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CHAPTER1 INTRODUCTION

The construction of bridges has been a significant area of focus in civil engineering, with truss
bridges being a popular choice due to their structural efficiency and economy. In recent years,
there have been a growing interest in using light-weight materials such as aluminum in bridge
constructions due to their high strength-to-weight ratio and corrosion resistance properties. The
objective of this bachelor’s thesis is to design an aluminum truss bridge using the design theory,
to analysis the truss bridge design using Finite Element Method (FEM) and to fabricate a test
truss bridge model at the laboratory of university of Stavanger.

This bachelor thesis project involves the design process, where the structural design analysis
and parameters of the truss bridge are determined. SAP2000, an advanced FEM software tools
is used for this purpose. This software assists for accurate modeling and analysis of the bridge's
behavior under various loading conditions. The fabrication process requires careful attention to
detail and precision, ensuring that the individual truss members are accurately manufactured
and assembled according to the design specifications. The experimental analysis provides
valuable data that helps to validate the design assumptions and assess the actual performance
of the aluminum truss bridge. This analysis contributes to a better understanding of the behavior
and response of the bridge under real-life conditions ensuring its safety.

The design phase considers from the actual truss bridge of 38.5m span by rescaling it into small
size of 3x0.5x0.5m. Moreover, the fabrication process involves the actual construction of the
truss bridge using aluminum as the primary material. The bridge was subjected to a maximum
load of 140.60 and 219.68N in static and dynamic cases respectively. A maximum stress value
of 3.69 N/mm?2 in the static and 7.02 N/mm2 from the dynamic load case are obtained from
experimental test. Moreover, the truss bridge was designed to have maximum allowable design
stress of 12.35 N/mm? and it was capable to carry the experimental test load safely.

Overall, this bachelor's thesis focuses on the comprehensive study of designing, fabricating,
and analyzing of a truss bridge made of aluminum metal. Moreover, the group have learned the
theoretical design analysis, the importance of advanced finite element modeling and the
challenges of practical fabrication of the truss bridge.



CHAPTER2  LITERATURE

In this literature the types of bridges, commonly used construction materials and important
design theories are discussed.

21 Types of bridges:

Bridges are structures that span and provide a passage over a road, railway, river, valley, or any
obstacles within a short time and safe way. Construction of bridges started early in the first
century B.C. and it has been developing new solutions from time to time. The main aim of an
engineering design discipline is to make the bridges economical and safe for users in their entire
lifetime, hence bridges must be designed for long lifetime service, normally, 50 to 100 years.
There are several types of bridge designs, each with advantages and disadvantages. The design
of bridges mainly depends on the span, function of the bridge, available construction material
and economy. Some of the common bridges are Arc bridges, floating bridges, suspension
bridges, beam bridges and truss bridges. A truss bridge is specifically to be discussed in this
thesis.

c. Beam bridge d. Truss bridge
Figure 1: Types of bridges. a) Arch bridge. b) Suspension/cable c) Beam bridge. d) Truss bridge

Arch bridge:

An arch bridge is a typical structurally curved or semicircular shaped bridge. Most of the curved
structure is designed to be at the middle of the span to distribute the load pass to the supports.
Arch bridges are one of the oldest and strongest structural designs, commonly built with stones
before steel and concrete were introduced. Gradually, wood, concrete, and steel metals were
used to build arch bridges. For centuries, Arch bridges have been a primary choose for engineers
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due to their strength, durability of building materials and their environmentally adapted
appearance. The drawbacks of this type of bridge are the high construction cost, limited
clearance, design flexibility and expensive maintenance.

Suspension/cable-stayed:

The suspension and cable-stayed bridges are some of the modern long span bridge structures.
Suspension and cable-stayed bridges have one or more towers that can support the bridge deck
and the tension cables. The cables are usually subject to tension forces. The primary advantage
of cable-stayed bridges is their ability to span longer distances than traditional suspension
bridges. Furthermore, these bridges are cost-effective in construction and maintenance due to
their less material requirement and the cables are easily accessible for inspection and
maintenance. Few disadvantages of Cable-stayed bridge are their high design and construction
cost due to the complex structural design requirements and the demand of specialized
equipment and skills during construction. Moreover, cable-stayed bridges are highly exposed
to vertical wind damage due to the cables are designed only for tension. Due to susceptibility
to corrosion. These bridges need a lifetime inspection and maintenance.

Beam Bridges:

The simplicity of beam bridges offers several advantages that make them a popular choice for
relatively short span bridges. A significant advantage of beam bridges is that they are often easy
to design and construct, which results in a cost-effective construction option. Due to their simple
design, beam bridges are often easy to inspect and maintain. (Gao et al 2020)

Truss bridge:

A truss bridge is one of the common bridge structures in modern times. Truss bridges are
constructed with several members joined together to form a triangular rigid structure. A typical
truss bridge contains pin joined vertical, horizontal, and diagonal members. The members of
the truss bridges are subjected to axial force leading to compression or tension stress. The
triangular structure truss bridges are strong and have a high capability to withstand heavy loads.
Truss bridges are suitable for long-span bridges and are cost-effective to build. The truss
members are joined together by welding, bolting to a gusset plate. Some of the main parts of a
truss bridge are top and bottom cords, stringers, lateral bracing, and floor beams. In this thesis
a Warren truss bridge is tested and analyzed experimentally and with FEM using SAP2000.

®
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Warren (with verticals)

Figure 2: Warren truss (with verticals)
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Figure 3: Truss bridge members (Hibbeler structural analysis chapter 3. page:82

The top and bottom cords are the main parts of a truss subjected to an axial compression or
tension force to resist the bending moment due to the load. The upper chord is subjected for
compression, and it is essential to be designed against buckling. That unpredictable out-of-plane
buckling of the upper chord might cause bride damages before the whole bridge reaches its
vertical bearing capacity. Therefore, the stability of the upper chord is crucial to truss bridges
and calculating the critical length of the upper chord is likely to be critical in the structural
design. In the upper chord joint, rotation and buckling are restrained. Because on the upper
chord truss bridge are laterally constrained by vertical, horizontal, and diagonal web members
at the joints. Deck is one part of the truss bridge which lies above the structural parts of the
lower chord. The load from the deck is transferred to the stringer which is often subjected to
axial tension load.

Stringers are longitudinal beams located under the deck parallel to the traffic direction. They
carry the deck load and transmit the load to the floor beam. Floor beams are designed to carry
the load from the stringers and distribute the load to the bottom cords of the main trusses. The
top and bottom cords of a truss bridge are restrained by web cords. The web members include
the vertical member and diagonals. The vertical members are subjected to the shear force and
provide a stiffness against buckling, while the diagonals are forming a strong triangular form
to make the structure stable. The diagonals are subjected to tension and compression forces,
and they are effective when designed to form 45-60 degrees to the horizontal members. Another
important part of a truss bridge is the joints that intersect the truss members. Joints are
categorized into pinned or a hinge joint and gusset plate joint. The last mentioned connecting
more common for connecting two or more truss members. A truss joint is theoretically assumed
to be pin joint which means it can only resist an axial force. Truss connections are actually



restrained to resist axial, rotational and bending movements. (Weiwei & Yoda. 2017), (Wen &
Yue. 2020).

Figure 4: Gusset plate connection

22 Aluminum bridges

The La Barre Bridge in Quebec, Canada, which is the first aluminum pedestrian bridge in the
world. The Centennial Bridge in Miramichi, New Brunswick, Canada, which is a vehicular
bridge made entirely of aluminum. The Aluminum River Bridge in Alaska, USA, is a
lightweight aluminum pedestrian bridge that spans the Kenai River. Overall, aluminum bridges
offer a range of benefits over traditional bridge materials, particularly in situations where weight
and corrosion are critical considerations.

The Arvida bridge (Figure 5 a) in Canada was built in 1950 which located Rue du Pont across
a branch of the Saguenay River just southwest of the Shipshaw II Hydroelectric Power Station.
The bridge was designed by engineer Pierre Fortin and was constructed by Dominion Bridge
Company. It has a length of 154m, and the main span is a parabolic arch with a span-length of
91.5m. The construction of the bridge was a significant engineering achievement at the time,
as the Saguenay River is subject to strong winds and heavy ice flows during the winter months.
The bridge was designed to withstand these conditions and has been an important transportation
link in the region for many years. Today, the Arvida Bridge remains an important landmark and
is listed as a historic site by the Canadian government. It continues to serve as a major
transportation route for vehicles and pedestrians, connecting the communities of Saguenay and
surrounding areas. The Arvida bridge is the first aluminum bridge constructed entirely of
aluminum. The weight of the structure is 163 tons, which is half less than the weight of steel
bridge in comparable (Mezei, 1985).



