wide range of indus-
trial applications, particularly aerospace (Apalak et al. 1996) where,
for instance, T-joints are employed to prevent skin buckling on air-
plane wings (Nimje and Panigrahi 2015). Aerospace applications,
however, are characterised by the use of single skin joints (Chuyang
and Xiong 2012; Burns et al. 2016) and the use of fasteners (Guo
and Li 2020). The use of single-skin joints and fasteners is in con-
trast with marine applications. As such, the scope of this paper is
focused on cored bulkheads, where two core materials are investi-
gated, namely, foam and honeycomb. The former has been the focus
of all previous experimental studies, but honeycomb T-joints remain
uncharacterised but for the experiments on bonded (no fillets) T-
joints of Khosravani and Weinberg (2018). Further motivation for
the use of cored bulkhead and plating is their greater sustainability
compared to single skin laminates (Han et al. 2024).

Consequently, this paper aims to further the understanding
of composite T-joints for marine applications by addressing two
outstanding research questions, namely (1) the behaviour of the
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Figure 1. Schematics of the regulatory T-joints investigated in this study, namely, (a) resin fillets, (b) bonding angles, (c) bonding angles with fillets, and (d) bonding ties. Not

to scale.

emerging bonding ties configurations compared to resin fillets,
bonding angles and bonding angles with fillets; and (2) compare the
peel strength of foam-cored and honeycomb-cored bulkheads for the
four T-joint configurations commonly employed and present in rules
and regulations, as depicted in Figure 1. To answer the aforemen-
tioned research questions, destructive testing is undertaken on resin
fillets, bonding angles, bonding angles with fillets and bonding ties
T-joints, with both a foam and a honeycomb core, subject to a tensile
load, in line with ISO 527-4 (ISO 2018).

The remainder of this paper is structured as follows. First,
Section 2 details the materials employed and manufacturing of the
T-joints, the experimental testing setup and protocol, and the quan-
tification of mechanical properties and their associated uncertainty.
Then, Section 3 presents the results for the four T-joint types investi-
gated, for both foam-cored and honeycomb-cored bulkheads. Lastly,
the main findings are summarised in Section 4.

2. Methodology
2.1. Materials and manufacturing

The sandwich panels were manufactured feature an inner and outer
skin, each made of two 410 gm~2 stitched bi-axial pre-preg car-
bon fibre at 0°-90°, encapsulated in epoxy resin, either side of a
15 mm styrene acrylonitrile (SAN) foam core (Corecell M80, den-
sity p = 85kgm™>) for the base plating, and a 25 mm SAN foam
core (Corecell M80) or 25 mm honeycomb core (Nomex aramid,
p = 64kgm™) for the bulkheads. The laminate is intended to be
representative of a high-performance craft, hence the use of carbon
fibre pre-prep and advanced cores. The vessel size could range from
the higher end of small crafts under (ISO 2019) to the lower end of
large yachts under (Lloyd’s Register 2023). As such, the findings are
relevant to a wide range of high-performance vessels.

To ensure the manufacturing consistency of all T-joints, the pan-
els were waterjet cut to achieve a constant 50 mm width. Additionally,
the rough side of the base horizontal components, created by the
peel-ply, was always oriented upwards to promote better bonding.
For the vertical elements, both sides are roughened with 120-grit
sandpaper and cleaned before bonding. A custom jig was employed
to clamp horizontal and vertical components in place during the
manufacturing process of the T-joints to guarantee their orthogo-
nality. Three plies of 240 gm~2 carbon fibre tape, 50 mm wide, were
employed as tabbing for bonding angles (with and without fillets) and
bonding ties. These were hand laminated using epoxy resin, with a
peel-ply applied to help maintain a consistent fibre weight fraction
and thus not impact the properties of the laminate (Han et al. 2023).
All T-joints were manufactured by the same operator and in the same
laboratory conditions to ensure consistent manufacturing quality.

