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A B S T R A C T   

This study introduces an innovative hybrid grouted connection method which utilizes organic adhesive with 
embedded granulates as a bonding agent to connect high strength grout mortar uniformly to smooth steel sur
faces. This approach eliminates the need for welding additional shear keys, which are currently used for local 
form fit. The primary objective is to investigate the general usability of this method, particularly for demanding 
applications in steel construction. The manufacturing procedure on small-scale specimens is shown by using 
epoxy-based adhesive tape and paste –like two component epoxies. With help of such small-scale hybrid test 
specimens, different combinations of grout, adhesive and granulates were tested to qualify the combinations with 
the highest load-bearing capacity. It could be shown that even when connected to smooth steel surfaces, high 
loads with a slight scattering could be transferred with help of the adhesive-granulate promoter. Because these 
types of connections are widely exposed to harsh environmental conditions, further investigations concerning the 
temperature stability and durability were implemented. Temperature variations within the typical range of 
offshore structures, namely T = − 20 ◦C as minimum and T = 60 ◦C as maximum temperature are considered and 
set into relation to the test results performed at ambient temperature. Temperature variations have a notable 
effect on load-bearing capacities, with lower temperatures showing a beneficial influence. The results demon
strate the operational capability of the hybrid connections, even at higher temperatures the expected reduction of 
the load capacity was very modest. Durability has been proven by specimen exposure to artificial seawater and 
climatic cycling tests produce varying effects. Some samples exhibit an increased load-bearing capacity, indi
cating further crosslinking of the adhesive, while others show no significant reduction of load-bearing capacity. 
As fracture patters could verify, both adhesive systems effectively protect against corrosion, as no infiltration of 
corrosion into the steel-adhesive interface were observed. In conclusion, the hybrid grout connection method, 
presented in this research offers several advantages over conventional grouting techniques. The ability for high 
load transfer, temperature stability and durability underline its potential as a reliable alternative for joining steel 
components in various applications.   

1. Introduction 

The current method of joining circular hollow sections (CHS) in 
offshore structures involves the utilization of grout injection mortar and 
welded shear keys. However, these connection types often result in 
stress concentrations that can lead to fatigue cracks and damage to the 
grouting mortar. Furthermore, water ingress and corrosion exacerbate 
these issues. In order to address these challenges, this study investigates 

the potential of hybrid grouted connections incorporating organic ad
hesive interfaces. The mechanical characteristics of the hybrid grouted 
connection are clearly influenced by the choice of specific grout- 
adhesive combinations. Hence, a comprehensive study was conducted 
involving both components to explore the wide range of prioritized 
adhesives and grout mortars. As the investigated joint type is to be used 
in structural steel applications, additional tests regarding temperature 
range and ageing were conducted. 
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1.1. Grouted connections 

Grouted connections are critical parts of the integrity of offshore 
wind turbine structures since they transfer the load bearing structure to 
the lower foundations. Grouted joints consist of two steel tubes with 
different diameters that are connected using grout filling the tubular gap 
between the tubes. The larger, outer, tube is usually called sleeve, 
whereas the smaller, inner, one is the pile. In general, the connection can 
be constructed with or without shear keys. For fixed offshore platforms, 
usually shear connectors are used to increase the load-bearing capacity. 
Different load-bearing mechanisms can be distinguished in connections 
with shear keys: adhesion and friction in the interfaces between grout 
and steel tubes, and the load-bearing capacity of compression struts 
between the shear keys on the pile and the sleeve. Enhancements. 

in the frictional aspects can improve the performance of the 
connection significantly, even when shear keys are used. The bond 
strength in the steel-grout interface was found out to range between 1 
and 3 MPa (cf. [1] and Fig. 1). These bond strength values are relatively 
low compared to typical values achieved with structural adhesives 
[2–6], which are 5 to 10 times higher. Improving bond strengths would 
not only increase the average value but also reduce the scatter, leading 
to more reliable and consistent performance of grouted joints. 

It is worth to mentioning, that filling the tubular gap solely with 
adhesive is no practical alternative, as the load capacity is significantly 
reduced with higher bonding gaps. Nevertheless, a high amount of ad
hesive will be required causing undesired exothermal effects and high 
material costs [7]. The use of an adhesive without the embedding of the 
granules is not effective due to fundamental load transfer consider
ations. The load transfer of the hybrid grouted joint is based on the 
mechanical interlocking of the granules embedded in the adhesive with 
the not yet cured grout material. Not least for this reason, a grout ma
terial with a maximum grain size of 1 mm, which allows good inter
locking with the granules is chosen. 

