
ARCHIVES OF CIVIL ENGINEERING, LVIII, 3, 2012

DOI: 10.2478/v.10169-012-0018-8

APPLICATION OF ADHESIVE BONDING IN STEEL AND ALUMINIUM
STRUCTURES

M. PIEKARCZYK1, R. GREC2

The paper presents achievements in gluing technique in steel and aluminium structures. Adhesives
currently in use and available on the market are characterized from the point of view of their me-
chanical properties. Design rules of adhesive connections and basic methods for their calculations
are mentioned. The most significant examples of the applications of those joints in steel as well as
aluminium structures are shown.
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1. I

The idea of applying adhesive bonding to metals had its origins in the adaptation of
phenolic adhesives used initially for bonding of wood as well as in the introduction of
rubber-metal joints in machinery. In 1942, the phenol formaldehyde modified adhesive
– Redux 775, with powder improver of methyl polyvinyl, which raises the strength of
the adhesive and its resistance to environmental influences, was applied for the first
time in the air industry to combine metal parts. This adhesive has been used in the
construction of aircraft (Fokker 100) until today, D [1].

The breakthrough in metal bonding was caused by the introduction of epoxy resins
by the Swiss company CIBA in 1946. They were mainly applied in aerospace engi-
neering, in particular after the development of etching technique to joined surfaces by
means of chromic acid.

An example of the successful application of adhesives in building structures is the
steel bridge over the Lippe-Seiten channel near Marl in Germany. It is the first “glued”
bridge where adhesive bonding is backed up by bolts in case of adhesive bonding
failure. The bridge was built in 1950 and was used till 2001 without any damage. The
second example is a “glued” bridge over the same channel built in 1963, M [2].
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Adhesive bonding has been in regression since the end of the nineteen sixties
of the last century because of rapid advances in welding technique. Nowadays, adhe-
sive bonding is becoming more increasingly important as a means of strengthening,
K [3], K, P [4], P, K, P [5], P-
, M [6] and connecting, D, F, Gβ, P, U

[7], F, V, Gβ, W, Gβ, W [8], Ḱ [9], M [2],
P, S, S [10] light gauge as well as slender steel and alumi-
nium structures. Adhesives are also used successfully to join metal parts with glass in
the modern architectural objects, mainly elements of façades C [11], M,
E [12], P, M [13].

Adhesive bonding techniques in metal structures have also been developed for
years by Polish scientists, in particular in the Air Institute of Aviation Technology in
Military University of Technology by J. Godzimirski and colleagues, listed here only
since 2004, Ǵ, T [14], [15], Ǵ, K [16], Ǵ,
Ŕ [17].

Special attention should be paid to M. Łagoda who in his monograph [18] pre-
sented a method of strengthening steel bridges by elements joined with adhesives. The
conclusions derived from many years of practice and confirmed experimentally in that
study show that adhesive joints are effective in this field from economical and technical
point of view.

In recent years, studies on the application of the adhesive techniques in steel
structures have been carried out in Warsaw University of Technology mainly by W.
Żółtowski regarding connecting of façade elements, Ż́, C, Ḱ [19],
and in Cracow University of Technology in the field of strengthening slender girders
by adhesively joined steel elements, K [3], K, P [4], [20],
P, K, P [21].

Nowadays also another technology of strengthening building elements i.e. with
use of external carbon fiber reinforced polymer ( CFRP) strips bonded to them by
adhesives, developed previously in concrete constructions e.g. G, R

[22], U, T [23], is in constant progress in steel slender structures P, H

[24].
Aluminium structures may also be connected by adhesive bonding, mainly in jo-

ining secondary elements in aerospace industry [25], in shipbuilding and in automotive
industry, H [26]. In construction adhesive bonding is used to connect external panels
of façades [27]. Examples of the application are given in chapter 5.5.
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2. T         

2.1. C     

Classification of adhesives can be made on the basis of various criteria, e.g. basic che-
mical components (inorganic, organic, natural organic, synthetic organic); consistency
(liquid, plastic, solid) and hardening (chemical hardening, hybrid, physical hardening
F, V, Gβ, W, Gβ, W [8]).