(a) Arvida bridge in Canada (b) Forsmo bridge in Norway

Figure 5: Aluminum bridges in Norway and Canada

The Forsmo Bridge is a suspension bridge located in the municipality of Grong in Nord-
Trendelag County, Norway. It spans the Namsen River and connects the villages of Harran and
Grongstad. The bridge was completed in 1996 and is 660 meters long, with a main span of 400
meters. The Forsmo Bridge was designed by the Norwegian engineering firm Aas-Jacobsen
and is registered for being one of the longest suspension bridges in Norway. It was also the first
bridge in the country to use aluminum for the deck and main cables. The aluminum was chosen
for its light weight and durability, which made it an ideal material for use in the bridge's
construction. The bridge has become a popular tourist attraction in the region, as it offers
spectacular views of the Namsen River and the surrounding landscape. It is also an important
transportation link for the local community, providing a vital connection between the villages
of Harran and Grongstad. Overall, the Forsmo Bridge is a significant engineering achievement
that showcases the use of innovative materials in bridge construction. Its lightweight design and
use of aluminum have made it a durable and reliable structure that serves the needs of the local
community while also attracting visitors from around the world (Enevoldsen et al., 2002).

2.3 Structural Materials

Steel and concrete are the common and well adapted types of construction materials. New
construction materials have been developed and are still developing nowadays with the help of
new technology. In human history, wood, stone, iron and bronze were some of the oldest
building- and tool materials used by human beings. The stone, iron and bronze ages were the
time where historical progress in construction materials was achieved. New tools, machines,
and industries developed. This development has changed the principle of design and
construction method of large and complex structures. The construction industry has become a
time and material effective construction industry with the help of machines. They become
capable of constructing long span and complex bridges using newer and better materials. Early
used materials such as wood, stones and iron were relatively weak and are replaced by structural
steel and reinforced concrete. Woods and stones are the cheapest and oldest used materials still
used in construction of bridges and other engineering structures. (Ozyhar et al. 2012), (Arun et
al.. 2021). Concrete is a widely used construction material that can be used in the construction
of foundation, beam bridges, towers, and suspension bridges. Concrete is a composite material
made of cement, aggregates, reinforcement steel, admixture, and sand. Concrete has namely
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high compression resistance yield strength, high durability, fire resistance and good workability
forming various shapes. Moreover, it has lower maintenance costs and is suitable for heavy-
duty structures in a harish environments. (USA TRB NCHRP. 2004)

2.3.1 Structural Steel

Steel is a widely used construction material, made of iron and alloying elements such as carbon,
manganese, chromium, vanadium, silicon, and others. Alloys are added to iron during
manufacturing in a controlled manner to reach a special mechanical composition. Carbon is the
largest alloying element in steel ranging from 0.2 -2.1%. Depending on the chemical
composition and Properties steel can be divided into various groups. Structural steel, tool steel
and stainless steel are used for construction of engineering structures, manufacturing- tools and
machines and food and oil processing industries, respectively. (Warrian. 2016)

The mechanical property of structural steel depends on its chemical composition,
manufacturing process and additional treatments, such as heat treatment, hot and cold rolling.
Structural steel has a variety of yield grades, and its structural name is associated to its yield
strength, such as S235, S275, S355 and S450. Generally, structural steels are classified into
low, medium, and high strength alloy steels based on their strength and content of carbon
percent. Although steel is suitable for most structural constructions, its weight to volume ratio
is high and engineers are looking to other materials which can reduce the self-weight of the
construction. Aluminum has a low weight to volume ratio, and it has been used in the
construction of aircraft, building facades, pedestrian bridges, and a few vehicle bridges. In this
thesis the truss bridge is constructed from Aluminum, hence the property of this aluminum as
construction material is to be discussed.

Table 1: Nominal values of yield strength f, and ultimate tensile strength f, for hot rolled structural

steel.
Nominal thickness of the element t [mm]
Standard —
and 1< 40 mm 40 mm <1 = 80 mm
steel grade N - N -
fy [Nfmm~] fy [N/mm~] f, [N/mm"] Ty [N/mm”]

EN 10025-2

§235 235 360 215 360
§275 275 430 255 410
S 355 355 =2 490 &30 335 470
S 450 440 550 410 | 350
EN 10025-3

S 275 N/NIL 275 390 255 37
S 355 N/NL 155 490 135 470
S 420 N/NL 420 520 390 520
| S 460 N/NI 460 540 1 430 540
EN 10025-4

S 275 M/MIL 275 370 255 360
S 355 Mi/MIL 355 470 335 450
S 420 M/ML 420 520 390 500
S 460 M/ML ) 460 540 430 530
EN 10025-5

S235W 235 360 215 340
S355 W - 155 ) 490 &5l 135 490
EX 10025-6

S 460 QUQLQLI 4601 570 440 350




232 Aluminum as Construction material

Aluminum alloy has been used in bridge construction for more than 70 years. The first
aluminum bridge was built in the USA in Pittsburgh’s Smithfield Street Bridge. The bridge was
first made of steel and wood and replaced by aluminum later (Das et al., n.d.). The Norwegian
Public Road Administration (NPRA) is working with aluminum alloy as a construction material
for bridge. This helps reduce the cost of road construction and maintenance. (Brekke, 2017).

Aluminum is the next commonly used metal after steel. Al is used in various engineering
applications including in aerospace, building, automotive, food industries and engineering
structures. Al has a high strength to weight ratio, good electrical conductivity, and high
corrosion resistance. Pure aluminum is very soft and unsuitable for structural applications. Som
alloying elements are added to Aluminum to obtain the mechanical properties required by
engineering structures. Depending on the percent of the alloying element and type of treatment,
aluminum is subdivided into several series ranging from 1xxx - 7xxx. The strength of the Al
series increases as the alloying series gets higher. The selection of aluminum alloy for a truss
bridge depends on various factors such as the size of the bridge, the load it will support, and the
environment it exposed (Vargel. 2004).

Table 2: Aluminum Alloys

Series | Major alloying Method for strengthening Yield Tensile

element strength strength

(MPa) (MPa)
Ixxx No alloy Cold working 4-24 75-96.5
2XXX Copper Cold working + precipitation 11-64 152
3xxx Manganese Cold working, solid solution, 110-200
dispersion

4xxX Silicon Cold working, dispersion
S5XxXX Magnesium Cold and solid solution 80-180 211
6xxXX Mg and silicon Cold and precipitation 120-312
TXXX Zinc, Mg, and Cu | Cold and precipitation 314

The last two digits indicates the arbitrary numbers
| that the specific alloy can be identified in the series.

X_XXX xXxx XXX_X The second digit indicated the

i modifications made in the original alloy.

The first digit indicated the
principal constituent alloy.

Figure 6: Aluminum Alloy series number descriptions



The 6082 T6 aluminum alloy is commonly used in various industrial and commercial
applications. It is known for its high strength and corrosion resistance, making it a suitable
choice for structural components in the aerospace, transportation, and construction industries.
The "T6" indicates that the alloy has been heat-treated to obtain higher strength and toughness.
This heat treatment involves heating the alloy to a specific temperature and then rapidly cooling
to produce a fine-grained structure that provides exceptional strength and resistance to fatigue.
Alloy 6082 T6 is a wrought alloy processed using mechanical deformation methods such as
rolling, extrusion, or forging. This allows the alloy to be shaped into various forms to suit
different applications. Alloy 6082 T6 is also known for its excellent corrosion resistance,
particularly in marine environments having saltwater and sulfides.

Corrosion is the main reason for maintenance and surface treatment in many industries. The
corrosion resistance of an aluminum metal depends on its chemical composition, metallurgical
temperature, and the joining method as well as the condition of the service. Corrosion is a slow
or rapid deterioration of metals property such as its appearance, its surface aspect, or its
mechanical property. The electrochemical reaction of metal and aqueous phase cause corrosion.
That takes place by the reduction and oxidation of electrons. That causes the loss of mass of the
metal. As Al has indeed a low deterioration rate and higher strength per weight than structural
steel, engineers are interested in using aluminum as a structural material. However, aluminum
is exposed to galvanic corrosion when it is in contact with least noble metals such as carbon
steel with the presence of electrolyte. (Handbook of Corrosion Engineering by Pierre R.
Roberge), (Roberge. 2000).