The major parameters that characterize the load-deformation 
behaviour and the maximum load are the ratio of diameter to thick
ness (D/t) of pile, sleeve, and grout, the compressive strength of the 
grout, and the ratio of height to spacing (h/s) of the shear keys. The main 
failure modes of connections with shear keys are shear failure along the 
shear connectors for too closely spaced shear keys and crushing of the 
grout on the stressed side of the shear keys for grouted joints with an 
appropriate shear key spacing. In this case, usually diagonal cracks 
occur in the grout. Despite having been extensively used in offshore 

applications over the last decades, recent concerns over insufficient 
performance of monopile connections in wind farms prompted this 
paper to review engineering methods and numerical models used for 
load determination and investigation of structural behaviour [8], with 
the interface contact considered to be decisive for the structural analysis. 
Pre-mid 2009 papers reviewed in [9] suggest that inadequate design 
codes and limited testing under actual loading conditions, confinement, 
and representative environmental conditions may have caused unex
pected issues in large-diameter grouted connections. 

The effectiveness of the steel-grout interface has been called into 
question for several reasons. Specifically, the lower coefficients of fric
tion resulting from water penetration and the grout’s susceptibility to 
grout crushing and flush-out under repeated fatigue loads have raised 
concerns. New design recommendations [10] for grouted jacket 
pile-sleeve connections have been proposed based on recent research, 
with emphasis on robust designs that can withstand cyclic loads on 
offshore structures, for which current practice, with or without shear 
keys, appears vulnerable. 

Further details on the design of grouted joint connections for 
offshore wind energy converters and fatigue assessment can be found in 
[11–13]. These papers specifically address the issue of vertical slippages 
observed in offshore wind turbines, which result from underestimating 
the cyclic effects on axial capacity. Through non-linear finite element 
simulations, the authors demonstrate the progressive vertical misalign
ment of grouted connections within dynamically loaded structures. The 
evaluation of parameters affecting long-term axial capacity behaviour 
reveals the negative impact of mechanical interlock on fatigue perfor
mance in grouted joints. Consequently, the poor fatigue performance of 
mechanical shear keys often necessitates conservative dimensioning and 
design practices. 

In summary, the load-bearing capacity of grouted connections on 
smooth steel surfaces is severely limited due to the loss of adhesion 
between the grout and the steel. This occurs due to the necessity for 
significant displacement of the sleeve relative to the pile in order to 
activate load transfer. Despite the high efficiency of current grouts, the 
load-bearing capacity of the mortar remains underutilized. To address 
this issue, shear keys are applied, leading to the formation of compres
sion struts in the grout layer. However, the use of shear keys leads to 
local grout crushing in front of the shear keys. This crushing becomes 
particularly problematic under repeated loading conditions below the 
water surface, as crushed grout particles are flushed out, demanding 
complex reinforcement measures to mitigate the issue. 

1.2. Adhesively bonded connections 

Established joining methods in structural steel are bolting and 
welding, but adhesive bonding is increasingly being considered as a 
complement [14], or substitute, even for load transmission [5,15]. The 
strength of any adhesive bond is limited by the smaller of the cohesive or 
adhesive strength. Cohesive strength, in a nutshell, is the intrinsic 
strength the adhesive builds up [16]; it depends on the type of adhesive, 
the conditions under which it had cured [17], and of the environmental 
conditions (most notably temperature [18]) under which it is loaded. 
Adhesive strength [19] mostly depends on the surface conditions prev
alent on the surface to be bonded, and the interpenetration of adhesive 
and adherend plays a crucial role in this process. While the latter is 
evident at a macro scale for fibrous materials, it is more subtle for metal 
and metal oxide surfaces, for which surface preparation techniques, 
ranging from simple degreasing [20], blasting, the use of primers to 
chemical surface etching, may be required. The relative limited appli
cation of adhesives for load bearing joints in the context of structural 
steel has been summarised in a series of recent papers, e.g. Albiez et al. 
for adhesively bonded steel tubes [5,15], Albiez et al. for offshore 
structures [6,21], Yokozeki et al. for hybrid joints involving 
pre-tensioned bolts [22], and durability of adhesively bonded secondary 
structures in the context of offshore structures was considered by 

Fig. 1. Relationship between bond strength and compressive strength of grout 
for plain pipes (redrawn with data from [1]); note the relative low values of the 
ultimate bond strength, if compared to lap shear strength of usual struc
tural adhesives. 
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Myslicki et al. [23]. For more information related to adhesive bonding, 
in particular points not central to this paper, readers are redirected to 
reference works as [24,25]. 

1.3. Proposed innovative alternative 

Regarding the aforesaid, grouted joints can, to some extent, be 
conceptualised as adhesively bonded joints, with “cohesive strength” 
being linked to the compressive strength of the grout, and “adhesive 
strength” related to the conditions at the grout-steel interface (either 
smooth or strength obtained by dividing the failure load by the surface 
area of the interface, which is very similar to what is done in adhesion 
science. Yet, there are differences in the definition on how grout “ad
heres” to the sleeve and the pile; the mechanics are often described as 
friction (and a corresponding coefficient μ), to which a cohesive term 
(denoted c) may be added. Thus shear strength τ and normal stress σ 
may be approximated in its simplest for as a Mohr-Coulomb condition 
[26] or more complex variants thereof [27]. 

