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A B S T R A C T

This study examines grouted joints for offshore wind turbine systems, where gaps between steel pipes are
filled with grout, relying on adhesion, friction and compression struts formed by shear keys. Concerns about
the limited load carrying capacity of large diameter grouted joints in offshore structures have prompted
investigation. Whilst adhesive bonds are recognized for load transfer in structural steel, the complete
replacement of grouting with bonding alone is proving impractical for large gaps in offshore structures,
posing challenges in terms of cost and handling. To address these challenges, the study presents an innovative
hybrid grouted joint for steel structures that combines grout and adhesive layers. This novel approach replaces
traditional large shear keys with distributed micro-shear keys — small granules embedded in the grout material.
Under axial loading, the hybrid joint demonstrates robust performance, with a maximum nominal shear stress
on the inner pipe of 30.1 MPa and consistent load capacity across tests. Average shear strength is in line with,
and occasionally exceeds, expectations. Notably, the hybrid joint shows resilience in different configurations
and maintains a low coefficient of variation of 5.5%, indicating consistent performance. When the influence
of the adhesive material on the hybrid joint is examined, the effect on the joint stiffness is minimal, despite
variations in adhesive stiffness. Sikadur 370, which has a higher modulus of elasticity than DuploTEC, shows
similar deformation curves in the elastic region, emphasizing the robustness of the joint. Differences in the
maximum loads are attributed to the thickness of the adhesive layer and the lower modulus of DuploTEC,
resulting in different shear strengths. The proposed hybrid joint offers a promising solution to improve the
performance of conventional grouts and adhesives in offshore structures. The study also formulates a failure
criterion, performs numerical stress analysis, and models the effect of geometric dimensions, eccentricity,
and misalignment on load capacity. The methodology’s accuracy in predicting load capacity, supported by
numerical analysis and large-scale joint simulations, contributes to a comprehensive understanding of hybrid
joint performance in engineering applications.
. Introduction

The joining of circular hollow sections (CHS) in offshore struc-
ures often involves the use of grout material and welded shear keys.
owever, these traditional methods can lead to stress concentrations,

atigue cracks, and damage to the grouting mortar. To overcome these
hallenges, hybrid grout connections with organic adhesive interfaces
ave been proposed. This study aims to explore the potential of such
onnections. To understand the fundamentals of this research, it is
mportant to examine the similarities and differences between grouting
nd adhesive bonding.
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1.1. Grouted connections

Grouted connections play a crucial role in maintaining the struc-
tural integrity of offshore wind turbine systems [1]. These connections
involve joining steel tubes using grout material to fill the gap between
them. The inner tube, known as the pile, and the outer tube, referred to
as the sleeve, are commonly used in this configuration. Grout serves as
a cost-effective alternative to structural adhesives for larger gap widths,
besides allowing for curing under adverse temperature and moisture
conditions. Shear keys can be incorporated to enhance the mechanical
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interlocking of the grout and increase the load-bearing capacity [2].
The load-bearing mechanism in these connections involves adhesion
and friction between the grout and steel tubes, as well as compression
struts formed by the shear keys [3]. Various factors influence the
behaviour of grouted connections, including the diameter-to-thickness
ratio of the tubes, the compressive strength of the grout, and the
height-to-spacing ratio of the shear keys.

The performance of grouts depends on factors such as strength,
durability, and process reliability. These factors include mix perfor-
mance, ambient conditions, mixing and casting equipment, casting
time, and early-stage thermal and mechanical loads. The aforesaid con-
siderations are similar to those for structural adhesives and are crucial
for ensuring the performance of grouted connections in challenging
offshore conditions [4]. Design checks for grouted connections typi-
cally follow standards with empirical and analytical design equations.
However, alternative mechanical models, such as non-linear finite ele-
ment models and strut and tie models, have been employed to ensure
mechanical consistency [5].

Billington et al. [6,7] conducted a comprehensive study on grouted
joints, analysing the effects of surface compositions, grout material
properties, and geometric factors. Based on 450 tests, they derived
empirical relationships for the bond strength of grouted connections
between tubular steel piles and pile sleeves. The bond strength de-
pends on factors such as the radial stiffness of steel tubes and grout,
length to diameter ratio of the connection, grout compressive strength,
dimensions of mechanical shear keys, and surface roughness of the
tubes. The bond strength is influenced by both frictional bond and
mechanical shear keys, with the contribution from shear keys being
proportional to the outstand-to-spacing ratio. Additionally, both con-
tributions are proportional to the square root of grout compressive
strength. A stiffness factor, denoted as 𝐾 in Eq. (1), considers pile
(subscript 𝑝), sleeve (𝑠), and grout (𝑔) stiffness, exhibiting a linear
relationship with bond strength; with 𝐸 being the Young’s moduli, 𝑡
thicknesses and 𝐷 diameters.

𝐾 =
𝐸𝑔

𝐸𝑠

𝑡𝑔
𝐷𝑔

+
(

𝐷𝑠
𝑡𝑠

+
𝐷𝑝

𝑡𝑝

)−1

(1)

Improving the frictional aspects of grouted joints is crucial for
enhancing their performance. Failure modes of connections with shear
keys include shear failure along the connectors when closely spaced
and crushing of the grout on the stressed side of the shear keys with
appropriate spacing, resulting in diagonal cracks in the grout [8].
However, there is a limit to the strength improvement of grouted joints,
as the strength of the grout cannot be infinitely increased.

Lamport [9] developed a simplified analytical model to investigate
various parameters in grouted connections. The results indicated that
increasing the shear-key height or reducing the shear-key spacing might
not necessarily result in a higher ultimate strength of the connection.
This suggests that factors other than the geometric aspects of shear
keys, such as the interaction between grout and steel, play a more
significant role in determining the strength of the connection.