In addition to the glues already mentioned in the introduction, two compound
adhesives hardened by polymerization have gained the greatest importance in metal
structures. Two compound adhesives are based on polyesters, acrylic or vinylester,
in particular epoxy and polyurethane glues as well as one compound polyurethane
adhesives. The adhesives shown in the Table 1 are the examples of the aforesaid
adhesives according to the data available in German documents D, F, Gβ,
P, U [7], M [2]. They are also presented in Fig. 1 to show a
relation between their elastic and plastic properties and the chemical composition.

Fig. 1. Elastic and plastic properties of adhesives according to Table 1.

Polish market also offers a wide range of metal oriented adhesives of high en-
durance, for example Proxima adhesives produced by NTR company from Bełchatów
[28] as well as the adhesives produced by Megachemie (Cracow) [29], see Table 3.

Information available in this field is very complex.

2.2. M   

The design of adhesive connections is based on the knowledge of the fundamental
mechanical characteristics of adhesives i.e.: shear strength Rt , tensile strength σza,
modulus of elasticity Ea and shear modulus Ga (see Table 1).

Shear strength Rt is specified with the use of a specimen consisting of two lap
joined metal plates as for example in Fig. 2, K [3] in a tensile machine at
constant speed until failure of the connection. The test is described in the standard
PN-69/C-893000 [30].
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Fig. 2. Geometry of a specimen in shear strength tests of an adhesive after [30] (Kubieniec [3]).

The Polish standard [30] cannot serve as a basis how to describe the relation
between shear stress τ and angular deflection γ or slip (tan γ) and how to describe
shear module Ga. Those descriptions are presented in German standards, e.g. DIN EN
ISO/DIS 11003 (2) [31]. Specimens, a compound of two plate bars joined by a thin
layer of glue as shown in (Fig. 3, K [3]), shall be placed in a tensile machine
and loaded till rupture.

Fig. 3. Shape of a specimen in shear tests after [31] (Kubieniec [3]).

The ultimate tensile strength σza and the modulus of elasticity Ea can be specified
by the Polish standard PN-81/C-89034 [32] or for example the German code DIN EN
26922 [33]. In this study, K [3], tensile tests were carried out on specimens
according to [32] as shown in Fig. 5 whereas in, M [2], on specimens according
to [33] shown in Fig. 6.

The values of the mechanical characteristics obtained in the above mentioned tests
are given for various adhesives in Table 1.

2.3. E     

Mechanical properties of polymers are strongly dependent on the temperature and
undergo degradation with its elevation.

The change of maximum normal stress-longitudinal strain behaviour in dependence
on the testing temperature for a two-compound epoxy pre-polymer, F, V,
Gβ, W, Gβ, W [8] is given in Table 2.
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Fig. 4. Tensile test. failure of a specimen after [32] (K [3]).

Fig. 5. Tensile test for an adhesive specimen after [33] (M [2]).

Table 2
Mechanical properties of an epoxy glue in various temperatures.

Temperature
Ultimate strength

σza [MPa]
Corresponding strain

ε [mm/mm]
–40◦ 25 0.006

–10◦ 42 0.013

23◦ 53 0.024

50◦ 42 0.025

80◦ 30 0.025

120◦ 2 0.025
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An important parameter in assessing the suitability of a glue to be applied at high
temperatures is glass transition temperature (Tg), in which the resin begins to soften
and its mechanical properties are degraded. Table 3 presents typical ranges of glass
temperature for various construction adhesives.

Table 3
Glass transition temperatures for constitutional adhesives.

I.n. Type of adhesive
Trademark

[28], [29], [34]
Glass transition

temperatures Tg [◦C]

1 Anaerobic

Monolith
MH 745-3
MH 525-3
MH 995-3

150◦ – 200◦

2 Cyanate-acrylate
Monolith
CM 30-3
CM 70-3

95◦

3 Two-compound methacrylate MA 170◦

4 Two-compound epoxy

Monolith EP
EP 2523-1
EP 2523-2
EP 2523-1
EP 2523-2

250◦

5 Two-compound polyurethane – 190◦

6
Two-compound modified

epoxy resin Neopoxe 30 51◦

As it is shown in Table 3, manufacturers constantly improve adhesive properties
(Tg) at elevated temperature.