Nevertheless, similar to adhesively bonded joints [28], describing 
load transfer in grouted joints solely in terms of shear stresses over
simplifies the complex interplay between shear and transverse normal 
stresses. The intricate nature of the phenomena described above is 
exemplified by the dual effect of compressive normal stresses, which 
enhance shear strength, while tensile normal stress undermines it. Thus, 
the utilization of failure criteria becomes imperative to accurately 
determine the material strength in such scenarios, an aspect that will be 
addressed in an upcoming publication. 

This manuscript describes the development of a novel hybrid grouted 
joint for steel structures that employs both grout and adhesive layers in a 
complementary manner, leveraging the distinctive properties of each 
material to enhance the joint’s overall performance. The hybrid grouted 
joint introduced in this study is characterized by a multilayer structure, 
as depicted in Fig. 2. The manufacturing process comprises several 
stages. Initially, the bonding surfaces of the structural components, 
sleeve, and pile, are treated with sandblasting and coated with a thin 
layer of organic adhesive, herein epoxy adhesives, with the bonding 
process is performed under controlled environmental conditions in a 
manufacturing plant. 

Following this, inorganic granules like corundum or quartz sand are 
embedded into the yet uncured adhesive. The granules are selected so to 
protruding significantly from the adhesive layer, i.e., their diameter is 
twice the adhesive layer thickness. To create a form-fit, a high-strength 
grout is then poured into the remaining gap, which interlocks with the 
inorganic granules along the entire surface. The rough and coarse sur
face of the adhesive-granule modified surfaces enables efficient and 
uniform load transfer into the grout, which has the potential to prevent 
local grout crushing and significantly delay fatigue cracks in the steel 
components. One can conceptualise the proposed approach as replacing 
the discrete relatively large sized shear keys with almost continuously 
distributed small granules protruding into the grout material. 

2. Materials and methods 

2.1. Materials 

The concept of the proposed hybrid grouted joint, displayed in Fig. 2 
and briefly introduced above, involves four materials: adhesive as the 
central novel element, grout material, granules and lastly steel for the 
sleeve and pile (outer and inner tubes). For the proposed hybrid joint to 
fulfil the expectations, appropriate adhesives had to be selected ac
cording to a set of requirements formulated by a panel of designers. The 
requirements were the following: Adhesives with at least 2′000 MPa E- 
modulus and not prone to creep are prioritized. The selected adhesive 
system must withstand temperatures from –8 ◦C to + 57 ◦C, according 
to a previous study [6] in a similar geographical setting, and exhibit a 
glass transition temperature of at least 60 ◦C. A pot life of 60 min is 
necessary based upon estimates of the time needed for manufacturing. 

2.1.1. Adhesives 
Based on the given requirements, the two adhesives Sikadur-370 and 

DuploTEC 10490 SBF have been identified as promising options based 
on their respective technical datasheets (TDS). 

The application methods of the Sikadur-370 and DuploTEC 10490 
SBF differ significantly due to their initial condition when delivered, 
making them both promising for large-scale manufacturing of hybrid 
joints in building conditions. The Sikadur-370, a two-component epoxy 
manufactured by Sika AG, starts off as a paste-like substance and can be 
applied using a spatula. It has a pot life of 2.5 h and requires 8 days to 
fully cure at room temperature (RT). This epoxy is specifically designed 
for bonding steel plates to concrete for structural reinforcement, drop
ping the need for a primer. It is recommended to apply this adhesive 
with a maximum thickness of 15 mm. 

On the other hand, the DuploTEC 10490 SBF, labelled DuploTEC in 
this manuscript, is an epoxy-based adhesive tape produced by Lohmann 
GmbH & Co. KG. The adhesive tape measures 0.1 mm in thickness and is 
covered with a polyester film. It is stored in a frozen state and can be 
simply laminated onto the steel substrate after thawing. When heat is 
applied, the tape liquefies before curing. There are two curing options: 
either at 130 ◦C for 30 min or at 170 ◦C for 10 min. Within this study the 
first curing condition is prioritized, which involves oven curing. How
ever, for large-scale applications, induction heating, heat lamps, or other 
methods can be used as alternatives. 