The tabbing followed the regulatory 50mm + 25mm/ply
(ISO 2018; Lloyd’s Register 2023), namely, 50 mm for the first ply fol-
lowed by an additional 25 mm for subsequent plies, i.e. 75 mm and

100 mm for the second and third plies, respectively. These dimen-
sions apply to both the horizontal and vertical components and both
sides of the T-joint. The same layup was applied for bonding ties.
Tabbing and bonding ties were hand laminated using laminating
epoxy resin, with a peel-ply applied to the tabbing in order to remove
any excess resin and ensure a consistent finish. For the resin fillets
and bonding angles with fillets, laminating epoxy resin was thick-
ened using 7 g of fumed silica thixotropic powder per 100 g of resin,
and a 10 mm radius was employed. For all honeycomb-cored sam-
ples, thickened epoxy was also used to fill the honeycomb cells to
maximise the glueing with the base plate. The details of the four
configurations employed are shown in Figure 2.

2.2. Experimental setup

All experiments were conducted on an Instron 5965 fitted with a
5KkN load cell and conducted at temperatures 24.0°C < T < 25.0°C
as well as relative humidities 0.37 < ¢ < 0.38. The custom-built test
rig, depicted in Figure 3, features a 340 mm distance between the
inside of the clamping points, also employed by Li et al. (2006),
where the horizontal plating is secured using 30 mm long clamps,
accommodating the 50 mm wide T-joints. The vertical component
(bulkhead) is subject to uniaxial tension applied at a displacement
rate of 2mm min~!, with a 1N preload triggering acquisition at
100 Hz. These test parameters are as specified in ISO 527-4:2019
(ISO 2023), which is recommended for the tensile test of compos-
ites for marine applications (Souppez 2018b) and dictated by the
ISO 12215-5, applicable to both recreational and commercial crafts
(Souppez 2018a, 2019).

2.3. Mechanical properties and uncertainty quantification

From the recorded force F and displacement AL, the strain € and the
stress o are computed as, respectively

AL
= -, 1
€ I (1)
and
F
= —, 2
o bl (2)

where Ly = 250 mm is the gauge length, b = 50 mm is the width of
the samples, and Jj, is the total bonding width in contact with the base
plate (varying for each configuration). In this instance, the resin fillet
would yield a much lower [, than all other configurations. Conse-
quently, the peel strength per unit of bonding length, 5, expressed
in N mm™!, is defined as

o _Fmax
p = o
Iy

; 3)

where Fay is the maximum force prior to yield.
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Figure 2. Details, to scale, of the T-joints materials and dimensions investigated in this study, namely, (a) resin fillets, (b) bonding angles, (c) bonding angles with fillets, and

(d) bonding ties.

Figure 3. Schematic of the custom jig for the experimental setup for the mechanical
testing of T-joints.

The modulus E is quantified using the linear least squares method
for 0.001 < e < 0.005 with the upper bounder of € reduced by the
minimum amount to achieve a coefficient of determination R? >
0.99 where necessary, with E computed as

E=Z (4)
€

Table 1. Summary of the bias limits.

Quantity Bias limit
Elongation, B(ALp) [mm] 0.00005
Length, B(Lp) [mm] 0.5
Force, B(F) [N] 0.00005
Width, B(b) [mm] 0.005
Bonding length, I [mm] 0.005

The uncertainty U of the results presented in Section 3 is quantified
using the methodology for composite materials detailed in Souppez
and Laci (2022), namely,

U =+ (B*+ P?), (5)

where B is the bias and P is the precision.
For a quantity X based on a number N of independent variables
x; with a bias limits B(x;), the bias B(X) is (Moffat 1988; JCGM 2008)

N 2 %
B(X){Z (%B(xi))} , ©

i=1

with bias limits listed in Table 1.

Based on the standard deviation ogey at the 95% confidence
level, i.e. to5 = 4.303 for the n =3 repeats (also employed by Tofte-
gaard and Lystrup (2005), Guo and Morishima (2011) and Guo and
Li (2020) for T-joints), the precision is given as

1950 dey

Jn

The statistical significance of the results is ascertained using analysis
of variance (ANOVA) and the honestly significant difference (HSD),
as defined by Tukey (1991). In this work, statistical significance will
be considered for p < 0.05 and will be used as part of the discussion
in Section 3.5.