The ultimate strength equation for the connection, as specified by
Krahl [10], considers two terms: the adhesion and friction strength
between the pile and grout, and the confined strength of the grout
multiplied by the ratio of the shear key’s height to its spacing. Enhance-
ments in the frictional aspects can have a significant impact on the
performance of the connection, even when shear keys are used. The
bond strength, typically ranging between 1 and 3 MPa (cf. [10] and
Fig. 1), plays a crucial role in this improvement. It is worth noting that
these bond strength values are relatively low compared to typical val-
ues achieved with structural adhesives [11–16], which are 5 to 10 times
higher. Additionally, there is significant variability in bond strength
values; this variability directly affects the corresponding design values
(usually taken as means minus multiples of the standard deviation).
Improving bond strengths would not only increase the average value
2

Fig. 1. Relationship between bond strength and compressive strength of the grout for
plain pipes (redrawn with data from [10]); note the relatively low values of the ultimate
bond strength, if compared to lap shear strength of usual structural adhesives.

Fig. 2. Relationship between bond strength and compressive strength of the grout for
a connection with shear keys and for plain pipe (redrawn with data from [7]); note the
relatively low values of the ultimate bond strength, if compared to lap shear strength
of usual structural adhesives.

but also reduce the scatter, leading to more reliable and consistent
performance of grouted joints.

Concerns regarding large-diameter grouted connections have been
highlighted in previous studies, particularly with regards to design
codes, testing conditions, and the steel-grout interface [8]. Issues such
as lower coefficients of friction due to water penetration and suscep-
tibility to crushing under repeated fatigue loads have raised concerns
about the performance of the steel-grout interface. Fatigue assessments
of grouted connections have primarily focused on vertical slippage
caused by underestimating the cyclic effects on axial capacity [17]. Fi-
nite element simulations have demonstrated the gradual misalignment
of grouted connections in structures subjected to fatigue, along with the
negative influence of mechanical interlock on the performance [18].
The insufficient fatigue performance of mechanical shear keys often
requires careful dimensioning and design approaches.

In summary, grout connections on smooth steel surfaces have lim-
ited load-bearing capacity due to the loss of adhesion between the
grout and steel, compared to connections with shear keys, as illustrated
in Fig. 2. Shear keys significantly increase the load-bearing capacity
but can cause detachment of the mortar layer from the steel, espe-
cially under repeated loading below the water surface. Addressing this
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detachment requires complex reinforcement measures to optimize the
grout’s load-bearing capacity.

1.2. Adhesively bonded connections

For structural steel, traditional joining methods like bolting and
welding have long been favoured. Recent studies have highlighted the
limited adoption of adhesives for load-bearing joints in structural steel.
Examples include investigations on adhesively bonded steel tubes [11,
12] and offshore structures [13,14] by Albiez et al. hybrid joints incor-
porating pre-tensioned bolts by Denkert et Vallée [15,16] and [19,20]
by Yokozeki et al. However, adhesive bonding is gaining recognition
as a viable complement or even substitute, particularly for load trans-
mission purposes. The strength of an adhesive bond is governed by
the cohesive [21] and adhesive strength [22]. Cohesive strength refers
to the inherent strength of the adhesive itself, influenced by factors
such as adhesive type, curing conditions, and environmental factors
like temperature during loading. On the other hand, adhesive strength
primarily relies on the surface conditions of the materials being bonded,
with the interpenetration of the adhesive and adherend playing a
critical role. Achieving proper surface preparation techniques, such as
degreasing, blasting, priming, or chemical etching, becomes essential,
especially when dealing with metal and metal oxide surfaces [23].
For further in-depth insights into adhesive bonding, including aspects
beyond the scope of this paper, readers are encouraged to refer to
relevant reference works [24,25].

The strength prediction of adhesively bonded joints is still a chal-
lenging task, despite being investigated for almost a century using
empirical [26], analytical [27], and numerical methods [28]. The
currently most popular methods for designing adhesively bonded joints
are Fracture Mechanics (FM [29]) and Cohesive Zone Modelling (CZM
[30]). FM requires a very extensive experimental characterization [31]
and CZM foots on computationally challenging numerical implementa-
tion of cohesive laws [32]; both FM and CZM significantly depend on
the geometrical specifications of the joints. Although FM and CZM are
powerful tools for predicting the strength of a wide range of designs,
they create a disruption regarding classical mechanics and usual dimen-
sioning schemes [33]. Furthermore, the numerical complexity of both
methods makes them almost out of reach for the common practitioner.
Even more advanced techniques, such as the eXtended Finite Element
Method [34] or meshless methods [35], while increasingly approaching
the true complexity of the matter, further alienate practitioners from
applying them. The aforesaid is particular relevant in engineering,
where design methods need to be reliable and simple. Simplicity en-
ables practitioners to understand procedures, reduces errors, and saves
time.

While FM and CZM dominate the design of adhesively bonded
joints, probabilistic methods (PM) remain underrepresented, even
though they offer a straightforward and dependable approach for
predicting joint strength. PM extend classical mechanics by redefining
stress and strength as probabilities of survival [36,37]. They offer
practitioners a way to use classical mechanics they are already familiar
with to predict joint capacity with accuracy, without the need for new
test setups or methods. Numerous studies, recently compiled by Vallée
et al. [38], demonstrated the relative ease of implementation (further
discussed in Section 2.5) and effectiveness of PM in predicting the
strength of adhesively bonded joints across a wide variety of materials
and joint types.

1.3. Proposed novelty

Critical to offshore wind turbine systems, grouted joints fill the
gap between steel tubes with grout, relying on adhesion, friction and
compression struts formed by shear keys to support the load. Factors in-
fluencing the behaviour include tube diameter to thickness ratio, grout
compressive strength and shear key dimensions. Previous studies, such
3

Fig. 3. Concept of a hybrid grout joint: (1) Outer tube (sleeve), (2) and (4) adhesive
with integrated granulate, (3) grouting mortar, and (5) inner tube (pile).

as those by Billington et al. have established empirical relationships
for bond strength. However, there are concerns about the limited load
carrying capacity of large diameter grouted connections, particularly in
relation to design codes, test conditions and the steel grout interface.

