NUMERICAL AND ANALYTICAL INVESTIGATION OF
ALUMINIUM BRACKET STRENGTHENING
A. AMBROZIAK1, M. T. SOLARCZYK2, A. BIEGUS3
This paper focuses on an analytical and numerical investigation of aluminium brackets used to fasten light-weight
curtain walls to building facilities. The authors propose a solution to increase the load capacity of aluminium
brackets by means of additional cover plates (straps). This paper also includes a short survey of literature and
material properties concerning the EN AW-6060 T6 aluminium alloy. This paper suggests an initiation of a
comprehensive investigation on aluminium brackets.
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1. INTRODUCTION
Aluminium alloys are commonly used in the aircraft industry, building and construction industry,
electricity, packaging, transportation, etc. These alloys exhibit intermediate strength and sufficient
ductility. The main alloying elements are copper, magnesium, zinc, silicon, manganese, and lithium.
The investigated aluminium bracket is made of aluminium alloy EN AW-6060/EN AW-Al MgSi
(according to standard [27]) in temper T66 (according to standard [26]). The civil engineering
application of the EN AW-6060 T66 concerns construction and execution of light-weight suspended
or filling-type curtain walls, roofs, skylights, and other three-dimensional structures. Structural design
is intended to prohibit progressive collapse of surrounding elements or an entire construction in the
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case of single component failure. An application example below illustrates a mullion-transom wall
system (see Fig. 1). The load-bearing structure of this system consists of vertical (mullions) and
horizontal (transoms) aluminium profiles of a box section connected to the structure by aluminium
brackets.

Fig. 1. Mullion-transom wall system – aluminium profiles and brackets

Aluminium bracket design is a complex process; a high probability exists that it can be
conducted improperly. Preliminary research on the investigated aluminium brackets (see Fig. 2)
reveals that both the load-bearing capacity and the stiffness are insufficient for carrying the
anticipated design loads. The replacement of old, existing brackets with new ones triggers high
material losses and delays in the building construction process. Bracket strengthening is implemented
by the presence of cover plates (straps). Quick decision-making is the reason why the geometric
parameters adopted on the basis of the recommendations of literature bring about coarse strength
estimation. This paper provides theoretical and numerical analysis in order to assess the behaviour of
loaded aluminium brackets with and without additional cover plates (straps). The FEM (finite element
method) solution is directed at the safe performance of the aluminium bracket and its mechanical
response. This study is intended to properly recognize the behaviour of the proposed aluminium
bracket strengthening.
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Fig. 2. Investigated aluminium bracket

2. MATERIAL PROPERTIES OF EN AW-6060 T66
Firstly, a short paper survey presents the mechanical properties of the EN AW-6060 T66 aluminium
alloy. De Kanter [8] investigated the crush behaviour of monolithic aluminium cylinders and
externally fibre-reinforced aluminium cylinders. Additionally, material parameters of aluminium
alloy 6060-T66 were presented due to tensile tests. Maljaars et al. [17] presented creep experiments
on 6060-T66 and 5083-H111 alloys at high temperatures by means of a traditional Dorn and
Harmathy model. Maljaars et al. [18]; [19] performed a series of tests on 6060-T66 and 5083-H111
aluminium alloy compression members to assess their local buckling behaviour at high temperatures.
Zheng and Zhang [32] proposed practical critical temperature formulas of 6060-T66 and 5083-H112
aluminium alloy I-beams and developed finite element models to simulate their fire-triggered flexural
and flexural–torsional buckling behaviours. Käfer et al. [14] performed axial compression tests on
EN AW 6060-T66 aluminium circular tubes. Mróz [23] investigated the C–channel cross–section
beams/columns made of 6060 T4, T5, T6, and T66 aluminium alloys under compressive axial impact.
One of the domains of a widely known Perzyna viscoplastic model is the mechanical behaviour of
aluminium alloys. Szymczak and Kujawa [29] investigated the local stability of thin-walled
compressed flanges of aluminium alloy channel columns and beams. Mróz and Mania [22] focused
on dynamic stability analysis of EN AW 6060-T66 pre-aged aluminium profiles subjected to dynamic
impulse loading.
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Material description due to a variety of loads and selection of relevant constitutive models is
an essential issue to be completed prior to the performance of other stages due to a variety of loads
and selection of relevant constitutive models. In 1943 Ramberg and Osgood [28] proposed an elastoplastic model related to aluminium alloy, stainless steel, and carbon steel. The stress-strain ( σ − ε )
curves corresponding to the Ramberg-Osgood material law are:
ε=

