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Abstract

In offshore structures born over time the need to replace or reinforce existing metal members. A
possible solution is represented by using bonded connections. In this paper, a simple and efficient
semi-analytical procedure is developed to design or verify existing structures reinforced by bonding
steel elements. The model can evaluate the interfacial shear stress at all loading stages up to the failure
of adhesive connections exposed in the marine environment. The metal adherents bonded together
can undergo slip at the interface. The model is based on Bernoulli beam theory and satisfies the
requirements of equilibrium and strain compatibility allowing for interfacial deformations. The
adherents are treated as non-linear material with an elastoplastic strain hardening behaviour. The
adhesive layer takes into account the degradation process under ageing conditions. The presented
formulation has been validated employing a finite element model.

In addition, double lap shear and end-notched flexural experimental tests have been performed to
evaluate the cohesive behaviour in mode II of polyurethane structural adhesive under the combined
effects of water and temperature during 150 days of exposure. The experimental results have been
implemented in the numerical procedure. The numerical analyses show that the adhesive connections'
performance is influenced by the short ageing conditions.
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1. Introduction

The use of adhesive for realizing structural joints in mechanical and civil engineering is spreading
more such as by co-bonding or secondary bonding [1].

One of the most important characteristics of adhesive connections is the possibility of joining
dissimilar materials such as steel, aluminium, and fibre-reinforced composites.

Furthermore, the speed of installation or replacement of structural elements and the facility of
maintenance and the improvement of corrosion [2], features needful in marine applications, lead to
consider these type’s connections particularly suitable for the construction of secondary members
such as the wind installations in the offshore structures [3]-[5].

As is well known, the damage mechanisms of adhesive connections can be influenced by various
factors such as loading conditions, mechanical properties of adhesive and adherents, adhesive
thickness, and adhesion quality. Among them, the presence of leading causes of degradation, such
as ageing, is an aspect to be deeply investigated.

Therefore, a deep and complete understanding of the behaviour of adhesive joints in ageing
environments becomes fundamental to exploiting their capabilities in civil and mechanical
applications.

Indeed, there are different types of adhesives capable of being used in structural applications. Beyond
the already extended use of epoxy adhesives, polyurethane based adhesives are started to be used
increasingly more [6]. In fact, polyurethanes are being implemented in the industry in different ways
mainly thanks to their good properties against external agents [7] after recent studies have shown the
capability of this material to be used in structural applications [8]-[11].

Adhesive durability and joint reliability are key parameters still under evaluation that strongly affect
the performance of adhesive joints over time in both civil and mechanical engineering fields [12].
Some research works, focused on the investigation of the effects of humidity and temperature on the
mechanical performance of adhesive joints, can be found in the literature, indeed in most cases are
related to the use of epoxy adhesives [13]-[15]. Viana et al. [16] developed a review about the
degradation of adhesive joints caused by temperature and humidity applications. The influence of
severe environment on the resistance in terms of shear and tensile strength of multi-material adhesive
joints has been studied in [17], as well as the effect of combined environmental loads on the behaviour
of metal-composite adhesive joints [18]. Costa et al. [19] studied the fatigue behaviour of aluminium
adhesive joints after water immersion. Heshmati et al. [20] found a direct relationship between
moisture content and mechanical properties degradation by analysing the effect of moisture on the
performance of an epoxy adhesive. Indeed, is not possible to extend this relationship in the case of
polyurethane adhesives.

Ageing mechanisms of polyurethane adhesives are studied in the literature [21]-[22], but still need to
investigate the study of mechanical behaviour of polyurethane joints under the combined effect of
temperature and water.

Furthermore, to design and verify the adhesive connections, it is crucial to know the mechanical
properties of adhesives such as strength and fracture energy but also their durability [23].
Nowadays, few experimental data about adhesive fracture energy are available in the literature
making the use of bonded joints, especially in the field of mechanical and civil engineering, a hard
challenge [24]-[26].