Adhesive bonds, although less commonly used in structural steel,
have gained recognition for load transfer purposes. The strength of
an adhesive bond depends on the cohesive and adhesive strengths,
which are influenced by factors such as the type of adhesive, curing
conditions and surface preparation techniques. Completely replacing
grouting with bonding alone is not a viable solution, mainly due to
the large gaps between steel pipes in offshore structures. Bonding is
effective for smaller gaps, but becomes impractical, expensive and
difficult to handle for the large dimensions often encountered in these
applications.

Grouted joints resemble adhesively bonded joints, where the grout’s
compressive strength represents cohesive strength and the conditions at
the grout-steel interface define adhesive strength. Evaluating grouted
joint strength involves calculating average shear strength based on fail-
ure load and interface surface area. However, the adhesion mechanisms
differ between the sleeve and pile, and may described as friction (with
the coefficient 𝜇) augmented by a cohesive term (c) as 𝜏 = 𝜎×𝜇+𝑐 [39].
Characterizing load transfer solely through shear stresses oversimplifies
the interplay with transverse normal stresses.

This study presents an innovative hybrid grouted joint for steel
structures that combines grout and adhesive layers. The novel design
replaces conventional large shear keys with distributed micro-shear
keys — small granules embedded in the grout material. This con-
cept, similar to an almost continuous layer of very small shear keys
within an organic adhesive, reduces stress concentrations and ensures
a more uniform stress distribution. The proposed approach represents a
promising solution to improve the performance of conventional grouts
and adhesives in offshore structures, but has also potential application
in bridge structures when it comes to connect large scale tubular
elements—including to foundations.

The manuscript introduces the hybrid grouted joint for steel struc-
tures illustrated by Fig. 3. The joint’s multilayer structure includes
sandblasting, adhesive coating, and incorporation of inorganic granules
for efficient load transfer and fatigue crack delay. Further details on
development and validation were amply discussed in two previous
publications [40,41].

1.4. Scope of this paper

The objective of this article is to develop, implement and validate
a predictive framework for estimating the joint capacity of the grouted
joints presented previously. This is achieved by employing numerical
modelling to analyse the stress distribution within the joints, which is
then combined to an experimentally determined failure criterion.

Due to the complexity of the subject, investigations were carried out
on the materials, the interface and on joints. Alongside the experimen-
tal work, numerical modelling, with data based upon the characteriza-
tion, was pursued, and compared to the test results for validations. The
logic of the research is briefly summarized in Fig. 4.
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Fig. 4. Flowchart illustrating the experimental and numerical investigations reported
in this paper.

2. Materials and methods

2.1. Materials

Two adhesives were identified based on their technical datasheets:
Sikadur370 and DuploTEC 10490 SBF. Sikadur370, a two-component
epoxy adhesive, was designed for bonding steel plates to concrete
without a primer.

Both adhesives are qualified for structural and thermo-mechanical
properties. Tensile strength and Young’s modulus were determined
according to EN DIN 527 at room temperature with a quasi-static
loading rate of 1 mm/min. The specimen thickness was 3 mm for
Sikadur370 and 0.1 mm for DuploTEC; the results are based on the
average of 5 samples. Secondly, a lap shear test was carried out on
3 mm thick blasted S355 in accordance with DIN EN 1465 at a load
rate of 5 mm/min at room temperature. Thick adhesion shear test
(TAST) specimens were prepared and tested in accordance with DIN EN
14869-2 at room temperature with a loading rate of 0.5 mm/min and
5 replicates. The glass transition temperature (𝑇g) was determined on
ulk samples after curing for at least 10 days at room temperature. The
etermination was made using Dynamic Mechanical Analysis (DMA) in
temperature range of −20 ◦C to 200 ◦C and a heating rate of 2 K/min.
4

he results are summarized in Table 1. w
Only one grout material, Pagel’s HF10, was considered for evalu-
tion. HF10 was chosen for its high flexural strength. Grout material
esting followed DIN EN 196-1 standards, utilizing prism-shaped spec-
mens measuring 40 mm × 40 mm × 160 mm. The testing involved a
hree-point bending test to measure bending strength, and compressive
trength assessments were conducted on both halves of the specimens.
he objective was to improve the mechanical interlocking mechanism
y incorporating particles into the adhesive. Quartz sand was selected
s the suitable filler due to its larger particle size and uniform distribu-
ion centred around 1 mm, enhancing particle fit within the adhesive.
his resulted in improved mechanical interlocking and consistent per-
ormance. However, no additional properties of the particles were
nalysed beyond their size and distribution.

The study utilized hot rolled circular hollow sections (CHS) made
ccording to EN 10025-1 from S355J2H steel. The material properties
f the steel (yield strength 404.25 MPa, tensile strength 552.75 MPa,
nd Young’s modulus E = 210 GPa) were assumed based on literature,
nd no specific characterization was conducted. Further information on
he geometrical specifications, including diameters and thicknesses, can
e found in subsequent sections.

All mechanical tests, including those for material characterization,
haracterization of the interface, and the hybrid joints, were carried out
nder laboratory conditions, i.e., at 23 ◦C and 50% rel. humidity.

.2. Mechanical characterization of the interface

The strength of the adhesive–grout interface, including the effect
f the granules embedded therein, was characterized about the simul-
aneous action of shear and normal (compressive and tensile) stress.
or that, off-axis specimens were used; which load material or inter-
aces at an angle to its principal axis to evaluate strength and failure
ehaviour; for more details refer to [11,12,15,16]. The geometry of
he off-axis samples, inspired by the specifications defined by DIN EN
2188:1999-07, is depicted in Fig. 5.