Contact Metal

Galvanic Corrosion Risk

Nickel-Chrome Alloys, Titanium, Silver,

raphite, Gold, and Platinum

luminum and Alloys

Magnesium and Alloys
Lead, Tin, and Allays
Brasses, Nickel-Silvers
Bronzes, Cupro-Nickels
MNickel Copper Alloys

inc and Alloys
tainless Steel

Cadmium
Carbon Steels

Magnesium and Alloys

Zinc and Alloys

Aluminum and Alloys

Cadmium

Carbon Steel

Cast Iron

Stainless Steels

Lead, Tin, and Alloys
Nickel

Corroding Metal

Brasses, MNickel-Silvers

Copper

Bronzes, Cupro-Nickels

Nickel Copper Alloys

Mickel-Chrome Alloys, Titanium, Silver, Graphite,
Gold, and Platinum

Figure 7: Galvanic —reaction chart, where green represents lower corrosion risk and red
high corrosion risk. Ref (www.grabbepro.com)



Table 3 Material properties of structural steel Vs Aluminum (Eurocode 3 - Design of Steel Structures
- Part 1-5 Plated, n.d.) and from table3.2c (EN 1999-1-1:2007+A41:2009, 2009)

Hot rolled steel

Description S275 (EN10025- | Aluminum (6082 T6)
2)

Density 7850 kg/m? 2700 kg/m?

Nominal thickness, t <40mm < 5mm

Yield strength, fy 275 MPa 250 MPa

Ultimate strength, fu 430 MPa 290 MPa

Modulus of Elasticity (E) | 210 GPa 70 GPa

Corrosion resistance

High corrosion

-Low corrosion rate.

rate -corrosion risk in contact with noble metal
Lightness Heavy Light in weight
Thermal conductivity Low Generally, it's a good heat conductor

Recycling Recyclable, but Easier to recycle
demanding
Malleability Hard Excellent
350
- Aluminum
300 e, _
250 _— -

Stress (MPa)
)
-,
S

~

‘L Mild steel

1 1

0.005 0.01

0.015 0.02 0.025

Strain

Figure 8 Strain Stress Aluminum Vs Steel
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Table 4 Aluminum 6082-T6 Vs 10504 H14 chemical composition and yield strength (Aluminum 6082-

76, n.d.)

Alloys elements in [%]

Description 6082-T6 1050A H14, 1mm thick
Yield strength [MPa] 250 95/112
Aluminum [%] 95.2-98.3 99.51
Chromium. Cr <=0.25 0.001
Copper. Cu <=0.10 0.004
Iron. Fe <=0.50 0.316
Magnesium. Mg 0.6-1.2 0.002
Manganese. Mn 0.4-1.0 0.005
Silicon. Si 0.7-1.3 0.109
Titanium. Ti <=0.10 0.016
Zinc. Zn <=0.20 0.002
Lead, Pb 0.002
Other <=0.15 -
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2.4  Design theory

Modern truss bridges are designed with well-advanced technology in consideration of
structural integrity, materials selection, and geometric configuration. The truss bridge design is
optimized for efficiency, safety, and cost-effectiveness, while adhering to engineering standards
and regulations. The truss bridge is a type of bridge structure consisting of interconnected
triangular units called truss members. These trusses efficiently distribute loads and provide
excellent stability and rigidity. The design process involves selecting appropriate materials,
determining geometric configurations, analyzing structural forces, and ensuring overall safety.
During designing of bridges allowable stress design is one of the most factors that an engineer
must calculate and analyze properly. This means the maximum stress in a structure is always
smaller than an allowable stress in the bridge (Lin & Yoda, 2017a). The design objectives for the
truss bridge follow several key aspects. Structural integrity importance, ensuring that the bridge
can support required loads while maintaining stability and integrity under various conditions,
including dynamic loads, temperature variations, and environmental factors. The bridge design
must have sufficient strength to withstand the maximum required loads, including live loads
(such as vehicular traffic), dead loads (bridge self-weight), and environmental loads (wind,
snow, etc.). The design aims to optimize material usage and minimize construction costs
without compromising safety or structural integrity.

The choice of materials is crucial in achieving the design objectives. Common materials for
truss bridges include steel, concrete, and timber. Steel offers high strength-to-weight ratio,
durability, and flexibility, making it a popular choice for truss bridges. The material selection
also considers factors such as corrosion resistance, maintenance requirements, and cost-
effectiveness. We are going to use Alu metal as a construction material. The geometric
configuration of the truss bridge influences its structural behavior and visual attractiveness. The
span length, height, and width are determined based on the site conditions, required loads, and
architectural considerations. The selection of the truss pattern (such as Pratt, Warren, or Howe)
depends on factors like load distribution, ease of construction, and architectural preferences.
Structural analysis is performed to assess the bridge's response to required loads. This analysis
includes calculations for internal forces (tension and compression) in the truss members,
deflection limits, stability against lateral forces.

2.4.1 Loads and load distribution in bridges.

Generally, bridges are designed to carry dynamic and static loads subjected to the bridge
structure safely. These loads are in the form of various types of forces caused by vibration,
accidental collusion and accelerations due to the vehicles and their surrounding environment.
These loads are classified as dead loads, live loads (static and dynamic), environmental loads
(temperature, wind, snow load) and accidental loads. Dead load includes the weight of all the
structural and non-structural elements of the bridge, and other services such as electrical and
plumbing. Usually, the dead load is less than the live load in short-span bridges, whereas the
dead load is heavier than the live load in long-Spann bridges. So as the span becomes longer, it
should be designed well to reduce the dead load on the bridge. Reducing the self-weight of a
bridge without affecting its strength significantly can then increase the live load capacity of the
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bridge. Hence, engineers today are looking for materials with high strength to weight ratio.
Among others, Aluminum with its 2.7 g/cc density and relatively high strength is facing interest
by structural and material engineers. (Lin & Yoda. 2017b).

Table 5: Specific Weight of Different Materials

Material Unit Weight (KN/m?)
1 Steel 77
2 Cast Iron 71
3 Aluminum 27.5
4 Concrete 23
5 Wood 8
6 Asphalt 22.5

Live load is the weight of the vehicles and other moving loads that will be subjected to the
bridge during its service time. Factors such as the weight of the vehicles, traffic volume and the
combination of diverse weight vehicles are important to consider during analyzing the expected
live load. Additionally, the number of axles, the span between the axles and the maximum load
capacity of the vehicle must be considered to decide the worst-case scenario for the live load.
In some cases, it may also be important to consider the transportation of heavy equipment and
military vehicles, as these can have a significant impact on the bridge structure. Moreover,
environmental loads such as winds, waves, snow, earthquake, and other external factors are
important to consider in designing. However, these environmental loads are not considered in
this thesis.

2.4.2 Classification of cross-section

The cross section of a material has generally a significant impact on the strength and design of
a structure. Some cross sections are more subjected to buckling than others. Therefore, the
classification of a cross section is used to identify the class of the cross section and hence to
avoid local buckling and define its appropriate design resistance. The method of cross-sectional
classification of Al is explained in Euro code 9 (EN 1999-1-1:2007+A1:2009, 2009). Some of
the common cross-sections used in truss bridge design are I- section, T-section, Channel-
section, rectangular hallow section, circular-section, and angle section. According to Euro code
9 design of aluminum, the cross-section is divided into 4 classes of cross-sections. The role of
cross-section is to identify the extent to which the resistance and rotation capacity of cross-
section is limited by its local buckling resistance.
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Figure 5: Different Aluminum cross-section

Class 1 cross-sections are those which can form or develop full plastic resistance with full
plastic deformation before buckling occurs. Class 2 cross-section are those which can form or
develop full plastic resistance but unlike class 1 it has limited deformation and local buckling
can occur. Moreover, the stress in the extreme compression part of a class 3 cross-section can
reach its proof strength, but local buckling is likely to prevent development of the full plastic
moment resistance. Class 3 cross sections must be checked for local buckling before proceeding
in design. In the last class, class 4 cross-sections the local buckling will occur before the
expected proof stress in one or more parts of the cross-section (EN 1999-1-1:2007+A1:2009,
2009).
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CHAPTER3  DESIGN AND FABRICATION OF ALUMINUM
TRUSS BRIDGE MODEL

In this section the predesign and fabrication of a prototype and the final truss bridge model is
discussed. The truss bridge associated with this thesis is a 38.5m span warren truss bridge with
verticals, proposed to use aluminum as a building material. The fabricated experimental and FE
model truss bridge, the actual bridge is scaled down to 3000x500x500mm. The team has
prepared a prototype model of the truss bridge with a size of 1500 x250x250mm from 25x1mm
thick aluminum sheet metal folded to form L-section. After investigating the prototype model,
the final truss bridge model was then decided to be fabricated 3000x500x500mm, built with
angle cross-section of 15x10x1mm and 12.5x12.5x1mm for the cords and webs respectively.
The model was prepared from aluminum sheet metal of grade 1050A, and detail preparation
procedures are explained below.

