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ABSTRACT 

Public Service Vehicles (PSV) are very efficient means of mass transportation both in terms of 
energy consumption and environment pollution per passenger kilometre. The renewal of PSV 
represents a high capital investment and thus lengthening the operational life of the vehicle will bring 
benefits not only to the operators (through reduction of capital and running costs) but also to society 
(through conservation of energy, raw materials and environment protection). 
The structural frame of a typical interurban bus weights between 2000 and 2300 kg. Since the frame 
must provide the needs of strength, stiffness, crashworthiness and corrosion resistance it is a prime 
target for improvement. 
The project had as its main airo the production of a concept frame cell for PSV vehicles in aluminium 
alloy using adhesive bonding technology as the joining method. It was an integrated, multidisciplinary 
project in that it covered the materials selection, design manufacturing processes and application 
requirements dictated by relevant international regulations. 
The major objectives ofthe project were: 

Overall geometry ofthe structural cell must comply with ECE 36 regulation 
Strength and stiffness must not be less than that currently specifi'ed for steel structures 
Airo for a 45% weight reduction 
Crash resistan ce in rol! over accidents in accordance with regulation ECE 66 
Development of simplified theoretical tools for crashworthiness analysis 
Cell structure and joints durability under fatigue load and corros ion resistance adequate for long 
term application 
Ease ofmanufacturing and cost effective fabrication 

1. INTRODUCTION The reduction of a PSV unladen weight is an objective 
which is being pursued for a long time due to its effect 
on fue! consumption and functional performance. The 
reduction of weight is particularly important in the light 
of legal requirements on axle loads, tyre number and 
size and payload increase. Fue! costs represent the 
second most important cost element after labour costs of 
the operating costs of a PSV fleet. Most of the bus 
bodies on the European continent are fully welded 
tubular steel structures with a number of nodes as high 
as 130 in the side structure panel, with up to 14 welds in 
the most complex joints. For this reason, this type of 
design does not lend itself easily to automation taking 
into consideration the low volume production of buses 
(with less than 8 vehicles per day even for big 
manufacturers). This design practice, using extensively 
welded steel parts, leads to premature failures due to 
corrosion requiring major overhauls after a four year 
service period, with costs amounting to 10% of a new 
vehicle without taking into account loss of revenue due 
to vehicle immobilisation. Since each vehicle represents 
an high capital investment, the extension of the service 
life, without major overhaul servicing to say 15-20 years 

Public service vehicles (PSV) play a major role in the 
transportation industry of both industrialized and 
developing countries. Although the share of passenger 
transportation in PSV is relatively small compared to 
prívate cars, environmental and energy conservation 
constraints will lead to an increased demand of PSV, 
mainly in cases with limited access (like city centers). 
Diesel powered PSV are more efficient than prívate cars 
(even with catalysers) as far as fue! consumption and 
environment pollution are concerned, when measured in 
terms of consumption and exaust emissions per 
passenger.kilometre [ 1]. 

The structural frame is the heaviest single assembly, 
contributing to 20% of the unladen weight of the 
vehicle. The frame must provide the needs of strength, 
stiffness, fatigue and crash resistance. Unlike other types 
of structures (aircraft for example), it has large doors 
and openings and a small area of stressed skin. Thus the 
structural frame is a prime target for improvement. 
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would represent important economic gains to both public 
and prívate fleet operators. 

The passive safety of PSV vehicles is gaining increased 
attention due to the impact on public opinion of 
accidents involving PSVs. The increase of engine power 
and cruising speeds makes the occurrence of accidents 
due to loss of stability more likely. Sorne EU countries 
are imposing crashworthiness requirements in the design 
of PSV, complying with regulation ECE 66 [2]. The 
statistical analysis of accidents involving PSV vehicles 
revealed that more than 50% of the accidents are of the 
front impact type, rol! over accidents representing 6% 
[3,4]. Nevertheless, although the probability of 
occurrence is low it is estimated that 40% of fatal 
injuries are dueto roll over type accidents [5]. 

The main questions addressed in the present research 
project were thus: 

Use of materials with greater corrosion resistance 
and design/production methods providing greater 
intrinsic strength and energy absorption in crash 
Use of altemative joining methods, easier to use 
and automate 
Development of analytical tools able to simulate 
the passive safety and static and dynamic strength 
of the structure 

Aluminium alloys show great potential as a candidate 
material due to their strength, formability, fatigue 
perfomance, fracture toughness and energy absorption in 
crash. Its corrosion resistance is well known making it 
feasible that the structure will last for periods up to 20 
years without significant corrosion. Alternative joining 
methods like structural adhesive bonding can be easily 
used with aluminium alloys (taking advantage of the 
experience gained in aircraft structures). However the 
use of aluminium alloys also implies specific design, 
particularly of joints. 