The specimens used in the experiments were made up of pairs of
teel parts with a cross-sectional area of 15 × 30 mm2, and off-axis
ngles of 0◦, 30◦, 45◦, 60◦, and 90◦. Both Sikadur370 and DuploTEC
ere used in the tests featuring adhesively bonded interfaces. For the
routed interfaces, Pagel’s HF10, Sikadur370, and DuploTEC, along
ith quartz sand, were applied in the same way as for the hybrid

oints, with key steps described in Fig. 6. To allow for a moment-free
ntroduction of the load, cardan joints were used during the tests, which
ere conducted at a load rate of 0.5 mm/min.

.3. Hybrid joints

The manufacturing process of the hybrid grouted joint involved
everal steps, with the most important ones depicted in Fig. 7. Surface
reparation of the steel was conducted by blasting with corundum to
a 21∕2 level and degreasing with butanone (MEK). A 0.5 mm textile
ape defined the lateral boundaries and thickness of the adhesive layers,
hows Fig. 7a. After curing, the tape was removed, and wet adhesive
as coated with quartz sand and pressed onto the steel surface, shown

n both Fig. 7c to d.
Curing followed the manufacturer’s guidelines, which for the Du-

loTEC meant curing at 130 ◦C. The joints were then grouted in an
pright position, ensuring proper alignment using a fixture described
n Fig. 7-right. The overlap length was set by placing the inner CHS on
circular pedestal, adjustable via a threaded rod within the outer CHS.
he pedestal also acted as the bottom seal of the grout layer.

The grout was mixed according to the manufacturer’s instructions
nd poured into the gap, as depicted in Fig. 7f. The self-levelling and
elf-compacting properties of the grout ensured adequate filling. To
revent shrinkage, the grout layer surface was kept moist and covered

ith a polyethylene film during the 28-day curing period.
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Fig. 5. Geometry of the off-axis samples to characterize the adhesive–grout interface (from top to down: off-axis angles of 0◦, 30◦, 45◦, 60◦, and 90◦).

Fig. 6. Key steps in manufacturing the off-axis samples.

Fig. 7. Selected steps in the manufacturing of the samples — (a) Placing the liquid Sikadur370 adhesive, (b) application of the DuploTEC tape, (c) pressing the granules into the
adhesive layer, (d) granules bonded onto to inner tube (pile), (e) granules bonded onto the inner side of the outer tube (sleeve), (f) grouting the gap, and (right) the pedestal
used to centre the piles during the grout’s 28 day curing.
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Table 1
Mechanical properties of the adhesives.

Adhesive DMA Adhesive bulk Lap shear TAST

𝑇G in ◦C 𝜎max in MPa 𝜖max in % 𝐸 in MPa 𝜏max in MPa 𝜏max in MPa 𝛾max 𝐺 in MPa

Sikadur370 75.74 21.5 ± 2.9 1.1 ± 0.4 3581 ± 113 27.50 ± 1.16 27.26 ± 6.04 0.1–0.2 882 ± 477
DuploTEC 139.50 28.7 ± 2.9 4.1 ± 2.8 1593 ± 44 27.39 ± 1.12 45.91 ± 6.29 1–3 210 ± 54
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Fig. 8. Finite element model, the grout layer is represented in red.

Tests were conducted using servo-hydraulic testing machines, the
ensile specimens were clamped onto fork sockets with 90◦ offset
olts for full rotation. Displacement control was employed with vary-
ng loading rates to achieve similar shear rates across different gap
izes. Linear Variable Differential Transformers (LVDT) were utilized
o monitor relative displacement between the CHS, load, and machine
isplacement, with two LVDTs tracking circumferential displacement
ifferences. Each test series consisted of 5 samples.

The tests covered a variety of parameters, including variation of the
wo adhesives, two overlaps, two grout gap widths, and imperfections
n form of misalignment and offset of the sleeve relatively to the pile;
ore details being provided in the subsequent sections, and in Fig. 16.
wo tube configurations were experimentally investigated. In both
ases did the outer tube (or sleeve) consist of a tube with a diameter
f 101.6 mm and a thickness of 10.0 mm. Two different inner tubes
ere tests: firstly a diameter of 48.3 mm and a thickness of 12.5 mm,

eading to a gap width of 16.7 mm; secondly, a diameter of 60.3 mm
nd a thickness of 7.1 mm, leading to a smaller gap with of 10.7 mm.

.4. Finite element analysis

The finite element software Ansys v19.2 was utilized for numerical
odelling. The modelled joints had the same geometry as those that
ere experimentally investigated and were created as volume models
sing a symmetry plane. The Solid186 20-node element was used, mesh
efinements were considered at the ends of the overlaps, where stress
oncentrations were expected. Along with ‘‘perfect’’ geometry (Fig. 8),
ntentional misalignment and eccentricity were also considered (Fig. 9).
nly two isotropic materials were used in the model: steel (𝐸 = 210
Pa, 𝜈 = 0.3) for the tubes, and grout (Pagel’S HF 10, 𝐸 = 46.75
Pa, 𝜈 = 0.2). The adhesives were not modelled separately, but their
echanical properties included in the previously presented character-

zation of the interface’s strength (Section 2.2), and the corresponding
ost-processing routine described subsequently (Section 2.5).
6

t

.5. Load capacity prediction

The implementation of the PM-based strength prediction method-
logy repeatedly presented in recent publications [12,16,38] so that a
hort recapitulation shall suffice at this point. It involves three steps:
etermining the stresses in the bonded joints, deriving the relevant
ailure criterion, and combining the previous steps to determine the
oad level at which the probability of survival reaches 50%.