Some researchers focused their studies on the evaluation of the influence of the temperature on the
fracture energy [27]-[29], on the other hand others analysed the performance and/or durability of
adhesive joints in the presence of temperature and moisture with adherents made of carbon [30]-[31],
glass and [32] and steel [33]-[35].

Indeed, a complete evaluation of the behaviour of polyurethane adhesive under the combined effect
of water and temperature is still lacking. The importance to define the mechanical mechanism at the
interface of adhesive under the aging condition in the design of structural application covered an
aspect of primary importance.

In literature, the most common approach for the numerical modelling of adhesives is the macroscopic
model named cohesive zone defined by a traction separation law used for large-scale analysis thanks
to the low computational cost and its simplicity [36]-[37]. The cohesive zone model can capture the
phenomena typically observed in structural adhesive applications such as crack propagation.
Although the cohesive model is widely validated for structural epoxy-based adhesives, Dasai et al.
[38] found experimentally a traction separation law for polyurethane adhesive through double
cantilever beam tests.

In this framework, to design and verify new bonded connections or repaired structures made by steel
adherents, the fracture energies considering the effect of ageing conditions on the relative interface
law represent a crucial parameter to know.

To define the interface law in Mode II and the degradation effect of short ageing conditions due to
the application of the combined effect of temperature and water some experimental tests have been
undertaken and the main results analysed.

More in detail, double lap shear and End Notch Failure (ENF) tests have been performed to define
the interface parameters such as shear strength and fracture energy in mode II. The specimens were
placed in water at 60°C utilizing an oven and tested during a time of 150 days. The experimental
results have been permitted to identify the cohesive law in mode II.

Furthermore, an efficient semi-analytical procedure is proposed by authors who intend to study the
influence of hygro-thermal ageing on the mechanical behaviour of adhesive joints with polyurethane
adhesive. The model is based on the Bernoulli beam theory and satisfies the requirements of
equilibrium and strain compatibility allowing for interfacial deformations. The adherents are treated
as non-linear material with an elastoplastic strain hardening behaviour. The governing equations are
formulated as two second-order differential equations with their dependent variables. The equations
are solved for discrete states experienced by the steel adherents and their associated level of interfacial
slip. The presented formulation has been validated employing a finite element model.

The analytical model permit to design of safe structural adhesive steel joints considering the effect of
ageing on the adhesive layer. In fact, the analytical model is based on the hypothesis that the
degradation phenomena due to the ageing conditions occur only in the adhesive layer, being the
adherents of a metallic nature.



2. Analytical formulation

Let Fig. 1 represents some examples of composite structures made by steel elements bonding together
using a structural adhesive. More in detail, the composite structure shown in Figure 1 (a) is composed
of a HE steel profile reinforced with a steel plate. Another example is shown in Fig. 1 (b), where a
horizontal plate is bonded on two square columns and ended with a rectangular plate in order to
realize a railing.

These types of structural applications can be thought of for secondary structures in offshore wind
installations. It is important to underline that the use of bonded connections avoids the dangers and

the slag deriving from welding operations in the marine environment.

(a) (b)

Fig. 1 — 3D view of composite adhesive structures

The composite structure is subjected to uniformly distributed load ¢ as depicted in Figure 2.

In this figure, Lg denotes the length of the element subject to a uniformly distributed load. Due to
symmetry only half of the composite structure is considered in the development of analytical
formulation.

Notice, the proposed methodology is not theoretically limited to symmetrically or uniformly loaded,
but these are imposed in the current investigation.
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Figure 2: Composite beam analyzed.




In Figure 3, the cross-section of the steel adhesive connections, subjected to the external moment due
to the load applied, is depicted. Note that Fs; and Ms; are the force and moment resultants of the
stresses in the upper steel profile acting through the centroid while Fs, and Ms; are the force and
moment resultants of the stresses in the lower steel profile. Finally, Fa represents the longitudinal
force due to the presence of the adhesive layer.