P, = (7)
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Figure 4. Stress—strain curves for the foam-cored (n = 3) and honeycomb-cored
(n = 3) T-joints with resin fillets. Inset shows a failed (debonded) vertical component
of a honeycomb T-joint.

3. Results
3.1. Resin fillets

The stress—strain curves for the 10 mm resin fillets configuration are
presented in Figure 4. All failures are abrupt and characterised by a
sharp debonding of the adhesive and radii from the base for all test
samples (see inset in Figure 4). Qualitatively, honeycomb-cored sam-
ples display a steeper slope (i.e. E), albeit with a lower yield strain
than foam-cored samples. Notably, the results are characterised by
high variations, which would incur higher factors of safety for design
purposes and is reflected in the uncertainty of the results.

Indeed, while average values for the yield strength (o, =
0.402 MPa =+ 0.161 MPa for foam compared to that of honeycomb
0y =0.383MPa £0.276 MPa) and peel strength (o, =
1737Nmm~! +3.63Nmm~! for foam compared to op =
1826 N mm~! 4 13.08 N mm~"! for honeycomb) are comparable,
the uncertainty is significant for resin fillets. Differences are noticed
both for the modulus, with E = 88.76 MPa & 5.38 MPa for honey-
comb compared to a lesser E = 60.26 MPa =+ 17.37 MPa for foam,
and the yield strain, where a higher value of €, = 0.0059 £ 0.0017
is exhibited by foam compared to honeycomb where €, = 0.0041 +
0.0027. The latter is hypothesised as the higher likelihood of a weaker
bond for the honeycomb (despite the thickened epoxy applied to
fill the honeycomb cells). Indeed, all honeycomb sample failures
occurred along the glue line, with no honeycomb left glued to
the base plate. This is in contrast with foam samples, where foam
remained glued to the base plate after failure.

Despite their ease of manufacture, resin fillets are omitted in
favour of configurations with tabbing, such as bonding angles (see
Section 3.2), bonding angles with fillets (see Section 3.3), and bond-
ing ties (see Section 3.4).

3.2. Bonding angles

Standard tabbing, as defined in both ISO (2018) and Lloyd’s Regis-
ter (2023) is employed, namely, 50 mm + 25 mm/ply, for the bonding
angles configuration, for which the stress-strain curves are depicted

0.4

——Foam sample 1 Bonding angles
- - -Foam sample 2

0.35+ i

----- Foam sample 3

——Honeycomb sample 1
0.3 |- - -Honeycomb sample 2 B
fffff Honeycomb sample 3

0.2+

0.15+

Stress o (MPa)

0.05/

0.01 0.015 0.02

Strain € (-)

0 0.005

Figure 5. Stress—strain curves for the foam-cored (n = 3) and honeycomb-cored
(n = 3) T-joints with bonding angles. Inset shows typical failure behaviour.

in Figure 5. A notable change in behaviour compared to resin fillets is
noticed: the abrupt failure of resin fillets is now replaced with a pro-
gressive failure. Following the elastic deformation region, debonding
of the tabbing occurs, with failure strain far exceeding yield strain
(see inset in Figure 5).

Any differences in mechanical properties between the two cores
remain within the bounds of the uncertainty quantified, with com-
parable yield strength (6, = 0.193 MPa £ 0.086 MPa for foam and
oy = 0.209 MPa & 0.044 MPa for honeycomb), yield strain (e, =
0.0072 £ 0.0050 for foam and €, = 0.0094 4-0.0039 for honey-
comb), modulus (E = 29.30 MPa + 4.40 MPa for foam and E =
26.54 MPa + 1.39 MPa for honeycomb), and, importantly, peel
strength (0, = 24.63N mm™' + 10.98N mm™" for foam compared
to o, = 26.70N mm™! £ 5.61 N mm™! for honeycomb). The latter
represents a 41.73% and a 46.24% increase compared to the fillet
radius for foam and honeycomb, respectively.

Bonding angles are, therefore, a marked improvement compared
to resin fillets to increase the peel strength. However, this configura-
tion evidenced an onset of delamination in the sharp corners between
the horizontal and vertical panels. Consequently, the introduction
of a fillet in that critical location should enhance the overall peel
strength of the T-joints. This hypothesis is verified in the following
Section.