The determination of stresses is performed according to the previ-
usly described FEA; it must deliver the relevant stresses for all grout
lements and their volumes. The determination of grout’s strength
s based on the off-axis tests previously described in Section 2.2; it
ccounts for transverse normal and shear. A mathematical relation-
hip between the stresses, the failure criterion 𝛷, will be derived,
nd its goodness of fit verified by appropriate methods, herein the
olmogorov–Smirnov [42] and Anderson–Darling [43] Goodness-of-Fit

ests.
Probabilistic methods then associates the stress level in each ele-

ent to the corresponding probability of survival, whereas the term
tress is broadened to consider the combined action of multiple com-
onents in the form of 𝜙 = 𝛷(𝜎, 𝜏). For the latter, the Weibull dis-
ribution [36,37] is used to statistically describe grout’s strength; this
esults in determining the Weibull modulus or shape parameter 𝛼, scale
arameter 𝛽, and location parameter 𝛾 for Eq. (2).

S,i = exp
[

−
(

𝜙𝑖 − 𝛾
𝛽

)𝛼]

(2)

The weakest-link theory dictates that the survival probability of
he entire joint is equal to the product of the survival probabilities
f its individual links. This results in Equation Eq. (3), which was
irst derived by Freudenthal in 1968 [44] and has since then been
uccessfully used for strength prediction [45–47].

S =
𝑛
∏

𝑖=1
exp

[

−
𝑉𝑖
𝑉0

⋅
(

𝜙𝑖 − 𝛾
𝛽

)𝛼]

=exp
𝑛
∑

𝑖=1

[

−
𝑉𝑖
𝑉0

⋅
(

𝜙𝑖 − 𝛾
𝛽

)𝛼] (3)

The replacement of the product operator (𝛱) with the sum (𝛴)
n Eq. (3) is due to the mathematical properties of the exponential
unction, 𝑉𝑖 is the volume of the finite element considered and 𝑉0 is that
f the samples on which strength has been determined. The probability
f survival of the joint, PS, depends on the load level to which the
tresses are related, which is the unknown to be determined in the PM.

. Results

.1. Experimental results for the hybrid joints

The hybrid grout connection performed well under axial loading,
emonstrating high performance and reliability. Results in terms of
oad-bearing capacity are given in Figs. 10a and 16. The maximum
ominal shear stress on the inner tube reached 30.1 MPa, with a
oefficient of variation for the load capacity averaging 5.5% across
ll tests. The average shear strength, Fig. 10b, was in the range of
he corresponding lap shear strength reported in Table 1, although it
xceeded in some cases.

The influence of the adhesive material on the hybrid grout connec-
ion was observed through load–displacement curves, with results for
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Fig. 9. Illustration of the FEA model (left) ‘‘perfect’’ geometry, (centre) tube’s misalignment, and (right) eccentricity by offsetting the centrelines.
Fig. 10. Experimental results of the ‘‘perfect’’ hybrid joints (for those with
imperfections see Fig. 16).

selected series reported in Fig. 10. The stiffness of the connection was
minimally affected by the adhesive’s stiffness. Despite Sikadur370 hav-
ing a higher elastic modulus than DuploTEC, their deformation curves
in the elastic range were similar, as shows Fig. 11. The different max-
imum loads were not attributed to differences in lap shear strengths,
7

Fig. 11. Selected load–displacement curves of the tensile tests without imperfections.

listed in Table 1; in fact, based of the shear strength in the TAST-tests,
opposite trends were observed. Two reasons explained the difference:
the thickness of the adhesive layer and the lower elastic modulus of
DuploTEC. Connections with larger gap dimensions exhibited slightly
lower overall stiffness and increased relative deformation at maximum
load.
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Fig. 12. Plot of the failure criteria overlaid to the corresponding experimental off-axis
data.

3.1.1. Off-axis tests, failure criteria and derivation of the Weibull parame-
ters

To formulate a failure criterion for the hybrid grout connection, a
series of steps were carried out. Firstly, the failure loads obtained from
off-axis tests were converted into normal and shear stresses, denoted as
𝜎x and 𝜏xy, respectively, using Eq. (4).

𝜎x = 𝜎0 sin
2 𝛼

𝜏xy = 𝜎0 sin 𝛼 cos 𝛼

with 𝜎0 =
𝐹max
ℎ × 𝑏

(4)

The resulting stress components were then plotted on a Cartesian
coordinate system, as illustrated in Fig. 12, which indicates that shear
strength is significantly lower for tensile normal stresses as compared
to compressive normal stresses. Moreover, it was observed that the
adhesive Sikadur370 consistently achieved higher strengths than the
DuploTEC adhesive tape. The trend for shear strength as a function
of normal stresses appears to be asymptotic, rather than linear as
would be expected from a simple linear friction model. The minimum
tensile normal stress for SikaDur370 was found to be around −50 MPa,
while it was approximately −30 MPa for DuploTEC; both are higher
than the corresponding tensile strength reported in Table 1. The data
from off-axis tests were analysed with the OriginPro2019 statistical
software package using two fitting functions: 𝛷1, Eq. (5), a power-law
expression, and 𝛷2, Eq. (6), a bilinear approximation.

𝜏 = 𝑎 ×
(

𝜎 − 𝜎𝑐
)𝑐 (5)

𝜏 =

{

𝑎1 + 𝑘1 × 𝜎, if 𝜎 < 𝜎𝑖
𝑎2 + 𝑘2 ×

(

𝜎 − 𝜎𝑖
)

, otherwise
(6)

Table 2 summarizes the mathematical expressions, corresponding
parameters, and Goodness of Fit (GoF) metrics for both models. The
GoF analysis was supported by a visual comparison in Fig. 12. Since the
power-law fit performed slightly better than the bilinear fit in terms of
GoF, the investigation with the latter was stopped. For the power-law
model, the exponent values of 𝑐 = 0.53 ± 0.04 for Sikadur370 and 𝑐 =
0.48 ± 0.04 for DuploTEC were both approximated to 𝑐 = 0.5, resulting
in a slightly easier to implement quadratic interaction formula for the
power-law.