To satisfy equilibrium, Fs; compression force in the upper steel horizontal plate must be equal to Fi,
the tensile force in the lower steel profile.
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Figure 3: Transverse section of the steel-concrete composite beam.

Furthermore, ug, andu , represent the centroidal axial displacement of the upper and lower section,

respectively. Observe, the slip A at the interface can be expressed as

A =Ugy; TUgy; = Ug TUsy TX (1)

where u,;; and u,;, represent the axial displacement of the upper and lower steel member at their

sl,i
interface, respectively, ¢ the section rotation and z the distance between the centroids of the

respective section. In the present formulation, the steel profiles are assumed to have equal vertical
displacement and rotation at any section according to the Bernoulli beam theory.
Considering the moment equilibrium of the composite cross section, the external moment, M ,, due

to the applied load acting on the steel adhesive connection, is equilibrated at any section by the sum
of the resisting moment of the upper member, M (,, and the resisting moment of the lower member,

M ¢, , plus the moments generated by the presence of axial forces, as expressed in Eq. (2):

Me :MSI+MS2+FS2dS2_FSldSl :MS1+MS2+F;1dS (2)

Moreover, from equilibrium of internal axial forces:

Fszz_Fm:F 3)

a

The moment arms, d, and d,in Eq. (2) represent the distance between the interface and the centroid

of the upper and lower steel elements, respectively.



It is important to point out that from the equilibrium of the horizontal forces acting on the steel profile
elements in Fig. 2, the interfacial shear flow is given by

dF
4 =-1b 4
I 4)

where 71 is the interfacial shear stress at the interface of the adhesive layer. In the current model the
origin of the coordinate x is located at midspan. The interfacial shear stress is a function of the slip A
at the adhesive interface.

The moment of the steel profile can be related to the section curvature y. Non-linear behaviour can
be captured considering the non-linearity of its components.

The non-linear M — ) response can be approximated as a bilinear curve as well as the resultant
force-extreme fiber steel strain (Nj-¢) diagrams for a steel profile, depicted in Fig. 4(b).

In the figure, the moments M, and M, respectively, represent the yielding and ultimate moment

and denote the corresponding curvatures.
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Figure 4: (a) Bilinear moment-curvature curve for steel section
(b) Bilinear Steel section resultant compression force-strain curve

The metal constitutive relationship is here reported:

M,' = /\/Ei,jli,j (58.)
M;,=M, ;+E I, (/Y _/Yy,./) (5b)

i= 1,2 first and second branch, j=1,2 first and second steel adherent.

N,=0,A;=€,EA, (62)

N;=N,;+EA, (g_gy,j) (6b)

By satisfying the compatibility (Eq. 1) and equilibrium (Eq. 3) requirements, and by using the
constitutive relations (Eq. 6), it can be obtained the expression of the slip’s derivative function of
curvature:



dA

——=-F,u"+n"+ xd, (7)
dx ’
with
e E A +E A, 8a)
ELJ'AUEZJ'A?J
. Ny,2 _gy,ZEy,ZAQ,j _ Ny,l _gy,lEy,lAl,j (8b)
EZ,jAZ,j El,jAl,j

Considering the equilibrium (Eq. 2-3) and by using the constitutive relations (Eq. 6), the expression
of curvature has been calculated:

M - o *
X:(e_m- Fa]k ©)
dS
where
. _ My,l +My,2 _(El,jll,j)(y,l +E2,j12,j)(y,2)
m = (10a)
ELJ.ILJ. +E2’j12’j
* d
k = §
E I +E I (10b)

Lj"Lj 2,j72.j

Substituting the expression of curvature (Eq.9) in Eq.7, the following expression has been calculated:

_:_Fa(,u*+k*ds)+(Me+m*)k*—n* (11)




2.1 Adhesive interfacial slip law

Over time, the bonded connections are subjected to a degradation process of the adhesive mechanical
properties due to the presence of external environmental conditions especially in the case of marine
applications. In fact, in the case of metal adherents bonding together, the weak element which may
be subject to a rapid ageing process, is doubtless the adhesive layer. Moreover, seawater environments
can be provoking reversible or permanent changes on the mechanical properties at longer ageing
times to the adhesive, and to the substrate/adhesive interface.