(2.1)

§ σ ·
+ 0.002 ¨
¸
E
© f 0.2 ¹

σ

n

Where: E, f0.2 , and n are tensile modulus, 0.2% proof strength, and dimensionless Ramberg-Osgood
parameter, respectively.
Maljaars et al. [19] conducted a laboratory test to specify the following parameters of the EN
AW-6060 T66 aluminium alloy: E=69000 [N/mm2], f0.2 =205 [N/mm2], n=22 [-].
The Ramberg-Osgood relationship is widely applied in engineering practices. On the other
hand, different approaches exist for constitutive modelling of aluminium alloys (e.g. nonlinear elastic,
viscoplastic, viscoelastic models). References [3] and [16] present the elasto-viscoplastic BodnerPartom model (see e.g. [2], [6]) reflecting the aluminium alloy performance.
The stress-strain curves based on the tensile tests for the EN AW-6060 T66 aluminium alloy
presented by Mróz and Mania [22] and Maljaars et al. [18] are compared in Fig. 3. The presented
tensile tests results converge in the strain range ε ∈ ( 0 ÷ 0.005 ) . Table 1 includes material properties
of 6060 T66 aluminium alloy based on literature data. The material properties are highly dispersed,
e.g. De Kanter [8] specifies that minimum yield stress equals 185 MPa while Mróz and Mania [22]
assess its value as 206.2. The dispersion arises from the various dimensions of the test specimens, the
speed of loading, or specimen directions in extrusion (longitudinal, transverse).

Fig. 3. Experimental material characteristics
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On the other hand, engineering standards specify mechanical properties of materials to be
strictly followed in structural analysis. Material parameters for the EN AW-6060 T66 aluminium
alloy are included in standard [11] (see Table 2). The properties are divided into two groups due to
the wall thickness of the aluminium alloy elements. The standard gives safety values of mechanical
properties which should be taken into account in engineering calculation of aluminium structures,
e.g. according to standard [10].

Table 1. Material data for 6060 T66 at room temperature
De Kanter [8]

properties

2)

Tensile modulus [MPa] 69000
Tangent modulus [MPa] ns
Poisson’s ratio [-]
0.3
Density [kg/m3]
ns
Yield stress [MPa]
1851)
Ultimate stress [MPa]
206
Ultimate strain [-]
0.129
ns – not specified
1)
value of 0.2% proof strength

De
Kanter Käfer et al. Maljaars et al. Mróz
and
[8] 3)
[14]
[18]
Mania [22]
69000
69000
69000
63990
ns
320
ns
ns
0.3
0.3
ns
0.331
ns
2800
ns
ns
1971)
206
2051)
206.2
215.2
ns
ns
229.9
0.134
ns
ns
ns
2)
longitudinal specimens in extrusion direction
3)
transverse specimens in extrusion direction

Table 2. Mechanical properties of extruded profiles (EN AW-6060 T66) according to EN 755-2 [11]
properties
Proof stress Re0.2
min [MPa]
Tensile strength Rm
min [MPa]
Elongation min
Elongation max
Brinell hardness
n-value
in
Ramberg-Osgood
expression for plastic analysis

Wall thickness
e ≤ 3 [mm]