A failure criterion serves as the boundary between survival (𝜙𝑖 ≤ 1)
and failure (𝜙𝑖 > 1). Next, it is essential to find the scaling factor 𝜆𝑖 that
would make a stress combination reach failure (𝜙𝑖 = 1), which is the
distance between the considered stress state and the failure envelope.
As shown in [16], for the power-law fit-function 𝜆 can be determined
8

𝑖

Table 2
Parameters for the fitting curves.

Power-law, 𝛷1 Bilinear, 𝛷2

Sikadur370

𝑎 = 3.75±0.15 𝑎1 = 35.90±6.91
𝜎u = −29.6 ± 1.83 𝑘1 = 1.12±0.26
𝑐 = 0.53±0.04 𝜎I = –15.11 ± 3.32
𝑐 is set to 0.5 𝑘2 = 0.13±0.06

Red. 𝜒2 = 20.3 Red. 𝜒2 = 27.4
𝑅2 (COD) = 0.788 𝑅2 (COD) = 0.799
Adj. 𝑅2 = 0.783 Adj. 𝑅2 = 0.788

DuploTEC

𝑎 = 4.03±0.18 𝑎1 = 56.16±1.52
𝜎u = –51.11 ± 3.34 𝑘1 = 1.16±0.03
𝑐 = 0.48±0.04 𝜎I = –24.58 ± 2.36
𝑐 is set to 0.5 𝑘2 = 0.133±0.03

Red. 𝜒2 = 66.78 Red. 𝜒2 = 39.32
𝑅2 (COD) = 0.66 𝑅2 (COD) = 0.80
Adj. 𝑅2 = 0.65 Adj. 𝑅2 = 0.79

by solving Eq. (7), with 𝜎𝑖 and 𝜏𝑖 the stress state under consideration,
and 𝑎 and 𝜎𝑐 defined by Table 2.

𝜆𝑖 =
𝑎2𝜎𝑖 ±

√

𝑎4𝜎2𝑖 − 4𝑎2𝜎𝑐𝜏2𝑖
2𝜏2𝑖

(7)

For illustration, Fig. 13 graphically represents the 𝜆𝑖-values deter-
ined for both Sikadur370 and DuploTEC; it shows that all experimen-

al results below the failure envelope result in 𝜆𝑖 < 1, while for those
bove Eq. (7) results in 𝜆𝑖 > 1; the line for which 𝜆 = 1 being the
orresponding failure criterion.

Afterwards, the statistical characteristics of the 𝜆-values distribu-
ion for Sikadur370 and DuploTEC were determined by assuming a
hree-parameter Weibull distribution—defined by Eq. (2). The Weibull
arameters were determined using the EasyFit software and resulted
n the following outcomes: 𝛼 = 4.468, 𝛽 = 0.889, 𝛾 = 0.242 for
ikadur370, and 𝛼 = 1.348, 𝛽 = 0.431, 𝛾 = 0.638 for DuploTEC.
olmogorov–Smirnov [42] and Anderson–Darling [43] Goodness-of-Fit

tests were carried out with a significance level of 0.05, and neither did
reject the hypothesis that the data was Weibull-distributed.

3.2. Computational strength prediction

3.2.1. Stresses in the hybrid joints
The stresses considered in this study were primarily normal stresses

acting in radial directions (or through thickness stresses, denoted by
the subscript R for radial) and shear stresses in the XR plane (where X
is axial). These stress components were determined for all subsequent
test series using a reference load of 𝐹0 = 200 kN. This reference load

as chosen to allow a comprehensive evaluation of the effects of each
aried parameter.

At both ends of the overlap, noticeable peaks were observed in the
hrough-thickness (or normal) stresses (𝜎R) and shear stresses (𝜏XR), as

shown in Fig. 14. In particular, these stress components showed higher
peak values below the ‘ends’ of the tubes. The results also showed
that for a comparable axial load (0 = 200 kN), the stress peaks were
dependent on the overlap length, with peak values of both 𝜎R and 𝜏XR
increasing as the overlap length decreased, as shown in Fig. 14a and b.
Fig. 14c and d show the influence of the width of the joint; the peaks of
𝜎R and 𝜏XR were only marginally affected and the influence was only
evident in the evolution along the overlap.

When geometric imperfections such as misalignment and eccentric-
ity were included, both the through thickness normal stresses (R) and
shear stresses (XR) changed compared to the reference case, as shown
in Fig. 14e to h. The Finite Element Analysis (FEA) results showed that
the offset of the pipe centrelines had a moderate effect on both the

through thickness (or normal) stresses 𝜎R and shear stresses 𝜏XR within
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Fig. 13. Graphical representation of the 𝜆-values, where measurements above the
failure criterion (in variable shades of red) exceed the mean strength value and exhibit
𝜆 > 1, while measurements below the criterion (in blue) indicate less mechanical
utilization and exhibit 𝜆 < 1. The failure criterion, 𝜆 = 1, is the thick black line.

the overlap region. The most significant effect was observed at the
beginning of the overlap, where both peak stress values nearly doubled.
However, along most of the overlap length no significant effects were
observed.

At the end of the overlap (position 0 mm) the peak shear stress in-
creased moderately, while no such effect was observed for the through-
thickness stresses. Intentionally misaligning the centre lines of the tubes
also resulted in increased peak stress values at both ends. However,
compared to offsetting, misalignment at the end of the overlap had a
more pronounced effect, particularly for the through-thickness stresses
(approximately a 50% increase in magnitude). In addition, the shear
stresses showed slight changes over the entire overlap length.