In the current analytical investigation, the adhesive layer is considered subject to a degradation
process with respect the metal elements whose mechanical properties are invariant over time.

To take into account the change of adhesive properties at the interface, the approach of Liu et al. [1]
can be considered. The cohesive properties such as the shear stress, stiffness and fracture energies
can be reduced depending on the environmental condition, as depicted in Figure 5.

In this approach, a simple assumption was made: the properties of the adhesive are degraded by
multiplying an estimated factor according to the environmental conditions as reported in Eq. 12.

shear, T

Tmax,to

Tmax L

Ao A slip, A
Figure 5: Interfacial shear slip law.
" =cr,” (12a)
G" = ;G (12b)

where T and To are maximum shear stress with and without ageing; G" and Gy are fracture energy of
adhesive with and without ageing, which can be obtained from experimental tests, and ¢; (i=1 to 4)
are extra degrading factors. The degrading factors were estimated by experimental tests in ageing
conditions.

For the sake of simplicity, the non-linear behaviour of the interface can be idealized by a bilinear
elastic-softening relationship as shown in Eq. (13).

r"=al for A<A (12a)




" =B(A, —A)for Ay<A<A, (12b)

By satisfying the compatibility (Eq. 1) and equilibrium (Eq. 2-3) requirements, and by using the
interface shear-slip relationship (Eq. 4) and the constitutive relations (Eq. 5-6), the solution of the
governing equations can be obtained, depending on the evolution of interfacial slip and the state of
the adhesive composite section as explained below.

@) For Slip Level I: A< A,

Since slip is independent of the state of the cross-section, at any slip level, the adhesive composite
section could be in any of the abovementioned states. The governing equation can be solved for each
state, subject to the A <A constraint or as shown below.

Considering Eq. (11) and Eq (4) and the shear-slip relationship in Eq. 12, the second-order differential
equation can be obtained:

d’F, _
e Wy F, =-1, (13)
with
& =ab, (1K) (14a)
N, =ab,[ (M, +m' )k =n' ] (14b)

The generic solution of the second-order differential equation is calculated:

F,(x)=ce® +c,e ™" U (15)

(ii) For Slip Level II: A > A,

For slip level 11, a second-order differential equation similar to Eq. (123) can be written as

d’F
PR F,w; =1, (16)
with
w, = b, (17 +kd,) (17a)

My = Bb,[ (M, +m )k =n"| (18b)




The generic solution of the second-order equation is reported in Eq. 19

F,(x)=c;sin (a)ﬁx)+c4 cos(wﬁx)+ZJ2—ﬁ (19)
B

The external moment for the case considered is expressed in Eq. 20. It is important to underline that
different loads can be applied in the current analytical model, changing the expression of Eq. 20.

e

4

L
b q _ 2
Cla(Z x}
M =— 7

(20)

Furthermore, the integration constants ¢ can be evaluated based on the boundary conditions of the

connection:

dF

- (0)=0 (21a)
d°F, (L) _

7 5 =0 (21b)

2.2 Numerical Solution Scheme

The connection is divided into several finite segments and since the problem is nonlinear, the load is
applied incrementally. Initially, all the segments will have zero slip (slip level I), thus the solution
would be based on the elastic branch of cohesive law. Once a segment is entered in the softening
branch the appropriate analytical solution needs to be applied. At the common point of adjoining

segments x, and x,,, , the following continuity conditions must be satisfied:

F,, (x)=F ( x.;) (continuity of shear force) (22a)

ulj(x) au( z+1)

dx dx

i+l

(continuity of strain) (22b)

Due to the nonlinear nature of the problem, the solution must be iteratively performed, and the
iteration will be terminated once a pre-selected convergence criterion is satisfied. In the present
analysis, at the transition points of the adhesive connection from one stress state to another, it is
checked to make sure that the steel adherent moment corresponds to My (at the transition from State
1 to 2).