Wall thickness
3 < e ≤ 25 [mm]

160

150

215

195

6
6
70

8
8
65

16

18

It can be seen that the EN AW-6060 T66 aluminium alloys are still being tested and developed.
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3. ANALYTICAL INVESTIGATION
The concept of an aluminium bracket end plate strengthened by additional cover plates (straps) (see
Figs. 2 and 4) can be compared with the concept of the reinforced T-stub flange with backing plate
stiffeners. The bolted end plate beam-to-column connections are widely applied in steel and
aluminium structures. In 1974 Zoetemeijer [33] developed a design method directed at the tension
zones of statically loaded bolted beam-to-column connections assuming the plastic behaviours of the
flanges and the bolts. The study by Nair et al. [24] focused on tension and the prying force effect to
find out that the load-carrying capacity of bolted connections can be substantially reduced by the
prying action. Moore and Sims [21] presented tests on tension region models of T-stub connections
and on full connections augmented with backing plate stiffeners. Moore and Gibbons [20] presented
a step-by-step design procedure for flush and extended end plate connections with backing plate
stiffeners. Grogan and Surtees [12] developed a new method to assess local column flange
reinforcement in end plate connections, incorporating rolled steel angle sections. Cases of bolted Tstubs strengthened by backing plate stiffeners were studied in [1]. The authors analysed the T-stub
behaviour on the basis of global load–displacement curves, evolution of the bolt load, and contact
pressure due to the prying force effect. Lastly, Katula and Dunai [15] provided an experimental
background to develop a design model development, studying the load-bearing capacity of joints,
bolt force distribution, and end plate deformations. Due to the component method included in the
standards, the bolted beam-to-column connection is deconstructed into its elementary components;
the most important is the equivalent T-stub in the tension zone. The principles of the component
method are based on Zoetemeijer’s work [33].
The investigated aluminium bracket (see Fig. 2) consists of an end plate of variable thickness
(8 mm and 5 mm in the middle) and two 6mm thick cantilever plates. The problem concerns an end
plate 180 mm wide and 140 mm high with two cantilever plates 145 mm wide and 140 mm high. The
cover plates are 40 mm wide, 60 mm high, and 20 mm thick (straps, see Fig. 4) and are designed to
increase the load capacity of an aluminium bracket. The aluminium bracket is made of EN AW-6060
T66 aluminium alloy. Table 2 includes mechanical properties in the case when thickness is lower
than 3mm. Two oval holes (13 mm × 30 mm) in the end plate are provided to fasten the aluminium
bracket to the building structure by means of two bolt anchors (M12 – diameter d=12 mm) made of
stainless steel, see Fig. 1.
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Fig. 4. Analysed aluminium bracket with cover plates (straps)

Both the geometry and construction of the aluminium bracket made it impossible to
computationally assess the resistance and stiffness (the so-called component method, including yield
line analysis) given in [10] and [9]. On the other hand, the thickness of the end plate according to
standard [25] can be computed by the formula:

t ≥ tmin = 1.2

(3.1)

cSt , R
bs f d

where: c is the distance between the edge of the hole and the weld or the edge of the fillets (breaking
arm of the bolt, where: c ≤ d); St,R is design tensile resistance of a bolt mounted in the end plate (while
it is not fully loaded the value

St ,Ed

the force in the most loaded bolt is assumed);

bs is the effective

width of a single bolt; f d is the design yield strength of the end plate.
It should be noted that additional requirements are taken into account:

(3.2)

bs ≤ 2(c + d )

where: d is the diameter of the bolt mounted in the end plate.