Looking at the radial distribution at the end of the overlap (the
most stressed position), the influence of the misalignment is evident
from Fig. 15. In the reference situation, both normal stresses (𝜎R) and
shear stresses (𝜏 ) remained constant. However, tilting the axis caused
9

XR
a noticeable shift in both stress components. The magnitudes of these
stresses were significantly reduced in regions where the adhesive layer
was thicker (Fig. 15), while they increased by approximately 50% at
the opposite end (also Fig. 15).

For the strength prediction of the hybrid joints, it is proposed,
in accordance with the experimental observation and the FEA, that
the failure of the hybrid joints is mainly influenced by two stress
components: 𝜎 and 𝜏. Their mutual effect on the strength was evaluated
in the off-axis tests by the failure criterion 𝛷. For each element of the
model section, the failure criterion value 𝜙𝑖 = 𝛷(𝜎𝑖, 𝜏𝑖) was calculated
and assigned a failure probability using the relationships developed
earlier in Section 2.5. For the purposes of the following discussion, it is
assumed that the initiation of failure is confined to the adhesive/steel
interface and that the probability of each element is equal to that of
the off-axis specimens.

The first step was to estimate the load capacity of the experimentally
tested joints. Fig. 16 shows the load capacities obtained from experi-
ments and predictions, together with the corresponding overlap lengths
and joint gap dimensions. On average, the predicted load capacities
were found to be underestimated by approximately 5% and did not
show significant dependence on the type of adhesive used. However, it
is important to recognize the statistical variability of the experimental
data, with an average standard deviation ranging from an underestima-
tion of 16% to an overestimation of 7%. Overall, the authors assert that
the prediction method has provided reliable estimates of load-bearing
capacity.

Based on the validation, the influence of geometric dimension and
the effects of eccentricity and misalignment on load capacity were
modelled. The results are summarized in Fig. 16.

The results partially confirm the expected results. For example, it
was expected that the load carrying capacity of the hybrid grouted
joints would increase with overlap length, but this increase was found
to be non-linear and converged to an upper value. Within the range
investigated, the thickness of the joint gap appeared to have little effect,
which, while confirming the experimental evidence, is surprising. The
effect of misalignment was not as significant as expected, and sub-
stantial misalignment is required to observe a significant reduction in
strength; the same was observed for eccentricity. Judging by the quanti-
tative agreement between the predicted and experimentally determined
load capacities, Fig. 16 shows that the methodology was accurate.

3.3. Additional modelling and prediction

In a last step, a much larger, but otherwise similar, hybrid grouted
joint, fully described in [40], was numerically simulated to predict
its load-bearing capacity. For this large-scale set of specimens, the
dimensions of the sleeve (outer tube) were 𝐷∕𝑡 = 273/20 (both in mm),
and that of the pile (inner tube) 𝐷∕𝑡 = 193.7/20 (both in mm), which
resulted in a nominal gap of 19.7 mm. The overlap length was set to
150 mm. For this series, the only material combination investigated
was Sikadur-370, Pagel HF10, and quartz sand. The load was applied
in compression, and not in tension.

Globally, the load-bearing behaviour until failure was analogous to
the experiments described previous. The load increased almost linearly
until reaching the maximum load. The maximum load was reached at
an average of 1673 ± 108 kN, the corresponding average shear strength
on the inner tube (pile) amounted to 18.3 MPa. It was notable that two
specimens reached a load of more than 1700 kN (1717 kN and 1752
kN, or 1734 ± 25 kN if restricting the series thereon), while the third
specimen failed at 1550 kN.

Based upon the very same load capacity prediction procedure de-
scribed previous, and considering that for this series the load was
compression, three different scenarios were considered: element selec-
tion for Eq. (3) was restricted to the interface with the inner tube (or
pile, if maintaining the offshore terminology, cf. Fig. 17-top), at the in-
terface with the outer tube (or sleeve, cf. Fig. 17-middle), and failure at
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Fig. 14. Influence of various parameters on normal and shear stresses along the overlap for a reference load of 𝐹0 = 200 kN.
both the inner and outer tubes (as considered in the prior examples, or
Fig. 17-bottom). Restriction of the elements in essence corresponds to
make a pre-supposition of the failure location according to Fig. 17. The
corresponding calculated load capacities are summarized in Table 3.
10
The analysis revealed that considering only the interface with the
inner tube resulted in a predicted load capacity of 1926 kN. Allowing
failure only at the interface with the outer tube (sleeve) increased this
capacity by almost 2/3 to an unrealistic value of 3234 kN. However,
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v

Fig. 15. Influence of misalignment and eccentricity on the normal and shear stresses at the end of the overlap.
Fig. 16. Predicted vs. experimentally determined (if available) load capacities of the hybrid joints; the percentages indicate the relative deviation from predicted to experimental
alues.
Table 3
Load capacity of the large-scale hybrid grouted joint.

Consideration of the interface Predicted [kN] Experimental [kN] Rel. deviation [%]

With outlier Without outlier With outlier Without outlier

Only at the pile (inner tube) 1926 15% 11%
Only at the sleeve (outer tube) 3234 1673 ± 108 1734 ± 25 93% 86%
At both the sleeve and the pile 1906 14% 10%
11
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Fig. 17. FE-model of the large-scale grouted hybrid joint (top) the pile with the adhesive layer at the outside, (middle) the sleeve with the adhesive at the inside, and (bottom)
adhesive layers on both the pile and the sleeve.
simultaneous consideration of the interfaces at both the inner and outer
tubes led to a slight reduction in load capacity to approximately 1900
kN. Therefore, the numerical analysis suggests that the critical interface
is the one with the inner tube, which the post-failure analysis confirms.
When comparing these results with the experimental values, it should
12
be noted that a significant outlier was observed in the experiments.
Considering this outlier, the deviation between the numerical and ex-
perimental values is 14%; excluding it decreases to approximately 10%
when excluding the outlier from the calculation of the experimental
mean value.
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4. Discussion and conclusions