3.1  Predesign of the Al truss bridge

There has been prepared a prototype of the truss bridge with a size of 1500 x250x250 mm
(Figure 9) from thickness of Imm aluminum sheet metal folded into L-section for the upper
and lower cord and flat 1mm aluminum for the rest of the members.

During the fabrication of the prototype truss bridge, our teams learned various practical
challenges and gained valuable experiences. These experiences have led to a more realistic
understanding of the stiffness requirements for the final model. One of the most important
observations made was that the cross-sectional area of the members in the initial or prototype
truss bridge design are greater than what was necessary to achieve the required stiffness.
Furthermore, observation is, that the length of the trucks is closely the same as the length of the
prototype truss bridge and this results that there will be an obstacle to make different load cases.
Considering the length of the truck used, it became noticed that a longer span for the truss bridge

is suggested.

b) upper and bottom
cord

o

a) Prototype Al truss bridge c) Web members

Figure 9: Pre -experimental model design 1500x250x250mm and its cross-sections
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3.2 Design of Al Truss bridge Model

In the first step of the design process the structural dimensions of the truss bridge are
determined. In this phase, various parameters such as the load requirements, and material
properties are considered to ensure structural stability and safety. The design process is first
obtained by theoretical calculations ensuring all load resistance requirements, and the design
model is optimized using FEM SAP2000. This gives an early overview of how the final truss
bridge model to be to have a measurable experimental strain by the stain gauge. The preparation
of truss bridge model in SAP2000 is described in detail in chapter 5. The final truss model is
then designed to be 3000x500x500mm with L-cross section for all members. Once the design
is finalized, the next step involves the fabrication of the truss members. In this project, Imm
thickness of aluminum sheet metal of series 1050A, folded into “L” angle-section is used. After
calculating the minimum area required to carry the maximum design load, a cross-section of
15x10mm for the upper and lower cords and 12.5x12.5mm for the web members is designed.

Unequal angle-section with a flange of 15mm is selected for the top and bottom cords due to
practical assumptions and to avoid stress concentration around the joint holes. Since all the
members are connected to the upper and bottom cords, selecting a larger vertical dimension
provides enough surface area for joining the members together.

Figure 10: Flatt Al sheet metal before folded.

3.3  Fabrication of the Final Al Truss bridge

Truss bridge model fabrication involves several critical steps that must be executed with
precision and accuracy to ensure structural integrity and safety. This section outlines the key
steps involved in the fabrication process of a truss bridge made of aluminum metal. Flat Imm
thickness Al sheet metal is cut with the cross-section area of 25mm? by metal plate cutter
machine, then it folded in to “L” shape. The Plate folder machine is used to fold the plates into
“L” angel. The L-shaped sections are then drilled to create holes for connecting the members.
The drilling process is executed with accuracy to ensure proper alignment and connection of
the truss members. The bottom cord part of the truss bridge was first cut 3meter long and 25mm
width Al sheet metal and that was folded into “L” section. The top cord was the same as the
bottom cord, but the length of the top cord is 2 meters. The dimension of the cross-section for
both cords is 15x10mm (Figure 9b). Another flat sheet metal, measuring 707mm in length and
25mm in width is being cut to form “L” shape angle End-post with a cross-sectional dimension
of 12.5x12.5mm. The web member, the floor beam and bracing members also have 500mm
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length and 25mm width which folded to equal cross-section of 12.5x12.5mm. Moreover, a
stringer is fabricated to create a path for the truck. The stringers are located at the same distance
from each side of the truss; hence they distributed the loads equally between both sides of the
truss. The stringer is 3 meters long and 10mm width. In order to simplify the fabrication and
installation process of the stringer, it has been made to cut it into 1.5meter length and 10mm
width of sheet metal Al and folded by Imm on both sides. This folding helps to guide the truck
along the path.

(1) Stringer (i)  Truss bridge
Figure 11: Fabricated Al truss bridge

Equal angle-section
h=12.5, b=12.5 and t=1mm

Unequal angle-section
h=15, b=10 and t=1mm

Figure 12: Angle sections used in the truss _fabrication.

The connection of truss member bridge is pin connection. Most of the truss bridges are joined
with Gusset plate connection (Figure 4), but in this thesis modeling 3mm in diameter and 20mm
long screw is used to connect the members together. One screw at each joint is used due to the
cross section of the L-section was small and the assumed load was relatively small. Joint design
is not included in this thesis.
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3mm in diameter and
20mm long screw

Figure 13: Pin joint, hole diameter 3.3mm and screw M3 20mm length

The final step in the fabrication process is the assembly of the truss bridge. The individual truss
members are accurately aligned and connected to form the complete truss bridge. The screw is
used to secure the connections between the truss elements. The assembly process is carried out
with precision to ensure the structural stability and safety of the truss bridge. Finally, quality
control checks are conducted to ensure that the bridge meets the design specifications. In
conclusion, the fabrication of a truss bridge using aluminum metal involves a series of critical
steps that must be carried out with precision and accuracy. By following the design
specifications, cutting, and shaping the aluminum plates, folding, and drilling, joining the truss
members, surface treating the aluminum surface, and finally assembling and quality control
checking the bridge stability.

Figure 14: Al Truss bridge
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To construct this bridge various instruments, plate cuter and plate folder machine are used. A
Plate Shearing Machine with a 12mm cutter is a type of machine used for cutting metal plates
to a specific size and shape. The machine consists of a fixed lower blade and a moving upper
blade that are designed to shear through the metal when brought together. The 12mm cutter
specification suggests that this machine can cut through metal plates that are up to 12mm thick.
The machine can be operated manually or hydraulically, depending on the size and complexity
of the job. Guillotine Plate Shearing Machines are commonly used in the manufacturing,
metalworking, and construction industries for tasks such as cutting metal plates for structural
components, sheet metal fabrication, and metal recycling. They offer high precision, efficiency,
and accuracy, making them an essential tool for cutting metal plates to the required dimensions
and shapes (Kaczmarczyk, 2019).

A plate folder machine, also known as a sheet metal folding machine, is a machine used to bend
and shape metal sheets and plates into various angles and shapes. The machine consists of a
clamp, a back gauge, and a bending beam, which work together to apply force and bend the
metal sheet. The function of a plate folder machine is to create precise and accurate bends in
metal plates, which is essential for various industries such as metal fabrication, manufacturing,
and construction. The machine can be used to bend metal plates of various thicknesses and
widths, ranging from a few millimeters to 3meters long. These machines were primarily used
in the automobile and construction industries to bend metal sheets into various shapes and
angles. Plate folder machines have become more advanced, with the introduction of hydraulic
and computerized control systems that allow for greater precision and control in the bending
process. Modern plate folder machines can also be equipped with automated back gauges and
sheet support systems, which improve efficiency and accuracy in the bending process. Today,
plate folder machines are widely used in industries such as metalworking, manufacturing, and
construction for bending metal plates to a specific angle and shape. They offer high precision
and accuracy in the bending process, making them an essential tool for various industries that
require precise and accurate metal bending.

Tt g S

a) Shearing machine

b) Folder machine

Figure 15: A Guillotine Plate Shearing Machine with a 12mm and 14B Plate folder machine.
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CHAPTER4 THEORETICAL ANALYSIS OF A TRUSS
BRIDGE

The truss bridge design theory, assumptions and structural analysis of the aluminum truss
bridge is discussed in this chapter.