Feasibility projects have been undertaken to build 
replicas of passenger car with aluminium alloy body 
using adhesive bonding as the joining method with very 
promising results [6, 7]. These studies revealed that a 
45% weight reduction in reiation to a similar steel cell 
was attainable maintaining an adequate flexura! strength 
and torsional stiffness in compliance with current 
specifications for passenger cars. 

No similar studies have been undertaken in relation to 
PSV bodies. The use of aluminium alloys in PSV bodies 
has the advantage of providing greater corrosion 
resistance and therefore a longer life. This is of 
particular relevance in PSVs since being a capital good 
they are not subjected to consumer taste variation, like 
passenger cars . On the other hand, aluminium alloy 
being a more costly material, has an high recyclability 

value at the end ofthe operationallife which makes it an 
attactive proposition from conservation of energy and 
ecological points of view. As far as crashworthiness of 
tubular steel frames is concemed, work has been 
undertaken to simulate by numerical means the crash 
resistance of the frame [5]. No such work has been 
undertaken in aluminium alloy structures with adhesive 
bonded joints. 

2. RESULTS 

The main results obtained in this project are reported 
elsewhere [8-719] and synthetized below. 

2.1 - Aluminium alloy selection 

The evaluation focused only on 5xxx, 6xxx and 7xxx 
series, due to the requirements imposed by bus 
designers. 

Aluminium extrusions are made in a wide variety of 
alloys and tempers to meet a broad spectrum of needs. 

The selection is, therefore, made to comply with a large 
variety of designs and material requirements, including 
strength, extrudability, corrosion resistance, weldability, 
finishability and forming characteristics. 

The 6xxx series is used for a wide range of solid and 
hollow products which can frequently be produced to 
closer than standard tolerances generating cost savings 
in secondary operations. 

The 6xxx series of aluminium alloys are a good al! 
purpose extrusion material combining medium strength 
with good corrosion resistance, weldability and 
finishing characteristics. 

The 6xxx series of aluminium alloys is selected for 
nearly 75 % of all extrusion applications. Among these 
alloys 6063/6060 (A!MgSi0,5), 6005A (AlMgSi0,7) 
and 6082 (AlMgSil) are used most frequently. 

2.2 - Evaluation of structural adhesives 

The design and evaluation of structural adhesives 
suitable for the application under study, meeting 
fabrication and service constraints, was undertaken. 

The following requirements have been identified as the 
most relevants for adhesive selection : 

Adequate Jap shear strength (in excess of !OMPa) 
Good impact resistance 
Durability under aging conditions agressive, 
environments and fatigue 

Three types of candidate adhesives were produced: 
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- TEROKAL 5045 A/B 
- TEROKAL 5050 A/B 
- TEROKAL 5083 A/B 

TEROKAL 5045 A/B and TEROKAL 5050 A/B are 2 
component toughned epoxy-based adhesives and 
TEROKAL 5083 A/B is a 2 component polyurethan 
based adhesive. 

The adhesives were modified in order to stabilize the 
oxide !ayer on the aluminium substrate. Pot life and 
rheology ha ve been evaluated. Y oung modulus, lap 
shear strength and elongation were measured at 
different temperatures ( -40°C, Room temperature, + 
80°C). The results obtained are summarised in table l. 

Tabela 1 - Properties of adhesives at different 
temperatures 

AOHESIVE YOUNG MUDULUS LAP SHEAR ELONGATION 
STRENGTH Mh 

\1Pa 

-!O"C RT +OOT -IO"C RT RO 40 RT RO 

TERDKAL 504' 5fli0 1400 DO 11\6 161 14 12 143 10 

TERDKAL 5050 .3420 2260 160 67 1) R 7 .\7 Y] 11\1 

TERDKAL 5083 7030 2h0 ó5 42 27 ''" 44 167 21tí 

Lap shear strength and failure mode for the following 
conditions were studied : 

- lnitial test temperature : - 40°C 
- 23°C 
+ 80°C 

- Salt spray testing : - 500 hours 
- 1000 hours 

Results are summarised in table 2 Further tests were 
carried out with joints bonded with different 
formulations of TEROKAL 5045 A/B until an 
improved formulation was obtained. 