3. P     

3.1. S   

The selection of an adhesive should be based on the following factors: type of surfaces
to be joined (e.g. galvanized or not), exposure to corrosion(e.g. humidity, salinity),
behaviour of the connection at low or elevated temperatures (below-30◦C and above
90◦C), complexity of connections, cost (in particular compared to welding), mechanical
properties, shrinkage, creep, resistance to ageing, C [35], mostly according
to the manufacturer’s recommendations (see Table 1 – column: application).

3.2. A    

The assembling technology of adhesive bonding includes, H [36]: surface treatment,
preparation of an adhesive, priming of surfaces (if necessary), application of the glue,
initial drying of the glue (if necessary), merging using proper pressure, curing of the
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adhesive and conditioning of the connection, finishing of the connection (if needed to
be primed, C [35]), control of the connection.

Special surface treatment of joined parts is of great importance for the strength and
the resistance of connections. The requirements are established mainly by the producer
of the adhesive, e.g. D [1]. Fig. 6 presents an overview of surface treatment
methods for aluminium alloys, D, F, Gβ, P, U [7],

For structural steel, good results are obtained using abrasion or brushing, e.g. grit
blasting treatment with cleaning with dry air. Thin elements could be treated with
nitrogen-phosphoric acids.

Treatment of stainless steel and chrome steel requires the use of chemical or
electrochemical processes with acid etching and mechanical treatment. The last achie-
vement in this area is to use sol -gels by Boeing. Mechanically cleaned surfaces are
treated with sol, which is a mixture of silane (siliconmethane) glycidoxyl acid and
zirconate alcoxide. On the surface of the metal, a thin layer is created which is also
active in the merger of epoxy primer. Sol-gel is available on the market as AC-130,
manufactured by AC TECH, D [1].

Fig. 6. Surface treatment methods for aluminium alloys, D [1].
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3.3. G     

In the design of adhesive bonded structures, it is necessary: to ensure sufficient surface
to bear loads, to avoid rupture and tear loads (see Fig. 7), to replace tensile stresses with
compressive ones (see Fig. 7), to avoid stress concentrations by proper construction of
a joint (see Fig. 8).

Fig. 7. Advantageous and disadvantageous loading on adhesive joints, M [2].

Fig. 8. Choice of appropriate connections and gluing technique after D [1].
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4. D    

4.1. A 

Complete analytical solutions have been reached in selected cases of geometry and
loading of connections with many simplifications. In particular, such solutions are
known for:
• lap joints (V [37], T, O, M [38]),
• lap joints with bending (G, R [39], T, O, M [38]),
• eccentrically loaded lap joints with a variable tensile force (K and K [40]),
• lap joints loaded parallel to the width (H-S [41], K and K [40]),
• double lap joints ( B [42], T, O, M [38]),
• double lap joints with stresses in elastic-plastic range taking into account thermal

properties (H-S [43]),
• double lap joints with stresses in elastic-plastic range and determining the carrying

capacity of the joint (D, B [44], H-S [43]).

4.2. N 

Finite element method allows to model glued connections in 3D space taking into
account elastic-plastic behaviour of the adhesive and the joined elements. FEM method
is growing in popularity D [1], K [3], K, P [4], M

[2], P, K, P [5] but requires a good knowledge of the rules
to create a model and carry out an analysis regarding optimization of grid density in
the selected areas.

Fig. 9. Numerical (ABAQUS) and experimental models of a reinforced knee joint of a frame in the
phase of failure P, K, P [5], [21].
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The numerical solutions obtained with use of FEM commercial programs such
as ANSYS, ABAQUS or DIANA become certain after positive verification with the
results of suitable experimental tests as it is shown for example in the Fig. 9 for a
stiffened knee joint of a frame from a plate girder and in Fig. 10 for a stiffened box
girder (compare chapter 5.3), P, K, P [5], [21].

Fig. 10. Numerical (ABAQUS) and experimental models of a reinforced box – girder in the phase of
failure P, K, P [5], [21].