4.1  Design assumptions

To design members of a truss bridge. The force in each member should be determined and the
members should be idealized. All loads are assumed to be applied at the joints and hence the
members are exposed to an axial tensile or compression forces. All members are joined by pins
and their joining centerlines are concurrent at a point. By introducing this assumption. the
secondary stress in the members is excluded from our analysis. Moreover, the determinacy and
stability of the truss bridge is determined. Internal and external stability where a truss structure
b+r < 2j will be classified as unstable. A truss is externally unstable if all its reaction forces are
concurrent or parallel.

b+r =2j
Equation 1
4.2  Truss bridge design using ultimate limit state (ULS)

A corresponding material property to 1050A was taken from EN. AW 5005A H12/H22/H32.
(EN 1999-1-1:2007+A1:2009, 2009)

Fy=Fo =95 N/mm?
Fu = 125 N/mm?
4.2.1 Determine the design axial load (NEd)

Axial load is a force acting along the axis or centerpiece of a structure. This type of load can be
from pressure or compression. If the action of the load is to increase the length, then the member
is in tension. If the applied load tends to shorten the member, then the member is in
compression. Using load combination, that is the dead load and the load of vehicle with its
maximum load capacity (live load) is going to obtain design load of the truss by (Equation 2).

Ned = 1.35(dead load) + 1.5(Imposed load)
Equation 2

A total length of 11.7 m with a cross-sectional area of 24 and 2.7x10°° kg/mm? of aluminum
material is used for constructing the single truss of the bridge. From this a dead load of 7.46N
is calculated. Moreover, the truss bridge is assumed to be subjected to a total live load of 250N.
Each side truss of the bridge is then loaded with 125N.

Nea =1.35(7.46) + 1.5%(125).
Nea= 197.58N
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4.2.2 Determine the cross section.

After we find the design load capacity, it is necessary to determine the cross-section area of the
members. According to the design load and the area we obtained, we can design our truss
members.

A > Neq /xFy. Guess "y from 0.3-05. If the cross-section is not suitable. "y can calculate from
(EN 1999-1-1:2007+A1:2009, 2009)

A> Nea
— xly

Equation 3
A >20.80

x=0.1
A >20.80mm?.

The selected area is 24mm?>.

4.2.3 Class classifications of the cross-section

The classification of a cross section is used to avoid local buckling and define its appropriate
design resistance. Class classification is one of the designing parameters which should be
calculated or identified.

Check class classification for the “L” angle member. We have cross-section of 15x10x1mm.

B = bt

Equation 4
From (EN 1999-1-1:2007+A1:2009, 2009) Part 1-1 General. 6.1.4.3 slenderness parameter
equation 6.1
B=10/1=10 and 15/1=15
if B3 < B. then the cross-section is class 4. To find the value of B3 we must identify the class of
the material from “Ref: (EN 1999-1-1:2007+A1:2009, 2009) for Alu-structures page-36. table
3.2a” and the formula from page 74. Construction material is EN-AW 5005A H12/H22/H32
<12.5.

The material is classified as class B. without welds in class “B” and according to the
classification of the material the value of B3 from table 6.2 slenderness parameters in Eurocode
9 (EN 1999-1-1:2007+A1:2009, 2009) shown on Figure 16 and Figure 17.

B <B

Equation 5
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(1) The classification of parts of cross-sections is linked to the values of the slenderness parameter f as
follows:

Parts in beams Parts in struts

B<B iclass | B<p :class | or 2
Br<B<fBrclass 2 Pr< f< By iclass 3
Pr < < fy:class 3 pi<f 1class 4

p<p s class 4

Figure 16: Slenderness parameter for classification of parts of cross-sections from (EN 1999-1-
1:2007+A1:2009, 2009)

Material classification Internal part Outstand part
according to Table 3.2 Bl phle pile bl prle pile
Class A, without welds I 16 22 3 4,5 6
Class A, with welds 9 13 18 25 4 5
Class B, without welds 13 16,5 18 35 4.5 5
Class B, with welds 10 13.5 15 3 3.5 4
& =m ,foin ]\Hmm3
Figure 17: Slenderness parameters from table 6.2 (EN 1999-1-1:2007+A1:2009, 2009)
_[250
Equation 6

e=1.62

The value of B3 from the above table class B without welds 3/ € = 5.
Then obtained: B3 = 8.10.

B3 <P.
8.10<10 when b=10 the cross-section is then classified as class 4.
8.10<15 when b=15 the cross-section is then classified as class 4.

The values are satisfied for this equation and the overall cross section is class 4. “Ref:
en.1999.1.1.2007 Eurocode 9 Design of aluminum structures - Part 1-1 General.
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0.7
0.6
0.5
0.4
03
0,2
0.1

0

/e
1 Internal parts and round tubes, 2 Symmetrical outstands, 3 Un-symmetrical outstands
a) class A, without welds,

b) class A, with welds or class B, without welds
¢) class B, with welds

Figure 18: Buckling reduction factor p. for class B without welds, symmetrical outstands from figure
6.5 (EN 1999-1-1:2007+A1:2009, 2009)

4.2.4 Determining cross-sectional design compression resistance N.. ra

In this determination maximum designed load resistance that applied on the truss bridge is

calculated by (Equation 7). As the member is class 4, Acr 1s required and from Euro code 9 we
find Aectr.

_ Aefrly
Nc.Rd_

YMy
Equation 7
A= 24mm?, £,=95N/mm?, partial factor property yM;=1.10.
Aeff = pc A¢
Equation 8
To calculate the effective area, finding the reduction factor (pc)
‘1 C2
pc = -
B/e) (ﬁ)
€)?
Equation 9
Constants ¢} and ¢, in expressions for p,
Material classification according Internal part Qutstand part
to Table 3.2 C C, C €
Class A, without welds 32 220 10 24
Class A, with welds 29 198 9 20
Class B, withour welds 29 198 9 20
Class B, with welds 25 150 16

Figure:19 Constants C from figure 6.3 in (EN 1999-1-1:2007+A41:2009, 2009)
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Pcls= 0.74. Pclo= 0.93
then. p.=min (0.7, 0.93) => 0.74 is selected as buckling factor.

Ae-perAC
Aei= 0.74*24 = 17.76 mm?
Ne.re= (17.76*95/ (1.10) = 1533.82 N

4.2.5 Check the compression design load is greater than design load.

Checking the critical load design should be greater than the applied load. This mechanism
ensure that our member is suitable to carry the applied load.

Check NC.Rd = NEd
Equation 10
1533.82 N >221.25 N ------ommm- ok

4.2.6 Find the buckling design load Nb. ra

Buckling is a sudden lateral failure of an axially loaded member in compression. The
compression members must be loaded less than the failure load capacity.

_ kxAesrfo
Np ra=
: YMq
Equation 11
i, Aefres,
ar
Ny
Equation 12
n?EIl
Ner=

Equation 13

where: - E- is the Elastic modulus of the material. I- is the moments of inertia. L- is the length
of the member.

Lcr = 1’1’111’1 (L]. L2 .. .)
Equation 14
Ler = 500mm

Ner=1 564,06 N
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Kpgr = /AI{,#= 1.04

Using bar in combination with the diagram in figure 6.11 in EN 1999-1-1:2007. y = 0.55

Since our material class B is without welds then k =1

0.55%17.76 * 95
Nb.Rd = 1 1 = 84‘360N

4.2.7 Design check for buckling.

Np.ra = Ngg = 843.60 > 221.25

0 0,5 1,0 1,5 = 2,0

1 Class A material,
2 Class B material

Figure 20: Reduction factor for flexural buckling figure 6.11 (EN 1999-1-1:2007+A41:2009, 2009)

4.2.8 Determine displacement at a specified point:

Using the energy method (Equation 15), the displacement of members at joint will be calculated.

nhl|
A=Y i
Equation 15
Where: - 1- is applied virtual load in direction of 4. A- is desired joints displacement caused
by real external load. n- is internal virtual force in a truss member caused by external virtual
unit load. N- is internal force in a truss member caused by real load. L- is length of each
member. A- area of the property and E- is the elastic modulus of the material.
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Equation 16

The internal deformation due to virtual force and external forces in each joint is obtained by the
principle of virtual energy work (Hibbeler structural analysis). First the determinacy of the
structure is determined following: -

Degree of determinacy:

m+r—2j

where j is number of joints. m is number of members and r is number of reactions.

m + r < 2j the structure is statically unstable. m + r = 2j the structure is statically
determinate.

m + r > 2j the structure is statically indeterminate. The truss bridge in this thesis has 21
members. 3 support reactions and 12 joints. Hence. the degree of determinacy
=24=24. the structure is statically determinant.