The design yield strength f d of the EN AW-6060 T66 aluminium alloy is specified as (see [10]):
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fd =

(3.3)

fo

γ M1

=

150
= 136.36MPa
1.10

where: f o is yield strength and γ M 1 is the partial factor for resistance.
It should be noted that formula (3.1) refers to the evaluation of the minimum thickness of the
end plate with round holes (normal) and in the so-called simple connection (screw connection
transferring end shear force only due to its negligible resistance to rotation, and therefore not
transmitting significant moments). Oval holes in the end plate of the bracket are designed, and this
results in a significant resistance reduction of the bracket (relative to the bracket with round holes)
and deformation increase. Additionally, the safety factor is decreased both in tension and bending of
the bracket, as follows:

M Ed = V ⋅ a +

(3.4)

N
N
⋅ e1 − ⋅ e2
2
2

where: V, N, and a, e1, e2 are the vertical force, horizontal force, and the force arms (see Fig. 2),
respectively.
The presented joint is complex, contrary to the assumptions taken in formula (3.1).
Concluding, the computation of the minimum thickness of the end plate by formula (3.1) in the case
of the analysed bracket is incorrect.
The strength and deformation of the T-stub connection and the minimum thickness of the end
plate tmin are affected by the breaking arm c of the bolt. Its high value reduces the safety factor and
increases deformation of the bracket, while the prying effect increases the force in the bolts. It is
therefore recommended to embed the bolts as close as possible to the tensile edge of the cantilever
plate of a bracket. The design of the butt joints should consider condition c ≤ d.
In the case of the examined aluminium bracket, the extreme variant of the oval holes yields
the formula for c:

(3.5)

cmax = 27 − 6 + 2 = 23mm

The T-stub connections with thin end plates (when t < tmin ) are semi-rigid (flexible and
deformable) and of a relatively low capacity. The resistance increase of the connections is achieved
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by means of thick end plates ( t ≥ 1.67tmin ). Hence, the prying effect does not occur and the connection
remains rigid.
In order to increase the resistance and stiffness of the bracket cover plates (straps), the end
plates should be strengthened. They are located under the washers of the bolts. They trigger a
reduction of arm c and increase the flexural stiffness of the end plate.
In accordance with the order in [7], in the case of cover plates (straps) of minimum thickness
t p = 1.5d

the T-stub connection can be considered rigid, so a resistance and stiffness check of the end

plate is not required. While appropriately designed cover plates (straps) are applied, the breaking arm
of the bolt is less than 5 mm. The following dimensions of cover plates (straps) are proposed: width
40 mm, height 60 mm, and thickness 20 mm (see Fig. 4).
In order to assess bracket resistance the following design load values are taken: horizontal
force N=16.54 kN and vertical force V=6.05 kN (see [5]). The tensile load in the bolt

Ft , Ed

(see Fig.

2) can be computed by means of an equilibrium equation, as follows:

(3.6)

§
V ⋅ a + N ⋅ e1 − N ⋅ e2 ·
2
2
¸¸ =
Ft , Ed = St ,Ed = 0.5 ¨¨ N +
©
z
¹
§
6.05 ⋅ 0.12 + 16.54 ⋅ 0.025 − 16.54 ⋅ 0.065 ·
2
2
¸¸ = 10.47 kN
= 0.5 ¨¨16.54 +
0.09
©
¹

It should be pointed out that the permissible tensile load for a single bolt anchor (e.g. FAZ II 12 A4)
in concrete C20/25 for the combination of tensile loads, shear loads, and bending moments is equal
to 11.9 kN (see e.g. Fisher web site [13]). This value should be higher than the one specified in Eq.
(3.6) to assume safe load transfer to a building structure. It should be noted that introducing higher
concrete strength classes make it possible to achieve higher permissible loads.
The effective width of the end plate is
bs ≤ 2 ⋅ (c + d ) = 2 ⋅ (5 + 12) = 34 mm

(3.7)

The effective width
weakened section:



bs ,red

should be reduced due to yield stress occurrence in the end plate at the hole-
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bs ,red = 34 − 13 = 21mm

(3.8)

The requirements may be derived for minimum thickness of the end plate according to Eq. (3.1) while
applying cover plates (straps, see Fig. 4) as:

tmin = 1.2

(3.9)

5 ⋅10.47 ⋅10−3
= 5.1 mm < 8 mm
21 ⋅136.36

The required minimum thickness is less than 8 mm (thickness of the end plate under cover plates, see
Fig. 2). The cover plates (see Fig. 4) meet the requirements, concerning increment of the load capacity
of the aluminium bracket.