Both adhesives are qualified regarding structural and thermo
mechanical characteristics. Firstly, tensile strength and Young’s 
modulus were determined in accordance with EN DIN 527 [29] at room 
temperature with a quasi-static load rate of 1 mm/min. The specimen 
thickness was 3 mm for Sikadur-370 and 0.1 mm for DuploTEC; results 
are based on the mean value of 5 samples. Secondly, lap shear strength 
has been performed on blasted S355 with a thickness of 3 mm in 
accordance with DIN EN 1465 [30] at a load rate of 5 mm/min at room 
temperature. Thirdly, thick adherend shear tests (TAST) specimens were 
manufactured and tested according to DIN EN 14869–2 [31] carried out 
at room temperature with a load rate 0.5 mm/min, and 5 repetitions. 
Additionally, glass transition temperature (Tg) is initially carried out on 
bulk samples after curing for at least 10 days at room temperature. The 
determination was carried out using dynamic mechanical analysis 
(DMA) in a temperature range from –20 ◦C to 200 ◦C and a heating rate 
of 2 K/min. 

2.1.2. Grouts 
Two different grout materials were used as part of the project, with 

one material being widely used in offshore structures, the other exhib
iting a high flexural strength. The first material examined was the Densit 
Ducorit S8 grout material from ITW Polymers, which was certified for 
offshore applications (DNV-GL-ST-C502 [32]) and had been extensively 
tested. The second material was the high-strength grout mortar HF10 
from the company Pagel, which exhibited a particularly high flexural 

Fig. 2. Concept of a hybrid grout joint: ➀ Outer tube (sleeve), ➁ and ➃ Ad
hesive with integrated granulate, ➂ grouting mortar, and ➄ inner tube (pile). 
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strength. 
Grout material testing is done according to DIN EN 196–1 [33] using 

prism-shaped specimens measuring 40 mm x 40 mm x 160 mm. The 
bending strength is measured using a three-point bending test setup with 
a constant load increase rate of 50 ± 10 N/s until the specimen breaks. 
The results are reported as the arithmetic mean of individual results, and 
both individual results and the mean value should be reported to within 
0.1 MPa. The compressive strength is then tested on the two halves of 
the specimen at a loading rate of 2400 ± 200 N/s. 

2.1.3. Granules and steel 
The goal is to enhance the mechanical interlocking mechanism by 

integrating particles into the adhesive. For effective embedding of the 
particles in the adhesive and extending into the grout layer, it is 
important that the particles have a sufficiently large size. Quartz sand, a 
commonly used filler in adhesives and grout, was identified for this 
purpose. To meet the geometrical requirements, a composition with a 
medium grain size of 1.0 mm and a narrow grain size distribution was 
chosen. This uniformity ensures minimal variation from the average 
particle size, promoting tight and even particle fit within the adhesive. 
This leads to improved mechanical interlocking and a more consistent 
and predictable performance. However, no additional specific proper
ties of the granules or particles will be determined beyond their size and 
distribution. 

Fig. 3. Close-up of cross-sections with different adhesives, adhesive thicknesses and application pressures of the granules.  

Fig. 4. Geometry of the small-scale hybrid grout joint; the adhesive layer is depicted as yellow area.  
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Hot rolled circular hollow sections (CHS) manufactured in accor
dance with EN 10025–1 [34] from S355J2H were utilized in the study. 
Material properties of the steel are assumed from literature, and no 
specific characterisation will be performed. Additional details concern
ing the geometrical specifications, such as diameters and thicknesses, 
are provided in the following sections. 

2.1.4. Composition of the adhesive-granule layer 
To achieve optimal adhesive layer thickness and contact pressure, a 

study was undertaken on flat steel substrate surfaces, employing thin- 
film adhesive layers integrated with granules and quartz sand as gran
ules. Subsequently, cross-sectional analyses were performed for each 
adhesive system, and the resulting data was illustrated in Fig. 3. The first 
row of cross sections depicted a simple adhesive layer thickness, wherein 
the quartz sand was spread without any pressure (Own weight of 
granules), leading to inadequate bonding of the grains to the adhesive. 
The second row displayed cross sections with a simple layer thickness, 
where the grains were slightly pressed (Light pressure), resulting in a 
desirable bonding of the granules to the adhesive for Sikadur-370, while 
DuploTEC exhibited a lower embedding depth due to its reduced ad
hesive layer thickness. The third row exhibited cross sections with 
strong contact pressure at a simple layer thickness, which pushed the 
grains down to the substrate (High Pressure) and resulted in smaller 
grains being fully pressed into the adhesive and surrounded by it. The 
fourth row displays cross sections, where a double adhesive layer 
thickness and light pressure were applied. Based on the favourable 
bonding of the granules to the adhesive, the optimal combination of a 
simple layer thickness and slight contact pressure was identified as the 
most promising approach for further investigations. Notably, the pro
duction of two adhesive tapes superimposed on each other to create 
double adhesive layer thickness was observed to be a convoluted and 
error-prone process. 