The hybrid joint, the focus of this publication, demonstrated robust
performance and reliability under axial loading. The maximum nominal
shear stress on the inner tube reached 30.1 MPa and showed a consis-
tent load capacity across the tests, with a low coefficient of variation
averaging 5.5%. The average shear strength was within the expected
range and occasionally exceeded it. The comparison of load capacities
demonstrated the resilience of the joint in different configurations. In
particular, the coefficient of variation for load capacity remained low,
indicating consistent performance. The average shear strength was in
line with expectations. When the influence of the adhesive material on
the hybrid grout joint was examined using load–displacement curves,
minimal effect on joint stiffness was observed despite variations in
adhesive stiffness. Sikadur370, which has a higher modulus of elasticity
than DuploTEC, showed similar deformation curves in the elastic re-
gion, emphasizing the robustness of the joint. Differences in maximum
loads were attributed to the thickness of the adhesive layer and the
lower modulus of DuploTEC, resulting in different shear strengths.
In summary, the hybrid grout joint demonstrated consistent and re-
liable performance, with load capacities and shear strengths meeting
or exceeding expectations. The low coefficients of variation indicate
stability across different configurations, demonstrating the suitability
of the joint for a variety of engineering applications.

The formulation of a failure criterion for the hybrid joint involved
several key steps. First, the failure loads from the off-axis tests were
converted into normal (𝜎x) and shear (𝜏xy) stresses. The resulting
tress components were then plotted on a Cartesian coordinate system,
evealing a significant difference in shear strength between tensile and
ompressive normal stresses. In particular, Sikadur370 showed consis-
ently higher strengths compared to DuploTEC tape. The relationship
etween shear strength and normal stresses showed an asymptotic
rend which differed from the expected linear friction model. The
inimum tensile normal stress for SikaDur370 was approximately −50
Pa and for DuploTEC it was approximately −30 MPa.

The numerical study focused on the analysis of stresses in hybrid
routed joints. Throughout the investigation, noticeable peaks in both
hrough thickness (or normal) stresses (𝜎R) and shear stresses (𝜏XR)
ere observed at both ends of the overlap. These stress components
ad higher peak values below the ‘ends’ of the pipes. Analysis showed
hat for a comparable axial load (𝐹0 = 200 kN) the stress peaks
ere dependent on the overlap length, decreasing with increasing peak
alues for both 𝜎R and 𝜏XR. Investigation of the influence of joint width
howed that the peaks of 𝜎R and 𝜏XR were only marginally affected,
ith the influence evident in the evolution along the overlap.

Incorporating misalignment and eccentricity altered both the
hrough-thickness normal stresses (𝜎R) and shear stresses (𝜏XR). Finite
lement Analysis (FEA) showed that the offset pipe centrelines mod-
rately affected both 𝜎R and 𝜏XR within the overlap region, with the
ost significant effect at the beginning of the overlap where peak

tress values almost doubled. Towards the end of the overlap (position
mm), the peak shear stress increased moderately, whereas there

as no significant effect on the through-thickness stresses. Intentional
isalignment of the tube centrelines increased the peak stress values

t both ends. However, misalignment at the end of the overlap had a
ore pronounced effect, particularly on the through-thickness stresses,

esulting in an increase in magnitude of approximately 50%. Shear
tresses showed little change over the entire overlap length. The radial
istribution at the end of the overlap highlighted the influence of
isalignment, causing a noticeable shift in both stress components.

tress magnitudes decreased in regions with a thicker adhesive layer
nd increased by approximately 50% at the opposite end.

For the strength prediction of hybrid joints, the study proposed, in
greement with experimental observations and FEA, that the failure of
ybrid joints is mainly influenced by two stress components: 𝜎 and 𝜏.
13

heir mutual effect on strength was evaluated in off-axis tests using
failure criterion. Failure initiation was assumed to be confined to
he adhesive/steel interface. Estimation of the load-bearing capacity of
he experimentally tested joints showed an average underestimation of
bout 5%, with a standard deviation ranging from an underestimation
f 16% to an overestimation of 7%. The authors concluded that the
rediction method provided reliable estimates of load capacity.

Based on the validation, the influence of geometric dimensions and
he effects of eccentricity and misalignment on load capacity were
odelled. The results partially confirmed expectations, such as the
on-linear increase in load capacity with overlap length, converging
o an upper value. Contrary to initial expectations, gap thickness had
ittle effect over the range studied. The effects of misalignment and
ccentricity were not as significant as expected, with significant mis-
lignment required to observe a significant reduction in strength. A
inal step was to numerically simulate a larger scale hybrid grouted
oint. The numerical analysis suggested that the critical interface for
ailure was with the inner tube, in agreement with the post-failure
nalysis. Considering different failure scenarios, the predictions showed
ignificant percentage deviations from the experimental values. The
ritical interface was identified as the one with the inner tube, with
percentage deviation of approximately 14%, reduced to 10% when

xcluding a significant outlier.
In summary, the study provides a thorough investigation of the

tress distribution and the effects of various parameters on the load
arrying capacity of hybrid joints. It also highlights the sensitivity
f joint behaviour to factors such as overlap length, tube diameter
nd geometric imperfections. The methodology’s accuracy in predicting
oad capacity, supported by numerical analysis and large-scale joint
imulations, contributes to a comprehensive understanding, and trust,
f hybrid joint performance in engineering applications. While the
nitial impetus for this study came from the offshore industry, it has
much wider applications field, for example when considering bridge

tructures composed of tubular sections. This is not to say that there
re questions remaining unanswered. Future studies should focus on
spects as long-term durability under severe environmental conditions
nd fatigue. Due to the presence of the adhesive, aspects as temper-
ture (in particular above glass transition temperature) and creep do
ertainly require more extensive attention.
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