In our case we are going to consider 7 joints. when unit load is at point_1 = Omm, point 2 =
500mm, point 3=1000mm, point 4 =1500mm, point 5 =2000mm. point_6 = 2500mm,
point_7 = 3000mm. Due to the symmetry the unit load is located and the forces are calculated
joints nr 2, 3 and 4.

Figure 21: The design truss bridge with all members

The truss bridge is designed to have a pin joint at support A and roller at support G. When x is
0, the load is at support A, when x is 3000mm, the load is at support G. The unit load and the
real load has no effect on the members when it is applied directly at the supports.
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Influence line

In this problem an influence line for the truss member using the basic method is constructed at
member 1k, Ic, kj, ¢j and bc and the influence line is used to find the maximum effect of live
loading. An influence line is a graphical representation of how a particular load or force on a
structure or structural element, such as a beam or a truss member, would influence the response
or behavior of that element. Specifically, an influence line shows how a particular force or load
would be distributed along the length of the structure or element, and how that distribution of
force or load would affect the internal forces. In structural engineering, influence lines are used
to help determine the maximum or critical loads that a structure or element can withstand, and
to help optimize the design of a structure or element for a given set of loading conditions.
Influence lines are typically generated using either analytical or graphical methods. We will
show the analytical results in the table and graphical results as well.

Table 6. Influence line at member Ik, Ic, kj, ¢j and bc

At point B At point C At point D At point E At point F
member lk -0.67 -1.33 -1.00 -0.67 -0.33
member Ic -0.23 0.94 0.70 0.47 0.23
member kj -0.67 -1.33 -1.00 -0.67 -0.33
member cj 0.23 0.47 -0.70 -0.47 -0.23
Member bc 0.83 0.67 0.50 0.33 0.17
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4.3  Results of theoretical analysis

The results obtained in the calculation are presented below.

Table 7: Results of Theoretical Analysis

Results of Theoretical Analysis

Name Results
Design axial load (Ned) Ned 197,58N
Cross-section is “L” angle and area is 24mm?
Class classification of the member is class Class 4
Design compression resistance Nc, Rd 1533,82N

Check the compression designed loas is greater
than designed load Nc, Rd > Ned

1533.82N > 221,25 N

Buckling design load Nb, Rd

843,60N

Design check for buckling Nb, Rd > Ned

843.30N > 221,25N

Fbc

Figure 22:Influence line at truss bridge member Ik, Ic, kj, cj and bc
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Table 8: Results of Theoretical Analysis when the load is 197.58N

Results from hand calculations when 197.58N force and unit load is applied at the

midspan of the truss bridge

Member mi‘:;;ir Force member C=c(;:)1:1press Length | N cr=% P=Ncr/r
’ by “n” [N] by “NIN] T= tension mm [N/mm?] IN]
Fa -0.70 -139.14 C 707 770.22 -5.54
Fix -1.00 -197.58 C 500 1540.46 -7.80
Fy; -1.00 -197.58 C 500 1540.46 -7.80
Fji -1.00 -197.58 C 500 1540.46 -7.80
Fin -1.00 -197.58 C 500 1540.46 -7.80
Fhe -0.70 -139.14 C 707 770.22 -5.54
Frg 0.50 98.79 T 500 1540.46 15.59
Fer 0.50 98.79 T 500 1540.46 15.59
Fae 1.50 296.37 T 500 1540.46 5.20
Fed 1.50 296.37 T 500 1540.46 5.20
Foe 0.50 98.79 T 500 1540.46 15.59
Fab 0.50 98.79 T 500 1540.46 15.59

Fo 0.00 0.00 T 500 1540.46 00
Fie 0.70 139.14 T 707 770.22 5.54
Fxe 0.00 0.00 T 500 1540.46 00
F -0.70 -139.14 C 707 770.22 -5.54
Fg; 1.00 197.58 T 500 1540.46 7.80
Fje -0.70 -139.14 C 707 770.22 -5.54
Fie 0.00 0.00 500 1540.46 00
Fen 0.70 139.14 T 707 770.22 5.54
Fm 0.00 0.00 500 1540.46 00
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Displacement at a specified point in a structure refers to the amount and direction of movement
that occurs at a point when the structure is subjected to an external load or force. In structural
engineering, displacement is typically measured in terms of the change in position or location
of a point in the structure relative to its original. The displacement at a specified point is an
important parameter in structural analysis and design because it can be used to evaluate the
structural performance and integrity of a structure under different loading conditions.

Table 9: Results of theoretical calculated deflection at each node in mm by 197.58N
Node B C D E F

Deflection 0.016 0.029 0.041 0.029 0.016

There are two results, that can refer in this thesis. Result from the maximum designed load
that is 197,58N in Table 9 and the load of 70.12N Table 10 that is using to have comparison
with SAP2000 results.

Table 10: Results of theoretical calculated deflection at each node in mm by 70.12N
Node B C D E F

Deflection 0.006 0.011 0.015 0.011 0.006
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CHAPTERS5  FINITE ELEMENT METHODE (FEM)

FE analysis method is discussed. SAP2000 is used to evaluate the structural performance of
the aluminum truss bridge under different loading scenarios.

5.1.1.84P2000

SAP2000 is a computer program developed by Computers and Structures Inc. (CSI) and it is
used for structural analysis and design. It is a finite element analysis software that is commonly
used in the engineering industry. The software has been developed to analyze and design
various types of structures such as buildings, bridges, long span trusses, towers, and dams.
SAP2000 is a popular application for structural analysis and design with several features,
including modelling, analysis, design, and visualization.

The Modeling feature allows for the creation of models of structures using various elements
such as beams, columns, walls, and slabs. The software provides a graphical user interface that
makes it easy to create and modify these models. SAP2000 uses the finite element method to
perform a structural analysis in linear, nonlinear, static, and dynamic analyses. The software
can also perform modal analyses and time history analyses. The software can be used to design
various types of structures such as steel, concrete, timber, and aluminum. It can automatically
generate design loads and load combinations according to various building codes and standards.
Moreover, SAP2000 provides a 3D visualization of the model, making it easy to view and
analyze the structure from different angles. The software also provides various tools for
animating the structural response. User-friendly interface, versatility and accuracy are some of
several advantages that make SAP2000 a popular choice for structural analysis and design. In
this thesis SAP2000 version 23.3.1 is used to perform the finite element analysis of the truss
bridge.

5.2 2D and 3D Truss Bridge Modeling using SAP2000.

A 2D and 3D finite element method analysis of the aluminum truss bridge is developed, and
analytical results are obtained from both truss bridge models using design code NE 1997. A 2D
truss bridge of 3000mm span-length model is developed in SAP2000 v.23.1. The model is
created using truss template and it is sub-divided to create more frame elements. It has been
assigned a pin support at one end and a roller at the other end of the bridge as shown in (Figure
23). The pin support has zero degree of freedom in X, y, z axis while it is free for rotation around
the y axis. The y and z degree of freedom of the roller are set to zero DOF while the rest are
non-zero. The Global coordinate system of the model is oriented in x, y and z axis, where x-
axis lies along the truss span and z-axis along the truss bridge height. Moreover, SAP2000
represents any displacement in x-, y- and z-axis as ui, uj and us, respectively.
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Figure 23: 2D-truss bridge model

Once the model is created, a frame of angle section 15x10x1mm and 12.5x12.5x1mm is defined
for the cord and web members of the truss bridge, respectively (Figure 12). The cross section
of the angle section frames is designed in section-designer, a separate built-in utility in
SAP2000. Moreover, the material used for constructing the truss bridge is a tempered Al 1050A
H14 and its properties are provided to SAP2000 from the datasheet delivered from the producer.
The mechanical properties and chemical composition of the Al type is provided in Table 4. The
final step in the modeling process is to apply loads and restraints to the structure and run the
analysis. SAP2000 allows for the application of variety of loads, where in this analysis a point

loads for the static and a moving load for the dynamic analysis was applied. The analysis results
of stress, forces, displacement and deformed shapes are then obtained from the FEM for the 2D