2.2. Methods 

2.2.1. Geometry of the hybrid joints 
The hybrid grouted connections consisted of a tube-in-tube overlap 

joints. The sample geometry was designed to provide a sufficiently large 
gap for grout filling, while ensuring an estimated failure load below 
150 kN (the maximum load of the specific UTM used). The (outer) sleeve 
had a diameter of 76.1 mm and a thickness of 10 mm, while the (inner) 
pile was a solid steel rod with a diameter of 30 mm; this resulted in a 
nominal gap of 13.05 mm. The adhesive layer had a 40 mm overlapping 
length. Polyethylene adhesive tape was applied above and below the 
adhesive layer to prevent grout material bonding to the joint compo
nents. The total sample length was 505.5 mm. Tests were performed in a 
UTM at a displacement rate of 0.5 mm/min. 

2.3. Manufacturing procedure for the hybrid joints 

The manufacturing process of the hybrid grouted joint involved 
different steps, illustrated by Fig. 5. Prior to the application of the ad
hesive, surface preparation of the steel was carried out by blasting with 
corundum to Sa 2 ½ level and degreasing with butanone (also known as 
methyl ethyl ketone, MEK). A 0.5 mm textile tape was used to define the 
lateral boundaries and thickness of the adhesive layers. After curing, the 
tape was removed, and quartz sand was spread on the wet adhesive, 
which was subsequently pressed onto the steel surface. The curing 
process was conducted according to the manufacturer’s guidelines. The 
adherends were then grouted in an upright position, and a fixture was 
used to ensure correct alignment. To set the overlap length, the inner 
CHS was placed on a circular pedestal, which could be positioned inside 
the outer CHS at a defined height via a threaded rod. This pedestal also 
served as the bottom seal of the grout layer. The grout was mixed 
following the manufacturer’s instructions and poured directly into the 
gap. The self-levelling and self-compacting properties of the grout 
ensured sufficient filling of the gap. To prevent shrinkage, the surface of 
the grout layer was kept moist and sealed with a polyethylene film for 28 
days during the curing period. 

Fig. 5. Selected steps in the manufacturing of the samples.  
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2.4. Mechanical testing 

Tensile tests were conducted using universal testing machines and 
specific testing rigs were used. They were clamped onto fork sockets 
with bolts offset by 90◦ to allow for full rotation, comparable to a clevis 
head; Fig. 6-a show the lower part of the test setup. All tests used 
displacement control. Load and machine displacement were measured. 
Additionally, linear Variable Differential Transformers (LVDT) were 
used to monitor relative displacement between the CHS, depicted in 
Fig. 6-b. 

2.5. Experimental series 

2.5.1. Tests under laboratory conditions 
Two adhesives, Sikadur-370 and DuploTEC, were used along with 

two grout materials, Pagel HF10 and Ducorit S8, and quartz sand as the 
aggregate. This resulted in four configurations, which were tested five
fold, thus a total of 20 individual tests. Manufacturing, curing, and 
storing were performed under laboratory conditions, which are 23 ◦C 
and 50% rel. humidity, on samples not subjected to any ageing proce
dure—subsequently labelled as reference. 

2.5.2. Tests under low and elevated temperatures 
The hybrid grouted connection is planned to find application in steel 

high-rise and bridge construction and in the offshore sector. To assess 
the influence of high and low temperatures on the load-bearing behav
iour of the hybrid grout connection, tensile tests were conducted at 
+ 60 ◦C and –20 ◦C; the choice of these temperature being based upon 
investigations summarised in an earlier publication set up in the same 

North-Sea and Baltic setting [6]. Twenty quasi-static tensile tests were 
performed on a servo-hydraulic testing machine at a displacement rate 
of 0.5 mm/min; tests were performed in a climatic chamber. 

2.5.3. Ageing tests 
The assessment of long-term durability in bonded connections often 

includes subjecting them to artificial ageing under harsh environmental 
conditions. This involves comparing key parameters, such as load- 

Fig. 6. (left) Hinge at the bottom of the sample, (right) the pair of LVDT measuring the relative displacement.  

Fig. 7. Samples during the ageing tests.  

Fig. 8. Results of the tensile tests.  
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bearing capacity after aging, with reference values obtained from the 
unaged state. In this study, ageing was performed using two methods: 
water immersion in accordance with DIN EN ISO 15711:2004 [35], and 
a climate change test based on VW-PV1200 as described in [36]. 

The water immersion test consisted of exposing the samples to arti
ficial seawater for 1′000 h. The artificial seawater was prepared ac
cording to DIN EN ISO 15711:2004 [47] with a composition of 23 g/ℓ 
NaCl, 9.8 g/ℓ, MgCl2, 8.9 g/ℓ, Na2SO4, and 1.2 g/ℓ CaCl2. For each test 
series, five samples were placed in containers, ensuring full submersion 
of the hybrid grouted connection while keeping the threaded ends 
positioned above the waterline to prevent corrosion, as shown in Fig. 7- 
a. The containers containing the samples were stored in laboratory 
conditions throughout the 1′000-hour immersion period. Following the 
immersion, tests were conducted to assess the remaining load-bearing 
capacity using the protocol outlined in section 3.3. 