Table 2 - Lap shear strength (MPa) and failure-mode of 
bonded untreated AL-sheets ; 1 mm bondline-th ickness, 
12mm overlap; test-speed 25mm/Min 

lnitial Testíng 
Conditions 

TEROKAL 5045 

mitial40~c 102 21 

imtia! -21-C 110 o.:; 1-t'',C 

mitial·HO·c 1 R 04 

SOOh saltsprav 110 11 

1000 saltsprav 120 07 2YC.,C 

Fai1ure mode: a:;;;;: 100% adhesive 
e::;:!)~ cohesive 

Properties of Adhesive 

TEROKAL 5050 TEROKAL 5083 

54 (¡J 6R 02 

73 OR 114 02 M'<oC 

JOJ OR JJ 04 

6ó 21 RR 10 

65 55 RS 11 

Impact peel tests were conducted at different 
temperatures ( -40°C, -20°C, o oc, 20°C, 40°C, 60°C, 

80°C) in Iap joints bonded with the three types of 
adhesives. The results illustrated in figures 1 and 2 
showed consistently higher values for joints bonded 
with TEROKAL TK 5045 . Dynamic properties of the 
adhesives (DMT A Dynamic mechanic 
thermoanalysis) were also evaluated for the three types 
of adhesives under scrutiny. The following dynamic 
mechanical properties were evaluated for two 
frequencies ( 1 and 1OHz). 

G' - Shear storage modulus 
G" - Shear loss modulus 
tano- Ratio ofthe loss modulus to the storage modulus 

From records obtained illustrated in figure 3, the glass 
transition temperatures, Tg, was evaluated : 

TK 5045: 

200 

lGO 

% 1~0 
Q) 

" o 
u. 

f'f./AWI KlO Hl 

TI< 5045 

Tg = 65-72°C 

5: 
.¡: 

--------------- ' ~ 

TI\ 8303 
,\dhesiv 

TK 5050 

U.Ul 

Fig.l. Adhesives used in Brite/Euram, lmpact-Peel-Resistance , 
ISO/DIS 11343 at roomtemperature 

1"'d:O"C 

~~.rzrt;~w::= 1 

Fig. 2. Average Force and work vs. Temperature, 
IMPACT-PEEL-RESISTANCE !SO/DIS l 1343 at 
2m/sec 
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Fig. 3. Glass transition temperatures TK 5045 

2.4 - Fatigue durability 

The fatigue behaviour of joints bonded with the 
adhesives TEROKAL 5045 was evaluated 

Small scale single lap-joint specimens were used. The 
specimens were made with 6082 aluminium alloy plate. 
Three series of tests were conducted. The specimens 
were subjected to two types of ageing conditions: 

- Laboratory environment 
- Ageing in a climatic chamber 

The fatigue behaviour of bonded joints was evaluated 
using three stress levels, for different cure conditions of 
the adhesives tested. 

The surface preparation was made according to DIN 
53281 with RIDOLINE 1402. Immersion time in the 
bath was 1 O minutes. 

The average shear strength of bonded lap joints with 
TEROKAL 5045 was 16 MPa. 

The mínimum adhesive thickness was 0.25mm, assured 
by the use of glass spheres "ballotini" of 0.25mm 
diameter mixed with the adhesive components. 

Specimens were aged at ambient temperature and aged 
for 21 and 42 days in a WEISS climatic chamber . 

The results are shown in figures 4, 5 and 6, for bonded 
specimens with TEROKAL 5045. A linear regression 
of data was performed. ·: --r----------l 

~ ~ 44%ofsteU 

~ /s~weldl 

~ 1 

Fig. 4. SN curve for adhesive TEROKAL 5045 with 
confidence interval of95% (ambient conditions) 

102 -------------

NUMBER OF CYCLES 

Fig. 5. SN curve for adhesive TEROKAL 5045 with 
confidence interval of95% (climatic cycles of21 days) 

104 105 

NUMBER OF CYCLES 

Fig. 6. SN curve for adhesive TEROKAL 5045 with 
confidence interval of95% (climatic cycles of42 days) 
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The fatigue behaviour of real roof and floor bonded 
joints was also evaluated. 

lt has been demonstrated that the joints ha ve fatigue 

lives in excess of2x 106 for nominal stresses of 30 MPa 
typical ofthose found in real bus structures in service. 
A test in progress is shown in figure 7. 

Fig. 7. Dynamic test configuration and sidewall 
fixation 

2.3 - Cell crashworthiness 

Crashworthiness of the bus body was considered with 
reference to the ECE Regulation 66 on rollover 
protection. It was decided to test the crashworthiness 
performance by a rollover test of a ballasted 'cell'. A 
'cell' represents here a 'bay' segment of the complete bus 
body between two structural 'rings' (comprising two 
pillars, roof cross beam and underfloor structure) on 
either side of a single window. 