Finally, at a common point of each two adjoining segments, the slip exhibited at the interface between
the two adherents is controlled (A < Ao or A >Ao).



3. Experimental tests

To characterize the mechanical properties of the adhesive interface exposed to short ageing
conditions, double lap shear and end notched flexure (ENF) specimens have been realized and tested
at the Laboratory of Mechanics and Acoustic (LMA) in Marseille.

The double lap shear joints have been dimensioned following the geometrical configuration of Type
B of ASTM Standards D 3528-96 [39]. In particular, each specimen has been constituted by four steel
plates, two of dimensions 112x26x4 mm and the other two of 50x26x2 mm, respectively, bonded
together by means of an adhesive layer of overlap length equal to 20 mm and a thickness of 4 mm as
depicted in Figure 6. The perfect alignment of steel plates has been guaranteed by an aluminium
device. To ensure perfect adhesion, the steel surface has been cleaned with acetone.

— ::: — a—

e—— S0mm-— e

&e—— 112 mm ® € 12mm —@

234 mm

Figure 6. Double lap shear joints according to ASTM Standards D 3528-96

The geometrical dimensions of ENF tests have been fixed according to ASTM D7905/D7905M - 14
[40]. More in detail, two rectangular steel pieces of dimensions 240x15x15 mm have been bonding
together with an initial pre-crack of 50 mm, as reported in Figure 7.
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Figure 7 . ENF tests specimen geometry according to ASTM D7905/D7905M - 14

A total of 18 double lap shear joints and 10 ENF specimens have been fabricated. Some specimens
are shown in Figure 8. The glue used in the current experimental investigation is a two-component
polyurethane-based adhesive for structural bonding, containing no solvent and called Loctite UK
1351 B25 / Loctite UK 5452, available on the market. The mechanical properties declared by the
produced [41] are reported in Table 1.



Table 1.Adhesive mechanical properties [41]

Mechanical Property Unit Value
Shear Strength, T MPa 20
Glass Transition temperature, Tg °C >70

The adhesive has been applied with a cartridge gun with a mixing of the two components. For both
types of specimens S275 steel material has been used which mechanical properties are reported in
Table 2.

Indeed, the environmental temperature if exceed the glass transition temperature (Tg) of the adhesive
leads to relevant changes in its properties, determining, for instance, a transition from a hard to a
rubbery behaviour, thus compromising its specific application [42].

Table 2. Steel S275 mechanical properties

Mechanical Property Unit Value
Yield Stress, fiy MPa 275
Ultimate Stress, fu MPa 360
Young’s Modulus, E; GPa 210
Shear Modulus, G GPa 81
Poisson’s ratio, V - 0.3

3.1 Aging Condition

After a curing time of 7 days, the specimens were completely immersed in tap water inside two vessels
(Figure 8) and introduced in ovens with a constant temperature of 60 degrees for a total ageing time
of 148 days. It is important to underline that the temperature chosen is lower than the glass transition
temperature, T,. Inside the ovens, the vessels were covered by Teflon sheets able to withstand high

temperatures for avoiding the evaporation of water and ensure a complete immersion of samples
(Figure 9).




Figure 8. Specimens immersed in tap water: (a) double lap shear specimens; (b) ENF
specimens

Figure 9. Specimens introduced in the oven

After the ageing time, the samples were taken from ovens and observed. As it is possible to note from
Figure 10, the samples present corrosive phenomena on the steel surface. After the experimental tests,
another observation has been done to verify the presence of corrosion at the interface between
adhesive and adherents.

@ * () _
Figure 10. Specimens after ageing time: (a) double lap shear specimens; (b) ENF specimens

3.2 Water absorption

The moisture content, M;, absorbed by the polyurethane adhesive of each specimen immersed in the
water was evaluated in accordance with the EN ISO 62:2008 [44], measuring the weight of dry
material before water exposure, Wy, and after exposure W, as follows:



0

Mt(%) = (Wf“_/WO leO (23)

The absorption of water was monitored using a balance with high precisions. Each measure was taken
at 24 h of intervals.