The climatic cycling test, following the VW PV 1200 [36] standard, 
involved cyclic variations of temperature and humidity. To simulate the 

intended operating conditions of hybrid grouted connections in steel 
construction, temperature ranges were limited to + 60 ◦C for high 
temperature (at 90% relative humidity) and –20 ◦C for low temperature, 
all this in the climatic chamber shown in Fig. 7-b. Each cycle lasted 12 h, 
and the test was run for a total of 70 cycles, resulting in a 35-day 
accelerated ageing process. Testing of the residual load capacity was 
carried out using the protocol outlined in section 3.3. 

3. Results 

3.1. Material characterisation 

3.1.1. Adhesives: tensile tests 
In the tests of this series, the specimens were subjected to quasi-static 

loading at room temperature with a traverse speed of 1 mm/min. Local 
deformation of the samples was measured using external displacement 
sensors. The results were based on the average of 5 samples. Sikadur-370 

Table 1 
Mechanical properties of the adhesives.  

Adhesive DMA Adhesive Bulk Lap shear TAST (thick adherend shear tests) 

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

Sikadur-370 75,74 21,5 ± 2,9 1,1 ± 0,4 3‘581 ± 113 27,50 ± 1,16 27,26 ± 6,04 0,1—0,2 882 ± 477 
DuploTEC 10490 SBF 139,50 28,7 ± 2,9 4,1 ± 2,8 1593 ± 44 27,39 ± 1,12 45,91 ± 6,29 1—3 210 ± 54  

Fig. 9. Results of the shear tests.  

Fig. 10. Results of the dynamic-mechanical analysis.  
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exhibited mostly linear elastic behaviour, and minor decreasing slope at 
higher stresses. On the other hand, DuploTEC showed an initial linear 
increase followed by a steady plateau at around 30 MPa. The elasticity 
modulus, listed in Table 1, was determined within the linear range of 
small deformations; both adhesives met the specified functional limits 
for stiffness. 

3.1.2. Adhesives: shear tests 
Quasi-static tensile shear tests were conducted on blasted S355 steel 

sheets, adhering to DIN EN 1465 standards, at room temperature. The 

force-displacement curves for both adhesives exhibited similar patterns, 
as shown in Fig. 9-a. Initially, there was a linear increase in force up to 
approximately 15 to 18 MPa. Following this, the slope gradually 
decreased. In both cases, the lap shear strength reached an approximate 
value of 32 MPa, with cohesive failure. All derived results are listed in 
Table 1. 

Additionally, thick adherend shear tests (TAST) allowed the deter
mination of the shear modulus G, with a comprehensive summary of all 
the results to be found in Table 1. In these tests, both shear-elongation to 
shear stress curves shown in Fig. 9-b were bi-linear, with DuploTEC 

Fig. 11. Experimental results of the small-scale hybrid joints.  

Fig. 12. (left) Load-capacities and (right) representative fracture patterns of the reference hybrid grout joints.  
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demonstrating a more pronounced behaviour. DuploTEC’s bilinear 
pattern displayed a distinct kink at approximately 0.17 shear elongation 
(around 29.5 MPa shear stress), beyond which the shear stiffness 
decreased significantly. On the other hand, Sikadur-370 reached a peak 
shear strength of approximately 32 MPa (excluding one outlier), while 
DuploTEC achieved even higher values of around 50 MPa (albeit with 
slightly greater variability). Regarding maximum elongation, Sikadur- 
370 measured between 0.1% and 0.2%, whereas DuploTEC exhibited 
a range of 1 to 3%. 

3.1.3. Adhesives: dynamic-mechanical analysis, DMA 
Determination of the glass transition temperature Tg was performed 

on adhesive samples cured for 10 days at room temperature. The results 
are presented in Fig. 10. Sikadur-370 exhibited a Tg of 75.5 ◦C, 
considering the loss factor tanδ; however, its elastic modulus showed a 
significant decrease after 60 ◦C. DuploTEC displayed a higher Tg of 
139.5 ◦C, with a noticeable decrease in the elastic modulus starting only 
after 100 ◦C. Both Sikadur-370 and DuploTEC 10490 SBF clearly met the 
Tg > 67 ◦C criterion. 

3.1.4. Characterisation of the grouts 
Six prisms are manufactured and tested per grout material. Both 

materials exhibit high strengths, with the compressive strength of HF10 
to 123.4 ± 2.6 MPa, and that of Ducorit S8 to 104.1 ± 3.1 MPa. The 
flexural strength of HF10, 17.9 ± 1.4 MPa, was much higher than that of 
S8, 10.7 ± 0.5 MPa. Both materials show very small scatter in strength, 
with coefficients of variation between 2% and 7%. 