Rollover safety can be based on safety structures 
ranging from two rollbars only to the complete body. 
Each approach has advantages and drawbacks, 
particularly as regards production requirements and 
design flexibility. Upon consideration of al! the factors 
and in view of the pre-competitive nature of the Project, 
it was agreed to incorporate al! the body rings into the 
safety system and aim to identity the crashworthiness 
potential of a body composed of adhesive bonded 
aluminium extrusions. 

A 'Hybrid' approach to solving the crashworthiness of 
the bus body was adopted, which considers the collapse 
behaviour of components separately from that of the 
structure. Component collapse properties, described by 
the moment-rotation curves generated by the 'plastic 
hinges' in beams and joints are used as input data to the 
simplified, yet reliable model of the complete structure. 
These curves correspond to the bending and torsion 
collapse, are highly non-linear and have to be followed 
in both the elastic-plastic and deep collapse ranges of 
deformation. 

All the original test results on beams and joints were 
used as input data when predicting the rollover safety 
performance of the complete cell, indicating the need to 
reinforce both the cant-rail joint and the floor joint 
regions. 

The cant raíl joint was reinforced by an adhesive 
bonded comer piece and the new test data indicated that 
the new joint would be 'nominally' OK, as long as the 
adhesive bond ofthe reinforcement held during most of 
the test. 

The floor joint was less convenient for local 
reinforcement, hence it was recommended to use the 
!aterally stabilised seat structure as part of the safety 
system. 

Al! the overall design decisions were made with a close 
support from the SIM-ST A T ana!ysis and the final 
specimen was agreed for testing only after the 
calculation demonstrated that it has a good 
chance of success. The experimental hinge moment
rotation curves of the beams and floor and roof raíl 
joints were used, together with the seat constraint 
simulation to predict the energy absorbing capacity of 
!5 to 18 kJ for the whole cell, depending on the 
behaviour ofthe roof comer reinforcement. 

The best result in the end was that the reinforced 
structure did behave as expected, including the 
separation of the cant rail comer reinforcement 
approximately 'mid way' during collapse. Although this 
separation increased the cell deformation somewhat 
beyond the limit, the excess was so small that the 
feasibility of the concept and al! the components was 
definitely demonstrated. 

The full scale rollover test was carried out following in 
every detail the procedures specified by the ECE 
Regulation 66. The rollover test clearly demonstrated 
the feasibility of meeting the ro llover safety criteria by 
bus bodies made of the adhesive bonded aluminium 
extrusions, even when the safety structure is based on 
the whole body and not on specially reinforced rollbars. 
The reference test concemed the lower (and lighter) 
version of the Salvador Caetano aluminium vehicle. 
was the first of its kind ever, both as regards aluminium 
as a building material and adhesive bonding as means of 
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putting the structure together. Figure 8 i!lustrates the 
cell after the rol! over test. 

3. CONCLUSIONS 

The main conclusions to be drawn from the work can be 
summarized as follows: 

An adhesive bonding technology was developed 
comprising the optimization of a structural 
adhesive, TEROKAL 5045, and surface 
treatment. 
Proprietary extruded aluminium alloy sections 
were developed for the fabrication of a bus 
framework. 
The framework structure meets the requirements 
of flexura! and torsional strength and stiffness 
normally specified for steel structures 
A 30% weight reduction of the bus structure was 
obtained. 
Durability of bonded joints u11der cyclic load 
conditions evaluated with small and large scale 

Specimens met the target of 2 X 106 cycies. 
Ageing of bonded joints under varying 
humidíty/temperature conditions and salt/spray 
testing did not impair significantly its stre11gth 
and impact strength. 
The full scale rollover test was carried out 
following in every detail the procedures 
specified by the ECE Regulation 66. 
The rollover test clearly demo11strated the 
feasibility of meeting the ro llover safety criteria 
by bus bodies made of the adhesive bo11ded 
aluminium extrusions, even whe11 the safety 
structure is based 011 the whole body and not 011 
specially reinforced rollbars. 
The reference test concemed the lower (and 
lighter) version of the Salvador Caetano 
aluminium vehicle. It was the first of its kind 
ever, both as regards aluminium as a building 
material and adhesive bonding as means of 
putting the structure together. 

8. Ro llover test of cell 

The structure in the test behaved very close to 
the predictions as regards al! the main features, 
i.e.: 

the collapse mode and maximum 
deformations were very clase to those aimed 
for (i.e. no overdesign) a11d, to those 
predicted; 

• the potential problem with adhesive 
separation at the impacted cant rail occurred 
at a deformation stage very clase to that 
observed under static tests ; 

• the second test without the roof comer 
reinforcements failed the test, as predicted by 
the preceding analysis. 
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