3.3. Bonding angles with fillets

The bonding angles with fillets configuration are identical to the
bonding angles in terms of its tabbing arrangement, but features the
addition of 10 mm radii, thereby enabling to study the effect of such
a small change. The stress—strain curves are shown in Figure 6.

The addition of the fillets results in a notable increase in
yield strength, namely, o, = 0.231 MPa & 0.036 MPa for foam and
oy = 0.228 MPa & 0.061 MPa for honeycomb. Moreover, the peel
strength increases by 38.46% for foam to o, = 34.10N mm™! +
538N mm~! and by 26.00% for honeycomb to
33.64Nmm~! £ 9.08 N mm™! compared to bonding angles alone.
On the other hand, both yield strain (e, = 0.0098 & 0.0021 for
foam and €, = 0.0086 + 0.0013 for honeycomb) and modulus (E =

op =
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Figure 6. Stress—strain curves for the foam-cored (n = 3) and honeycomb-cored
(n = 3) T-joints with bonding angles with fillets. Inset shows typical failure behaviour.

32.26 MPa =+ 1.35 MPa for foam and E = 25.54 MPa =+ 0.70 MPa for
honeycomb) remain comparable to bonding angles.

As such, the peel strength can be greatly improved with the addi-
tion of a fillet radius to bonding angles, alleviating the drawback of
a sharp right angle joint. Whether the emerging bonding ties config-
uration, as now featured by Lloyd’s Register (2023), is advantageous
compared to bonding angles with fillets is ascertained next.

3.4. Bonding ties

In this section, the first experimental results for T-joints employing
the bonding ties configuration are presented, with Figure 7 pre-
senting the stress—strain curves for the tested samples. Despite the
presence of the same tabbing as for bonding angles (Section 3.2)
and bonding angles with fillets (Section 3.3), the failure behaviour is
much closer to that on resin fillets (Section 3.1) with an abrupt failure
(see inset in Figure 7). The failure consistently took place at the base
on the bonding ties (i.e. under the vertical element) and led to central
debonding of the tabbing, which, however, remained bonded to the
horizontal plates at the far ends. As such, it is the adhesion between
the bonding ties and plating that causes the early and abrupt failure.

Remarkably, the peel strength of bonding ties is almost iden-
tical to that of resin fillets (Section 3.3), with values of o, =
18.05N mm™! £ 5.53N mm ™ forfoamand o, = 17.73N mm ™! +

1.82N mm™! for honeycomb. As such, implementation of this con-
figuration would not be recommended, owing to the additional cost
of material and labour, as well as its increased complexity compared
to resin fillets for no superior peel strength.

The remainder of the mechanical properties are as follows. The
yield strength is o, = 0.141 MPa £ 0.043 MPa for foam and ¢, =
0.139 MPa £ 0.014 MPa for honeycomb, the yield strain is €, =
0.0081 =+ 0.0035 for foam and €, = 0.0070 & 0.0015 for honeycomb,
and the modulus is E = 17.29 MPa =+ 0.73 MPa for foam and E =
21.22 MPa = 0.31 MPa for honeycomb.

Ultimately, the following ranking can be established to maximise
the peel strength of composite T-joints: first, bonding angles with
fillets, then bonding angles, and last, both resin fillets and bonding
ties.
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Figure 7. Stress—strain curves for the foam-cored (n = 3) and honeycomb-cored
(n = 3) T-joints with bonding ties. Inset shows typical failure behaviour.

3.5. Discussion

Sections 3.1-3.4 quantified the mechanical properties of foam and
honeycomb T-joints for four configurations. A summary of the
mechanical properties ascertained is provided in Table 2, which
enables to answer the two main research questions tackled in this
work, namely, investigating the bonding ties configuration and
whether foam or honeycomb core affect the peel strength. Statisti-
cal analysis of the results based on ANOVA and HSD is employed to
distinguish results that are statistically significant from those that are
not in Table 2.

Firstly, the peel strength of composite T-joint configurations
yields very clear results, particularly with respect to bonding ties
which is shown not to provide any benefits compared to resin fil-
lets, both characterised by an abrupt debonding failure. Bonding
angles represent a marked improvement, with further opportunities
to improve the peel strength with the addition of fillets to the bonding
angles.