4. APPLICATION TO FINITE ELEMENT ANALYSIS
In order to verify the analytical procedure results, numerical simulations of the aluminium
bracket behaviour are performed. Two solid models shown in Fig. 5 with and without cover plates
(straps) are considered in the finite element analysis. The solid models assume four-node
isoparametric three-dimensional tetrahedron elements (Element 134, see User Documentation Marc
[30]). The aluminium bracket is modelled by a mesh exceeding 260 000 solid elements. All numerical
simulations are carried out by means of an implicit FEM package MSC.Marc. The following
deformable body contact types are specified in model_1 (see Fig. 5): plate, bracket, washer1, washer2,
bolt1, bolt2, and model_2 incorporates two additional cover plates (straps): stemp1, stemp2. The
bracket is fastened to a 30 mm thick S355 steel plate (plate, see Fig. 5) by two A4-80 stainless steel
bolts (bolt1 and bolt2, see Fig. 5). External edges of the steel plate are supported (the translations Ux,
Uy, and Uz are fixed). Washers under screw cups are also included in the model. A segment-tosegment method with a touching contact type and friction governed by the bilinear Coulomb model
is applied to simulate contact conditions between specified deformable body contacts (see e.g. [4]).
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Fig. 5. FEM solid model – a) model_1, b) model_2

The material of the bracket, bolts, and the plate is assumed as plastic throughout the analysis.
The input mechanical properties of the material applied in FE analysis are given in Table 3. The bolts
withstand the 20 MPa initial prestressing state. The friction coefficient between steel and the
aluminium alloy is assumed to be 0.4 (see e.g. Wickowski and Adamus [31]). A horizontal force of
N/4=4.135 kN and a vertical force of V/4=1.5125 kN are applied at four points of the cantilever
plates. The bolts are connected at these points with the mullions by means of an aluminium bracket;
see Fig. 1. In the FE model, each point is connected with cantilever plates by 40 truss elements,
transferring the load to the bracket.

Table 3. FEM analysis - material properties
properties

EN AW-6060 T66

Tensile modulus [MPa]
Poisson’s ratio [-]
Density [kg/m3]
Yield strength [MPa]

70000
0.3
2700
150

A4-80
steel
200000
0.3
8000
600

stainless

S355 steel
210000
0.3
7800
355

The maps of displacements Uz, total displacements, and equivalent von Mises (Huber–MisesHencky, HMH) stresses are shown in Figs. 6, 7, and 8 for model_1 and in Figs. 9, 10, and 11 for
model_2. Table 4 displays the maximum values of displacement Uz, total displacement, and HMH
stress in the end plate. The introduction of cover plates decreases the maximum Uz and the total
displacement in a 40-50% range. Maximum HMH stresses in the end plate reach 96 MPa in model_2,
while model_1 (without straps) sets the plastic range to 150 MPa. The contact statuses for model_1
and model_2 are presented in Fig. 12 and Fig. 13, respectively. It should be noted that contact status
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is set to a value of 1.0 as soon as contact is detected. While full horizontal and vertical loads are
applied, the back part of the end plate is in contact with the foundation on partial lateral areas only.
On the face part of the end plate, the washers (Fig. 12) and straps (Fig. 13) are impressed. Fig. 14
displays a graphical visualisation of the Uz and total displacements in the end plate in the upper
middle part of the aluminium bracket. The displacement increment is variable throughout the
analysed models. The application of the cover plates (straps) in model_2 is decisive while
strengthening the end plate.