3.2. Tensile tests on small-scale hybrid joints 

3.2.1. Tests under laboratory conditions 
The experimental load capacities of the small-scale hybrid grouted 

joints using Sikadur-370 and DuploTEC adhesives, along with Pagel 
HF10 and Ducorit S8 grout materials, with quartz sand are shown in  
Fig. 12. Among these combinations, the highest load capacities are 
achieved by Sikadur-370 (74.2 kN) and DuploTEC (75.7 kN) in combi
nation with Pagel HF10. In comparison, the load capacities of all ad
hesives combined with Ducorit S8 as the grout material are 
approximately 20% lower than those with Pagel HF10, which aligns 
with the relative difference in compressive strengths between the two 
grout materials. 

In addition to the load capacities, the fracture patterns of the small- 
scale hybrid test specimens were also scrutinised. Representative frac
ture patterns for each parameter combination are shown in Fig. 12. The 
fracture patterns are similar in all specimens, with a cone-shaped 

fracture zone formed by grout material on the (inner) pile at the upper 
overlap end. Below the fracture cone, adhesive and cohesive failure can 
be seen towards the pile. 

3.2.2. Tests under low and elevated temperatures 
Based on the results of the tests at laboratory conditions the priori

tized grout material used in all test series was Pagel HF10. Therefore, the 
parameter variation solely pertained to the adhesive system. In general, 
the tensile strength and stiffness of cured adhesives decrease with 
increasing temperature. However, all other materials involved in the 
hybrid grout connection (steel, grout, and quartz sand) exhibit much less 
sensitivity to temperature. The resulting load-displacement curves can 
be seen in Fig. 13. 

As these tests were carried out in a temperature chamber, the 
displacement is measured by the traverse movemenet of the machine. 
The load-displacement curves show that the stiffness is similar at 
T = − 20 ◦C and T = 60 ◦C. The stiffness at RT is assumed to be the same, 
but as these tests were carried out on a different machine, the load- 
displacement curves are not comparable. 

Fig. 16 provides a summary of the load-bearing capacities Fmax. For 
the hybrid joints involving Sikadur-370, the average load-bearing ca
pacity at –20 ◦C, with Fmax = 146.8 kN, is almost twice as high as at 
room temperature. However, at a temperature of 60 ◦C, a reduction of a 
mere 20% in load-bearing capacity is reported, if compared to the load- 
bearing capacity at room temperature. For the DuploTEC adhesive sys
tem, it can be observed that the average load-bearing capacity at –20 ◦C, 
with 122.4 kN, is approximately 60% higher than the average load- 
bearing capacity at room temperature. At + 60 ◦C, the average load- 
bearing capacity, 60.1 kN, is approximately 20% lower than that at 
room temperature. 

As expected, a low temperature can be considered non-critical in 
terms of load-bearing capacity, as validated by the significant increases 
in load-bearing capacities. However, from an application point of view, 
the minimal reduction in load-bearing capacity of approximately 20% at 
the application temperature of 60 ◦C should also be considered positive. 
Furthermore, it should be noted that the scatter of test results at high and 
low temperatures does not change significantly, remaining within a 
range of up to a maximum of approximately 10 kN. 

In addition to load-bearing capacity, fracture surfaces were also 
analysed. In Fig. 14, a representative fracture surface is shown for each 
adhesive system and each tested temperature. For samples bonded with 
Sikadur-370, cohesive failure is observed below the fracture cone on the 
inner rod at –20 ◦C, while at room temperature, it is less prominent. 
Only adhesive failure occurs at elevated temperatures. DuploTEC 
bonded samples show no significant changes in the fracture pattern due 

Fig. 13. Experimental results of the small-scale hybrid joints tested at T = − 20 ◦C and T = 60 ◦C.  
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to temperature variations. 

3.2.3. Ageing tests 
After the artificial seawater exposure, significant corrosion is visible, 

accompanied by a brownish discoloration of the seawater; cf. Fig. 7-a. 
The specimens subjected to the climatic cycling test also show corrosion 
marks, shown in Fig. 7-b, although the corrosion layer is less pro
nounced compared to the artificial seawater exposure. 

Fig. 15 shows the load-displacement curves after the immersion in 
artificial sea-water and climatic changing. 

The load capacities of samples subjected to exposure in artificial 
seawater and climatic cycling tests are summarized in Fig. 16, including 
the corresponding unaged reference value. As shows Fig. 16 (up), the 
load-bearing capacity of samples bonded with Sikadur-370 increases by 
(on average) approximately 34 kN in the climatic cycling test, if 
compared to the (averaged) unaged reference value. The load-bearing 
capacity after exposure to artificial seawater is also higher than in the 

unaged state, with an increase of only about 21 kN. One possible 
explanation for this unexpected increase in load-bearing capacity is that 
the adhesive system Sikadur-370 may undergo further curing during the 
exposure period. No significant change in load-bearing capacity is 
observed for samples involving DuploTEC due to exposure. 