H 2ngle Section x
H Property Data
Section Name Bottom Chord 15x10x1 Display Color .
Section Notes Modify/Show Notes...
Section Name | Bottom Chord 15x10x1
Dimensions. Section
Outside vertical leg (13 ) 18, Properties
Outside harizontalleg (2} 10, M Cross-section (axial) area A, Section modulus about 3 axis Oty
T 2 Moment of Inertia about 3 axis HEED Section modulus about 2 axis 2EIEY
Horizontal leg thickness (tf) ' aT\
i Mament of Inerta about 2 axis S Plastic modulus about 3 axis o
Vertical leg thickness { tw 1 3 || ’7
J Je iaa Product of Inertia about 2-3 RS Plastic modulus sbout 2 axis A
0,
FAR=Ts ‘ Shear area in 2 direction 15. Radius of Gyration about 3 axis. 20
Shear area in 3 direction i Radius of Gyration about 2 axis BEED
7755 ' I
Properties Torsional constant Shear Center Eccentricity (x3)
Waterial Property Modifiers ‘Section Properties...
OK
+ 1050A ~ Set Modifiers... ‘ | Time Dependent Properties... _
o
Figure 24: Angle section and its section properties
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Figure 25: Multistep Moving Load

The experimental test and SAP2000 analysis, different load scenarios were considered. The
first load scenario was a low speed that is 22cm/second with 8,5kg load. The second load
scenario was with high speed which is 43cm/second and with same load. The third load scenario
is with low speed and with 14,34kg load, the fourth scenario was with high speed with 14,34kg.
By considering these load scenarios and conducting both experimental and SAP2000 analyses,
a significant understanding of the structural behavior under different conditions can be obtained
and that can help to final design of the real bridge in the ground.

5.3  Results From Numerical Analysis

The FEM results presented in 2D are due to static loading, while in the 3D are due to the
static and dynamic loads.

53.1 2D truss bridge

Static Load:

Figure 26: 2D truss bridge SAP model, including joints, members and load.
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Table 11: Deflection results at joint located on bottom cord of 2D truss bridge from SAP2000.

Joint Location from Global coordinate | Uz [* 10™2mm]
A (-1500,0) 0

B -1000 -34.132
C -500 -62.302
D 0 -84.188
E 500 -62.151
F 1000 -34.057
G 1500 0

Joint Displacement Vs its location

0,10
0,05 0,00
-0,20
0,35
-0,50
-0,65
-0,80
-0,95
22000 -1500  -1000 -500 0 500 1000 1500 2000

Joint Location along bridge spann (mm)

Displacement Uz (mm)

Figure 27: Deflection results from SAP2000 of joints located at bottom cord of the 2D truss bridge.
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SAP2000 23.3.1 Deformed Shape (COMB1) - Contours for Uz M, mm, C

Figure 28 Deformed shape Uz of the 2D- Al truss bridge, static 125N load applied at midspan.

Deflection in a truss bridge refers to the deformation of its members under applied load. This
deformed shape tells that the critical point is at the middle of the span.
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Table 12: 2D Truss bridge members force results from SAP2000, Static load 125N

2D static load of 125N at joint D

Frame name Forces Stress S11 Strain
SAP2000 Theoretical N N/mm?2 um/m
1 Fab 98.27 4.32 57.67
2 Foe 98.36 4.59 57.72
3 Fed 289.31 13.24 169.78
4 Fae 289.30 13.23 169.78
5 Fer 98.36 4.60 57.72
6 Frg 98.28 4.25 57.67
7 Fhg -138.77 -6.46 X
8 Fin -194.82 -9.96 115.96
9 Fji -194.96 -10.19 116.05
10 Fy -194.96 -10.10 116.05
11 Fik -194.82 -9.91 115.96
12 Fai -138.77 -6.52 X
13 Fui 0.90 1.23
14 Fic 136.63 6.52
15 Fie -0.90 -2.70
16 Fj -133.22 -6.65
17 Fg 187.92 8.06
18 Fje -133.20 =177
19 Fie -0.70 -2.68
20 Fen 136.63 6.40
21 Fune 0.91 1.23




N D\

Figure 29 Member force results from SAP 2D static load of 125N at joint D

The member force in the above table refers to the internal forces experienced by the member of
a structure. By examining the member forces obtained from SAP2000, engineering can approve
that the members are within acceptable limits for stress, strength and deflection.

21-1

13,24

Figure 30 Stress results from SAP 2D static load of 125N at joint D

36




5.3.2 3D truss bridge

The results from 3D truss bridge modeled in SAP2000 are presented in this section. The results
are divided into static loading case and multi-step moving load dynamic case.

Static Load Results:

Displacement SAP results at each joint of the bottom cord of static analyzed 3D truss bridge
subjected to 70N force at joint D (mid-span) are presented on Figure 31.

Displacement Uz
0,000 0,000
0,000
£
£ 0,100 -
£ 0,200 -
IS
@ 0,300 -
£
S -0,400 -
1%}
= -0,500 -
W
o -0,600 -
A B C D E F G
—— U3 0,000 0238 0419 0551 @ -0,414 = -0,230 0,000
Joints

Figure 31: Displacement results from SAP 3D truss bridge model due to 70N static load located at
joint D.

0o -z
SAP200023.31 Deformed Shape (COME1) - Contours for Uz N, mm, C

Figure 32: Deformation when a static load is applied at mid span of 3D truss bridge from SAP2000.
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Table 13: Results from SAP2000 3D static load of 70N at joint D.

Frame name Forces Stress S11 Strain
SAP2000 Theoretical N N/mm?2 *107-6
1 Fab 86.05 3.788 54.114
2 Foc 81.93 3.565 50.929
3 Fed 194.05 8.646 123.514
4 Fae 189.52 8.773 125.329
5 Fer 69.62 3.276 46.800
6 Frg 65.74 2.863 40.900
7 Fhg -92.9 -4.022 -57.457
8 Fin -126.68 -6.607 -94.386
9 Fji -127.24 -6.325 -90.357
10 Fy -127.85 -5.676 -81.086
11 Fik -128.42 -5.613 -80.186
12 Fai -93.01 -6.304 -90.057
13 Fui 4.43 -2.775 -39.643
14 Fie 87.25 3.772 53.886
15 Fre -1.7 1.208 17.257
16 Fj -77.6 -3.254 -46.486
17 Fg 108.74 4.769 68.129
18 Fje -77.46 -3.735 -53.357
19 Fie -0.99 1.273 18.186
20 Fen 86.22 3.968 56.686
21 Fhe 4.1 1.525 21.786
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Figure 33: Member forces of 3D truss static load applied at mid-span from SAP2000.
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Figure 1: Stress results of 3D truss bridge from SAP2000 when a static load applied at mid-span.

Dynamic load Results:

Displacement at each joint along the bottom cord when multi-step moving truck dynamic load
is applied.



Displacement results at each joint along the bottom cord of
truss bridge modelin SAP
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Figure 34 Displacement results from SAP multi-step analysis at each joint of the bottom cords
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Figure 35:Deformation (Uz) results 3D dynamic analysis from SAP2000
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Figure 36: Dynamic 3D- member forces from SAP2000
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Table 14 SAP results of multi-step moving load of 219.68N

Frame name Forces Stress S11 Strain
SAP2000 Theoretical N N/mm2 *107-6
1 Fab 62.78 3.239 46.271
2 Fbe 50.4 2.663 38.043
3 Fed 92.12 4.422 63.171
4 Fae 90 4.436 63.371
5 Fer 45.64 2.734 39.057
6 Frg 54.89 3.199 45.700
7 Fhg -108.16 -6.251 -89.300
8 Fin -122.72 -5.641 -80.586
9 Fi -123.01 -5.601 -80.014
10 Fj -124.27 -5.745 -82.071
11 Fik -124.54 -5.896 -84.229
12 Fal -110.25 -6.318 -90.257
13 Fui 58.35 4.533 64.757
14 Fic 84.55 5.114 73.057
15 Fie -0.11 -1.636 -23.371
16 F -58.26 -2.56 -36.571
17 Fg; 55.14 3.113 44.471
18 Fje -56.15 -3.372 -48.171
19 Fie 0.22 -2.079 -29.700
20 Fen 81.8 3.436 49.086
21 Fhe 58.02 2.991 42.729
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Stress results of 3D Truss bridge from
SAP2000
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(a) Maximum stress of members 7, 9 and 4

Stress results from multi-step moving
truck SAP2000
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(b) Instantaneous stress values on members 7, 9, 4

Figure 37: Stress results from SAP of a multi-step moving load 219.68N

During a multi-step moving truck analysis in SAP2000, the software calculated the stress results
at different locations along the members. These stress results provided information about the
internal force and moments experienced by the members as the truck moves over them.
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CHAPTER 6 EXPERIMENTAL INVASTIGATION

A 3D truss is tested in the laboratory of university of Stavanger. The strains at members are
measured using strain gauges during static and dynamic load case. In this section the
experimental process and its results are presented.