Secondly, within the uncertainty of the present experiments and
based on the statistical analysis undertaken, the peel strength is
shown to be independent of the core employed. In fact, only the
modulus presents a statistically relevant dependency on the core
employed. However, given peel strength is the main design require-
ment for such joints, the nature of the core does not appear to affect
the results. It is noted that, while this work reports the average val-
ues an in-depth quantification of the uncertainty (see Section 2.3),
for design purposes, it is established practice under ISO standards
(ISO 2023) to retain the lesser of 90% of the mean or the mean minus
two standard deviations for any given properties.

4. Conclusions

Experimental testing of composite T-joints has been undertaken,
owing to their crucial role in composite structures. Two core mate-
rials were investigated, namely, foam and honeycomb, the latter
having received comparatively far less attention. Furthermore, four
distinct configurations were investigated, namely, resin fillets, bond-
ing angles, bonding angles with fillets and bonding ties. The latter
is a recent and emerging configuration, recently recognised by class
rules, but previously never investigated experimentally.
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Table 2. Summary of the mechanical properties for the T-joint configurations investigated.

Configuration Resin fillets Bonding angles Bonding angles with fillets Bonding ties

Peel strength, o, [N mm~] Foam 17.37 £ 3.63¢ 24.63 + 10.98° 34.10 &+ 5.38° 18.05 £ 5.53¢
Honeycomb 18.26 + 13.08¢ 26.70 + 5.61° 33.64 +9.08° 17.73 £1.82¢

Yield stress, g, [MPa] Foam 0.402 £0.1612 0.193 4 0.086" 0.231 + 0.036° 0.141 £ 0.043¢
Honeycomb 0.383 +0.276° 0.209 + 0.044° 0.228 + 0.061° 0.139 + 0.014¢

Yield strain, € [-] Foam 0.0059 + 0.0017° 0.0072 + 0.0050%° 0.0098 + 0.00212 0.0081 =+ 0.0035%
Honeycomb 0.0041 + 0.0027° 0.0094 =+ 0.0039° 0.0086 + 0.00132 0.0070 £ 0.0015?

Modulus, £ [MPa] Foam 60.26 £+ 17.372 2930 + 4.40° 32.26 4 1.35° 17.29 £ 0.73¢
Honeycomb 88.76 + 5.382 26.54 4+ 1.39P 25.54 4 0.70P 2122 +031°¢

Note: On any given row, common letters indicate values that are not significantly different based on HSD at the 5% level of significance (p < 0.05).

The bonding ties configuration did not yield and structural ben-
efit compared to resin fillets, achieving an identical peel strength,
within the uncertainty of the present results, for both cores. In
comparison to a foam-cored bonding ties configuration, bonding
angles result in a 36.46% increase in peel strength, while bonding
angles with fillets yielded an 88.94% increase in peel strength. For a
honeycomb-cored T-joint, these figures rise to 50.56% for bonding
angles and 89.70% for bonding angles with fillets compared to bond-
ing ties, respectively. As such, bonding angles with fillets appear as
the optimum configuration, and bonding ties are discouraged owing
to their inferior peel strength despite a greater complexity, labour cost
and material cost, the latter leading to a heavier mass.

While limited work has been conducted on honeycomb-cored
T-joints, the present work provides the first experimental data for
such material, thereby paving the way for future numerical vali-
dation. Interestingly, with thickened epoxy filling the honeycomb
cells in contact with the base plate, identical results between foam
and honeycomb core are achieved for the peel strength for the test
configurations, within the experimental uncertainty of this work.

These results provide novel insights into the strength and failure
behaviour of T-joints for high-performance, cored panels in marine
applications. It is anticipated these findings may inform the develop-
ment of future structural designs and associated rules and regulations
(e.g. ISO 12215-5), while also providing a relevant experimental
benchmark for future numerical analyses, which may, for instance,
provide a parametric characterisation of the design parameters asso-
ciated with T-joints. These may include the effect of the bonding
radius, tabbing and materials.
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