Fig. 16 (bottom) illustrates the effects of exposure to artificial 
seawater and the climatic cycling test on the specimens: fracture sur
faces were examined for each adhesive and exposure condition. For 
DuploTEC, corrosion marks are observed at the upper end of the fracture 
cone after water exposure. This area had a polyethylene strip (by Tesa) 
inserted between the grout and the outer pipe to prevent bonding, and it 
seems that water penetration caused the corrosion marks. The same 
observation applies to the other exposed specimens. However, no 
corrosion infiltration is noticeable in the adhesive failure area at the 
inner tube for any of the samples. In conclusion, both adhesive systems 
effectively protected the metallic joint surfaces from corrosion. All re
sults of the quasi-static tensile tests on the small-scale hybrid specimens 

Fig. 14. (top) Load-capacities and (bottom) representative fracture patterns of the hybrid grout joints, at low, normal, and elevated temperatures.  
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Fig. 15. Experimental results of the small-scale hybrid joints tested after immersion in (left) artificial seawater and ageing by (right) climatic cycling.  

Fig. 16. (top) Load capacities of aged hybrid joints, compared to the reference, (bottom) failure modes of the aged hybrid joints.  
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are summarised in Table 2. 
In summary, the hybrid grout connections exhibit high resistance to 

external influences, as evidenced by the absence of corrosion infiltration 
in the joint area and, in the case of Sikadur-370, a significant increase in 
residual load-bearing capacity compared to the unaged state. 

4. Discussion and conclusions 

The study investigated the load bearing capacities and fracture pat
terns of small-scale hybrid test specimens. Before manufacturing hybrid 
grouted specimens, an initial study regarding the optimal adhesive 
thickness-granules combination was conducted. Cross-sectional ana
lyses showed, that quartz sand with a single adhesive layer thickness 
(0.5 mm for liquid adhesive or 0.1 mm for adhesive tape) is optimal. 

The fracture patterns of the hybrid grouted specimens generally 
featured a cone-shaped zone formed by grout material on the inner tube 
at the upper overlap end, with adhesive and cohesive failure observed 
below. The parameter combinations with the highest load capacities in 
combination with quartz sand were prioritized for further experiments: 
a) Sikadur-370, Pagel HF10, and quartz sand, and b) DuploTEC, Pagel 
HF10, and quartz sand. 

Temperature had a different effect on load-bearing capacities, 
depending on the adhesive. For the Sikadur-370 adhesive system, load- 
bearing capacity at − 20 ◦C was nearly double that at room temperature, 
while at 60 ◦C, there was a reduction of about 20%. For the DuploTEC 
adhesive system, load-bearing capacity at − 20 ◦C was approximately 
60% higher than at room temperature, and at 60 ◦C, there was a 
reduction of about 20%. Overall, low temperatures had a positive 
impact on load-bearing capacity, while the reduction at high tempera
tures remained within an acceptable range for practical applications. 

Fracture patterns did not exhibit significant changes due to tem
perature variations in DuploTEC samples, while cohesive failure 
occurred below the fracture cone on the inner tube in Sikadur-370 
samples at –20 ◦C, with adhesive failure at elevated temperatures. 

The study also evaluated the effects of exposure to artificial seawater 
and climatic cycling tests. Samples bonded with Sikadur-370 showed an 
increase in load-bearing capacity after the climatic cycling test and 
exposure to artificial seawater, suggesting further crosslinking of the 
adhesive system. No significant change in load-bearing capacity was 
observed in DuploTEC samples due to exposure. Corrosion signs were 
visible in specimens exposed to artificial seawater and the climatic 
cycling test, but both adhesive systems effectively protected the metallic 
joint surfaces from corrosion. 

In conclusion, the hybrid grout connection method presented in this 
research offers advantages over traditional joining methods for steel 
components. Extensive investigations were conducted to analyse the 
mechanical properties and performance of the hybrid connection. Suit
able materials were selected and characterized, and tests were per
formed to evaluate their properties. The constructive design and 
manufacturing processes were optimized based on these findings. Ten
sile tests on hybrid grouted tube connections helped identify efficient 

combinations of adhesive, grout material, and granulate. 
Overall, the hybrid grouted connections demonstrated improved 

load-bearing capacities when exposed to artificial seawater and climatic 
cycling tests. Sikadur-370-bonded samples showed a significant increase 
in load-bearing capacity, potentially due to further crosslinking during 
exposure. DuploTEC-bonded samples showed no significant change in 
load-bearing capacity. Both adhesive systems effectively protected the 
joint surfaces from corrosion. These findings highlight the potential of 
hybrid grout connections as a reliable alternative for joining steel 
components in various applications. 
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