The water absorption in the polyurethane adhesive is shown in Fig.11. As expected, the rate of water
absorption is high at the early stages and then subsequently decreases. After 15 days, the adhesive
continues to incorporate water at a small rate. The absorption process is complete after 42 days as a
consequence the curve ends with a plateau.
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Figure 11 — Water absorption cure for polyurethane adhesive immersed in water

3.3 Experimental Tests

In this section, the two types of experimental tests, double lap shear joint and end flexural notched
tests, are described, and analyzed in order to evaluate the mechanical properties of a polyurethane
adhesive under hygro-thermal ageing.

(1) Double lap shear joints Tests

The double lap shear joints have been fixed at their ends in the grabs of the servo-hydraulic testing
machine named “MTS 322 test frame” with a load capacity of 100 kN. The tests were carried out in
displacement control at a rate of 1 mm/min (Figure 12) until to reach failure.



Figure 12. Double lap shear joints

The tests were performed with specimens characterized by the presence or the absence of short ageing
conditions.

Figure 13 shows a specimen brought at failure after immersion in water. As it is possible to note, no
corrosion phenomena are started at the interface between adhesive and steel plate but only on the steel
surface not affected by the bonding.

Figure 13. Double lap shear specimen after being tested.




(i1) End Notched Flexure Tests

The End Notched Flexure specimens have been placed in an appropriate device able to apply a vertical
force by means of a three-point bending test as shown in Figure 14. All the tests were performed in
displacement control at a rate of 1 mm/min.

Figure 14. End Notched Flexure Tests.

The samples were tested before and after ageing conditions. The experimental data were continuously
recorded by appropriate instrumentations.

3.3 Experimental Results

In this section, the experimental data have been analyzed with the scope to define and calibrate the
interface law in Mode II. Furthermore, the founded mechanical parameters are involved in the
analytical model proposed by the authors.

As above aforementioned, 18 double lap shear joints and 10 ENF specimens have been tested under
monotonic load up to failure. Among them, 3 DLSJ and 3 ENF samples have been tested without
ageing conditions (time, 7, equal to 0), the other specimens have been tested after the days declared
in Table 3, considering that after 42 days the moisture absorption process is complete (see Figure 11).

Table 3. Experimental results of double lap shear tests

Days Test Fu Fum Ou Ou,m Tav Tav,m
# [KN] [KN] [mm] [mm] [MPa]
LO#1 10.54 0.27 10.14

0 LO#2 10.64 1091 0.21 0.24 10.23  10.49

________________ LO#3 1155 024 1LI0

L42#1 17.16 0.33 16.50
L42#2 17.91 0.35 17.22

42 L42#3 13.85 16.10 0.27 0.31 13.32 1548
L42#4 17.78 0.34 17.09



The experimental results in terms of mean ultimate force vs ageing time are summarized in Figure
15. As it is possible to note, at the beginning the high temperature influences the polymerization
process, increasing the shear strength followed by the beginning of the degradation process.
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Figure 15. Variation of the ultimate force of double lap shear tests under the ageing
condition

In Table 4, the evaluation of the energy fracture has been undertaken through the correct beam theory
with effective crack method length (CBTE) [45], able to take into account the shear effects introduced
in the specimen compliance. The CBTE is based on the equivalent crack estimation that does not
need the measurement of debonding propagation and preliminary tests for adherend flexural modulus

determination. With this approach, the critical strain energy release rate G is

11

_ 9P’
16B°1’E,

(23)




where [=L/2 is the half-span length, P is the applied load, ae is the effective delamination length.
The effective crack length, a function of elastic properties, can be easily obtained by Eq. 24:

3

1

a, = {E(SCCB#EL -2 )}[ (24)

where C:. is the corrected measured compliance.
Being the measured compliance Eq.25a equal to the ratio of tangential displacement to load, the
corrected compliance is Eq.25b

C=— (25a)

3l
¢ 10GBh
where G is the shear modulus of steel adherends.