4.3. H   

For engineering purposes, the rules that are included in standards or expert guidances
are used to design connections fast and safely. Several authors have concluded, C

[11], K [3], M [2] that there have been no rules in this field in Eurocodes
yet, they are only in the phase of creation, P, C [45]. There are however
a number of precise studies as to how to design some selected structures, e.g. glass
façades fastened with glues to metal frames C [46], [47] or thin gauge elements
adhesively bonded,  B [42], [48], H [49], [50]. In addition, some
elaborations have been created to verify the different connection types, most of which
are presented in this study.

5. E        

5.1. F̧   

Glass façades are the type of structures in which the technique of adhesive bonding
(mainly with silicon glue) have been used successfully to improve the aesthetics, light-
ness and transparency of the structures C [11], D, F, Gβ, P,
U [7], M, E [12], M [2], P, M [13], Ż́-
, C, Ḱ [19]. Façades which are not affected by a long-term static load but
only by self weight and a short-term wind load give a wide scope of application of the
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adhesive for attachment C [11], D, F, Gβ, P, U

[7], M, E [12], M [2], P, M [13].
This study, M [2], offers some new possibilities of forming folded sheet façades

which are glued to metal framework.

Fig. 11. Alternative ways of bonding of the folded sheet façades to the skeleton with use of adhesives,
M [2].

Fig. 11 shows three ways of fastening trapezoidal sheet façades to the steel skeleton.
In the variants b) and c) mechanical connectors are applied to attach the beam while
in the variant a) pure adhesive connection is used. In these connections, more ductile
adhesives like an acrylic glue and polyurethan are recommended rather than epoxy
adhesives. The analysis conducted in the study C [11] showed that the metal-glass
façades with adhesive connections behave properly at temperatures from –25◦C up
to +90◦C even at variable loads. They are, however, sensitive to the velocity of load
change and hidden defects in the material, e.g. air bladders. Practice has shown that
such connections are durable even up to 30 years.

5.2. C     

Façades of modern buildings are usually supported by beam-column structures as
shown below in Fig. 12, M [2].

The cold formed column shown in detail (Fig. 12) is strengthened with a 2.5 mm
thick steel plate bonded to it with an adhesive. This solution reduced slenderness of
the column profile and decreased its deformations thus making it possible to use larger
glass panels. The conclusions presented in the study M [2] show that the degree
of strengthening of the profile should not exceed 10% of its initial area in the case of
unilateral strengthening shown in Fig. 12.

Some examples of cold formed adhesively bonded structures are given in the work,
P, S, S [10]. The results of the crash test shown in Fig. 13
for double hat sections joined in pairs by powder welding (left) and gluing (right)
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Fig. 12. Example of a beam-column supporting system of a façade – structural details, M [2].

indicate a greater possibility of energy dissipation in the latter case. Furthermore, tests
carried out with strut elements made from double-hat profiles 1.0mm and 1.5mm thick
joined by adhesive ended up in failure because of loss of local stability but not of the
capacity of bonding.

Another experiment conducted this time on a strengthened cold formed channel
profile shown in Fig. 14 indicated a definite increase in capacity of the beams with such
strengthening in contrast to the non-strengthened one from 7 to 8.5 kN. The adhesive
bonded without any failure.

Fig. 13. Crash-tested double hat- profile, P, S, S [10].

5.3. P    

Plate girders with very slender webs are susceptible to local buckling which limits their
bending resistance. When other methods of reinforcement, e.g. welding that destroys
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Fig. 14. Test arrangement for a reinforced beam from U profile, P, S, S [10].

galvanized layer or heats the plate locally too much cannot be used, adding metal plates
to the web and joining the elements by adhesive bonding becomes an alternative way of
structure refurbishment. It results in visible web strengthening P, K,
P [5], [21].

Fig. 15. Geometry and layouts of reinforcements of the knee joint, [5], [21].

The following are some examples of successful use of adhesive to strengthen
girders: a knee of a girder frame P, S, S [10] and a slender
box girder K [3].

Fig. 15 shows the geometry of the tested frame knee (a) and the methods of knee
strengthening which differ in the number of added plates and the type of adhesive (b).

The increase in the bending moment capacity from 44% to 53% reached in the
tests for the non-strengthened knee (V-02) and for the strengthened models (V-03 to
V-08) shown in Fig. 15b is visible in the paths of equilibrium M-φ (bending moment
– rotation angle) presented in Fig. 16.
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Fig. 16. Moment – rotation paths of equilibrium for the knee joint
P, K, P [5], [21].