Table 4. Results of FEM analysis
properties
max Uz [mm]
max
Total
Displacement [mm]
HMH stress [MPa] in
base plate

model_1
1.044

model_2
0.608

58%

1.649

0.778

47%

150
(plastics regions)

96

64%

Fig. 6. Displacement Uz – model_1



(model_2/model_1)
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Fig. 7. Total displacement – model_1

Fig. 8. Equivalent von Mises stress – model_1

Fig. 9. Displacement Uz – model_2
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Fig. 10. Total displacement – model_2

Fig. 11. Equivalent von Mises stress – model_2

Fig. 12. Contact status – model_1: a) front view, b) rear view
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Fig. 13. Contact status – model_2: a) front view, b) rear view

Fig. 14. Uz and total displacements in end plate

5. CONCLUSIONS
The authors investigated theoretically and numerically the response of an aluminium bracket
with additional straps to an operational load. It can be concluded that the introduction of additional
cover plates (straps, see Fig. 4) results in a 50% increase in the load-carrying capacity of the
aluminium bracket. The investigation is aimed at the reflection improvement of aluminium bracket
behaviour. A possible application of the proposed results is a class of problems inherent to aluminium
bracket assembly.
Building site supervision makes it possible to recognize new technologies and applications of
new ideas. The first author’s professional duty is as a construction site supervisor on the Alchemia
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building site in Gdansk (Poland) which displays aluminium brackets to connect the structure to the
mullion-transom wall system. This investigation confirms that the quality of the aluminium brackets,
equipment, and systems is sufficiently high. The obtained results provide a motivation for the authors
to continue the outlined research, incorporating extended experimental investigations.
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ANALITYCZNA I NUMERYCZNA ANALIZA WZMOCNIONYCH KONSOL ALUMINIOWYCH
Słowa kluczowe: konsole aluminiowe, właciwoci mechaniczne, EN AW-6060 T66, wzmocnienie konsoli, MES

STRESZCZENIE:
W pracy przedstawiono numeryczne oraz analityczne badania nonoci i sztywnoci wzmocnionych konsol
aluminiowych. S one stosowane jako elementy łcznikowe fasad słupowo-ryglowych z konstrukcj budynku. Konsole
wykonano ze stopu aluminium AW-6060 wg PN-EN 573-3:2004, odmiana T66 wg PN-EN 515:1996. Wstpne analizy
wytania i zachowanie si konsol wykazały, e s one o niedostatecznej nonoci oraz sztywnoci, czego podstawow
przyczyn była zbyt wiotka ich blacha czołowa, a take jej otwory owalne montaowe. W celu zwikszania nonoci i
sztywnoci konsol zaproponowano zastosowanie nakładek (tzw. stempli), usytuowanych pod nakrtkami rub łczcych
je z konstrukcj budynku. Wzmacniaj one lokalnie blachy czołowe konsol. Ich zadaniem konstrukcyjnym jest m.in.
zmniejszenie ramienia „zginania” c oraz zwikszenie sztywnoci gitnej blachy czołowej konsoli. W pracy dokonano
krótkiego omówienia modeli materiałowych stosowanych do opisu stopu aluminium, wraz z podaniem wybranych
parametrów materiałowych. Stworzono dwa bryłowe modele numeryczne konsol ze wzmocnieniem i bez wzmocnienia
nakładkami, a nastpnie porównywano wartoci ich przemieszcze i napre. W symulacjach numerycznych
wykorzystano program MSC.Marc z opcj kontaktu (metoda kontaktu: segment-to-segment) pomidzy elementami
bryłowymi wraz z zdefiniowanym współczynnikiem tarcia bi-liniowego Colomba. Wykonane badania numeryczne
wykazały, e wzmocnienie analizowanych konsol nakładkami (stemplami) zwikszyło ich nono i sztywno o około
50 %, co pozwoliło w bezpieczny sposób przenie prognozowane obcienia na konstrukcj budynku.