(25b)

Table 4. Experimental results of ENF tests

Days Test Fu ou Gu
# [N] [mm] [N/mm]

EO0#1 4136 091 2.24

0 EO#1 4928  0.97 2.82

E148#1 2335 0.61 0.85
148  El148#4 3457 0.75 1.54
E148#5 2728  0.64 1.04

3.3 Evaluation of cohesive law.

In this section, the cohesive law of the Loctite polyurethane adhesive is evaluated thanks to the
experimental results obtained at different steps of ageing hygro-thermal condition due to the
immersions of the adhesive in water at a constant temperature of 60°. The interface properties are
defined also in the absence of ageing conditions.

As reported in the previous sub-sections the fracture energy in Mode II has been defined under short
ageing conditions by means of the experimental data of ENF tests.

Using a bi-linear expression (see Eq. 12), by the knowledge of the energy of fracture and ultimate
slip, it is possible to define the maximum shear stress reported in Table 5.

It is important to underline that the mean value of experimental tests has been considered in the
current evaluations.



Table 5. Cohesive law parameter

Days Tm G Au Ae

[N] [N/mm] [mm] [mm]
01083 245 045 0054 _
_____ 421601 878 1100075
_____ 721393 242 035 0075

148 13.65 1.14 0.17 0.048

The parameters Tm, Ac and Ay, are evaluated by reproducing the experimental results through the
classical fundamental equation of double lap shear joint following the procedure described in
Appendix A.

4. Numerical Analysis

4.1 Validation of the analytical model

To assess the robustness of the analytical model a comparison with the numerical results of a FEM
model has been undertaken.

The structure considered (Figure 1) has the length of the first and second adherent equal to 1000 mm,
and a thickness equal to 5 mm, on the other hand the length of the second adherent has a thickness
equal to 20mm. For each adherent, the width is equal to 50 mm. Half part of the composite structure
has been modelled due to the symmetry and appropriate boundary conditions have been set.

The properties of the adherents are reported in Table 2. To simulate the adhesive behaviour a bi-linear
cohesive law has been introduced. The damage occurs only in the adhesive layer and its evolution is
governed by energy in Mode II (GII) dissipated.

The properties of cohesive law are reported in Table 5 for the case characterized by the absence of
ageing conditions.

A total of 13000 CPS4 (4-node bi-linear stress quadrilateral) elements with a length of 1 mm are used
for meshing the adherents. Two numerical analyses have been performed for uniformly distributed
loads equal to 0.162 and 0.280 N/mm?, respectively (Figure 2).

Fig. 16 — 2D view of composite structures.

Figure 16 shows a 2D view of the finite element model. The numerical results in terms of shear stress
distribution along the adhesive layers are compared concerning the analytical one as depicted in
Figure 17, for both uniform load levels.
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Fig. 17 — Shear stress distribution at the interface of adhesive connections: comparison
between analytical and numerical data.

It is important to underline that the first load produce shear stress lower the elastic limit, on the other
hand, the second load provoke slips higher the elastic limit in the external region of adhesive
connections. As it is possible to note from Figure 15, the comparison between analytical and
numerical data are in very good agreement showing the accuracy of the analytical procedure.

4.1 Parametric analysis using the proposed model.

A parametric analysis has been undertaken using the analytical formulations proposed. The model
considers the cohesive lows of the polyurethane adhesive influenced by short ageing conditions due
to the simultaneous presence of water and temperature.

The composite structure, the object of the parametric analysis, is characterized by a length, Lg, equal
to 1000 mm, where the uniform load is applied, the width of each plate, ba, equal to 50 mm, the
thickness of upper and lower plates, 4s; and hs2 equal to 20 and 5 mm, respectively.

The mechanical properties of adherents are reported in Table 2 while the mechanical properties of
the interface layer are reported in Table 5.