Fig. 17 shows the geometry and the loading of the box girder with the strengthened
web by two plates each 3 mm thick. The plates are joined to the web using an epoxy
pre-polymer (Korapox 558 – see Table 1) of a 1 mm layer.

Fig. 18 presents the load (P) – deflection (u) paths of equilibrium for the strengthe-
ned and non-strengthened beams. A distinct increase (about 60%) of bending capacity
of beams in the case of reinforced girder was noticed.

Adhesive technique of joining can be also a serious alternative in the case of
assembly connections of girders. A concept of an adhesively bonded universal connec-
tion was presented in, K, P [20]. A design method and its verification
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Fig. 17. Geometry and layouts of reinforcements of the box girder
P, K, P [5], [21].

Fig. 18. Comparison of experimental P – u paths of equilibrium of the reinforced
and not reinforced box girders P, K, P [5], [21].

by numerical calculations was shown there. A development of the solution, however,
would require further experimental studies.

5.4. C     SPS (--)

Openwork steel panels are an alternative to conventionally welded orthotropic panels
as they eliminate fatigue resulting from welding and decrease depth of the cross section
without reduction of bending capacity due to additional glued bottom plate.

Some glued openwork steel panels of different sections joined with thin (a) and
thick (b) adhesive layers are presented in Fig. 19, F, V, Gβ, W-
, Gβ, W [8]. The panels have shown high capacity, high isotropy and
torsion rigidity in tests.
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Fig. 19. Different cross-sections of hollow plates with thin (a) and thick (b) layers F, V,
Gβ, W, Gβ, W [8].

SPS (steel-polymer-steel) panels are produced in sandwich technology with double
sheet and elastomer joined adhesively to steel. This technology has been derived from
shipbuilding and adapted for bridge construction at the Technical University in A,
F, V, Gβ, W, Gβ, W [8].

An example of SPS panel taken from shipbuilding industry is shown in Fig. 20
(top), whereas bottom left is a traditional stiffened panel and bottom right an alternative
glued panel recommended to use in bridges.

Fig. 20. Examples for the use of SPS – structures from shipbuilding (above) and bridge construction
(bottom right, bottom left – conventional solution), F, V, Gβ, W, Gβ,

W [8].

5.5. S  

Adhesively bonded aluminium alloys are very often used to diminish the weight of
structures. An example of this application is Aston Martin V12 Vanquish motor car,
H [26]. Its structure is made of aluminium extrusions of various alloys and joined
by adhesive bonding (Fig. 21).

Another example are Audi cars [51] whose body is also bonded in this way. An
example in the aerospace industry are Boeing aircrafts whose parts such as stringers,
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straps, body skin of jet structure are adhesively bonded of aluminium parts (Fig. 22)
[25]. Aluminium wing spars are also joined by adhesives [52].

As for the use of adhesive bonding in building structures one could quote façade
panels connected to the structure by adhesive tapes produced by 3M company, see
Fig. 23, [27].

Fig. 21. Aston Martin V12 Vanquish, H [26].

Fig. 22. A Boeing airliner [25].
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Fig. 23. Architectural panels [27].

6. C

The summary shall indicate the advantages of adhesive connections and limits of their
application. The favourable characteristics of the connections are: even distribution
of stresses in the connection, bearing loads by the whole joined area, absence of
thermal stresses, possibility to connect different metals and metal with non-metal,
surface protection against bimetallic and environmental corrosion, no disarrangement
of the structure in connected elements, increasing stiffness of connections, lightness of
connections in comparison with other methods.

The restriction of application of adhesive connections results mainly from their
moderate resistance to high temperature (approx. more than 250◦C), impairment of
some characteristics due to ageing, necessity of intensive pre-treatment, special care
needed to fulfil demanding technological requirements, limited use of non-destructive
tests in control.

Despite these restrictions, as it is shown particularly in Chapter 5, adhesive bonding
has become a serious alternative for traditional methods of joining elements in steel
and aluminium structures i.e. connecting them with bolts or welding.
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