Figure 18 shows the ratio between the ultimate uniform load at 42, 72 and 148 days and at time O
(without ageing).

Figure 19 shows the distribution of shear stress at debonding load for any case analyzed while Figure
20 shows the corresponding slip.
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As it is possible to note, the numerical results confirm the reduction of the ultimate uniform load
and elevate aging time, shear stress and corresponding slip along the adhesive interface.

5. Conclusions

In this paper, a simple analytical procedure is proposed in order to study the behaviour of adhesive
connections for secondary structures in marine environments. The analytical equations are based on
Bernoulli beam theory taking into account the degradation of mechanical properties of the adhesive
interface due to short ageing conditions. Double lap shear and End Notched Flexural tests have been
performed to calibrate the properties of polyurethane adhesive under the combinate effects of water
and temperature.

The numerical and experimental results support the following conclusions:

1) The analytical model has been validated thanks to the use of a fem model. The equations can
take into account the non-linearity of adherents and adhesive, and the effects of ageing
conditions.

2) The experimental results showed a reduction of polyurethane adhesive properties due to the
effects of short ageing conditions.

3) The immersion of water produces corrosion phenomena on the external side of steel
connections. No corrosion was observed at the interface between adherents and adhesive.

4) The model is proposed as a simple and useful instrument to design the secondary structure in
marine environments.
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Appendix A

The procedure described in Appendix A is applied in order to evaluate the mechanical parameters
of cohesive law in Mode II. The fundamental equation of a double lap adhesive joint has been
considered. The differential equations of the slip in the elastic and softening branch of cohesive
law are reported in the following:

2 A.l
C;/l -, ,A=0 for A<A, (A1
Z
d* (A=A (A.2)
%_wﬂﬂ (/1 _Au) =0 for A >/L
<
with
_2ba (A.32)
171
_2bp (A.3b)
p E1A1

The solutions assume the following expressions:

A(x) = Acosh(a,z) + Bsenh(w,z) (A4)
A(x) =4, + Ccos(a)ﬁz) +Dsen(a)ﬁz) for A>A, (A.5)

The differential equations have four integration constants, to find them it needs to impose
appropriate boundary conditions: Continuity between equations A.4 and A.5, absence of slip in
the centroid of the adhesive layer and the force applied.

For any case, the ultimate experimental force is applied as a boundary condition, the parameters
Tm, Ae and A, are varying and the shear distribution in the adhesive layer is evaluated.

When the average value of numerical shear stress evaluated along the adhesive layer corresponds
to the experimental one, the parameters Tm, Ac and A, are defined.



Appendix B.

Using the proposed model, the case depicted in Figure 1.b can be analyzed. The geometrical
parameters are shown in Figure B.1.
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Figure B.1 - Composite beam (railing) analyzed.

Note in this case, only the adhesive connections of length La are considered. The results satisfy the
Bernoulli beam theory when the height of adherent 1 and 2 is the same and the length La is higher
than 10 times the height.

The composite structure considered is characterized by a length, Lg, where the uniform load is applied
equally to 1000 mm, the half-length of adhesive connections, La, equal to 150mm, the width, ba,
equal to 50 mm, and the thickness of each element, As, equal to Smm.

The analysis using the proposed model has been performed using the mechanical properties of the
polyurethane adhesive defined experimentally under short ageing conditions. It is important to
underline that ageing is due to the simultaneous presence of two boundary conditions: water and
temperature. The mechanical properties of adherents are reported in Table 2 while the mechanical
properties of the interface layer are reported in Table 5. The purpose of the parametric analysis is to
demonstrate the variation of ultimate load applied at different days of aging conditions and the relative
shear stress distribution.

Figure B.2 shows the ratio between the maximum uniform load applied before failure at 42, 72 and
148 days and the maximum uniform load at time 0.
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The distribution of shear stress for any case is reported in Figure B.3.
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Figure B.3 - Shear stress distribution at debonding along the adhesive length