6.1 3D Truss Bridge Experimental Test

6.1.1 Tools and testing machines.
Strain Gauge

Strain gauges can be used to measure a stain such as tensile and compressive, shear and bending
strain. They are commonly used in controlling and testing of critical structures such as bridges,
tunnels, buildings, aircraft and in the development of sensors and other electronic devices. One
of the key advantages of strain gauges is their high accuracy and sensitivity, which allows for
precise measurements of deformation and strain. They are also relatively easy to install and use
for a wide range of applications. A strain gauge made of a metallic coil glued to an insulated
flexible backing. It is then glued to a structure to make a measurement. When a load is applied
to the structure, the electrical resistance of the foil starts to change. The change of resistance is
measured by a Wheatstone bridge. The Wheatstone bridge is related to the strain by a Gauge
Factor (GF). The strain gauge factor used in this thesis is 2.13. The principle of a strain gauge
is that if the strain gauge gets stretched and becomes thinner, the resistance increases since the
resistance is length divided by area (R=L/A, where R is resistance, L is the length and A is the
cross-section area of the wire). If the resistance measured is less, the gauge becomes shorter
and wider in width. From the electrical resistance measured by the strain gauge the strain in the
structure due to the applied load can be then obtained.

A Strain gauge is to be used in this thesis to measure the stress limit of the aluminum truss
bridge model. A strain gage is a sensor device that is physically attached to the structure, and it
changes its resistance as the shape of the structure deforms.

Equation 17

Equation 18
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Strain Gauge

EE— Electrical Wires
Gauge Backing Strain Direction (Leads)

A—

7 b\

. . Solder Pads C
Resistive Foil b) Quantum-X Data Acquisition
a) One direction strain gauge System

Figure 38:Typical one directional strain gauge and bridge amplifier of Quantum-X family

The QuantumX Data Acquisition System (Figure 38) was used to read data from a strain gauge-
based Wheatstone bridge connected to an aluminum truss bridge model. By measuring the
changes in electrical resistance caused by the strain, the QuantumX system captured and saved
the strain data. Moreover, it provides user-friendly software for visualizing, analyzing, and
reporting acquired data This setup helped us study how the aluminum behaved and changed
shape under different loads.

Figure 39 The truck model used in the experimental test.

In the experimental test, a truck measuring 1200mm in length was employed. The truck has a
base weight of 8.5 kg when unloaded, and it has the capacity to carry an additional load of up
to 15 kg. the maximum speed of the truck is 43cm/second while its low speed 22cm/second.
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6.2

Results from Experimental Test

A static and dynamic scenario was considered. A force of 140.68N and 219.68N for static and
dynamic scenarios are applied, respectively.

6.2.1 Static Load

Strain is measured on 5 members of the 3D truss bridge, where members 4 1 and 4 2 are in

tension and the rest are in compression. The values obtained from the experimental test are
presented in (Figure 38 and Table 15)

Table 15 Average Strain values obtained from strain gauge at joint D.

Descript | Member 7 1 | Member 7 1 | Member | Member | Member | Member
ion _Top _side 72 92 41 4 2
Strain -13,89 -46,56 -15,05 -47,02 52,04 52,64
Strain 13,893 46,556 15,054 47,024 52,036 52,637

ab

Stress -0,973 -3,259 -1,054 -3,292 3,643 3,685
Force -23,341 -78,214 -25,291 -79,000 87,421 88,430

Average Strain from experiment at joint D due
to static load

60,0

]
Y]
o O
o ©

-uo -uo
o ©

Strain [um/m
M [¥5)

,_.
'HO 'HO
o o

52,036

Tuss members

52,637

Figure 40: Average strain from experimental test at joint D due to static load
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Static load applied at joint D
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Figure 41 Strain values from static experimental test of the 3D truss bridge.

From a gauge a deflection of 0.422mm was measured at the midspan of the truss bridge as

shown in Figure 42.

Deflection at mid span due to Static load

0,45
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0,35
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Deflection (mm)

5 10 15 20 25 30 35
Time (s)

Figure 42 Deflection of truss bridge due to static load at joint D



Table 16 Average strain values measured at joint B due to Static load.

Mem Mem Mem7 2 | Mem9 2 | Mem4 1 | Mem
7 1 Top 7 1 side 4 2
Strain *10° | -3,840 -14,827 -7,441 -15,304 13,324 17,201

Strain at joint B due to static load

20
18
16

Strain
R

=]

Member 7 1. T Member 7 1 si
op de

Truss bridge members

14
12
10

Member 7 2 Member 9 2 Member 4 1

mSeriel  3,839739632 14,8270798 7,440740294 15,30440333 13,32380467

Member 4 2

17,20095747

Figure 43: Strain at joint B due to static load
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6.3  Dynamic load

Deflection:

Experimental deflection results at mid-span are presented at Figure 44.

Floor-beam disp gauge 7 1 | disp-7-1 corrected
Deflection [mm] 0,410 0,405 0,422

Displacement at mid span Static load

.05
E 4 ' 27,4600013;
£ 0,404729843
£ 03
4]
£02
[+H]
(5]
801
g [
= 0

5 10 15 20 25 30 35

Time (s)
——Serie2

Figure 44:Deflection at mid span of the truss bridge from experimental test using gauge.

Displacement Dynamic
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Figure 45 experimental displacement results of 3D Al truss bridge loaded with a moving truck
measured at floor beam of joint D.

In Figure 45 when the load is applied to the truss bridge, then more displacement is measured
at the floor beam of the truss bridge. The stringer transfers the load to the floor beam and the
floor beam is weaker than the bottom cord that cause more displacement at the floor beam. The
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cross-section of the floor beam should be designed  stronger than the bottom cord.
Strengthening the floor beam would allow it to better withstand the transferred load to the

bottom cord and to minimize its displacement.

The moving load was tested with low and high speed at 22cm/s and 43cm/s, respectively. The

results are presented below.

6.3.1 Low speed 22cm/s

Strain low speed moving truck 22.4kg
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Figure 46: Strain at truss member vs time due to a low-speed multi-step moving truck.

Strain due to low speed moving truck 22.4kg
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Figure 47: Max-strain at truss members due to low speed moving truck.
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Table 17 Strain, Stress, member Forces from high speed 22.4kg moving truck.

Mem 7 1 Mem 7 1 Mem 7 2 | Mem 9 2 | Mem 4 1| Mem 4 2
Top side
Strain | 35,039 100,298 39,006 85,042 85,625 91,314
Stress | -2,453 -7,021 -2,730 -5,953 5,994 6,392
Force | -58,865 -168,500 -65,530 -142,870 | 143,851 153,407

6.3.2 High-speed 43cm/s

Strain due to high speed moving truck 22.4 kg
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Figure 48: Strain at truss member vs time due to a high-speed multi-step moving truck.

Strain due to high speed moving truck 22.4kg
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Figure 49: Max-strain at truss members due to high-speed moving truck.
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6.3.3 Hard break high speed

Hard break of 22.4kg high-speed moving truck at the mid span of the truss bridge.

Strain due to high speed breaking of moving truck
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Figure 50 Strain due to hard breaking of a high-speed moving truck
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CHAPTER 7

RESULT DISCUSION / COMPARISON

The results obtained from the numerical and theoretical analysis and experimental test are

discussed in this section.

71 Static result comparison

The results obtained from experimental test, 2D-theoretical and numerical analysis are
presented in Table 19. The results of axial forces and strain have a significant similarity.

Table 18: Element Forces and Stress from Experimental, Analytical and SAP  from static analysis
when 70N load is applied at joint D.

Element Forces and Stress from Experimental, Analytical and SAP from static analysis when
70N load is applied at joint D.
Frame P psap 3D|p-Lab 3D| o Sap o Lab o _theor 2D
name theor 2D
SAP N N N N/mm?2 N/mm?2 N/mm?2
1 35.06 86.05 3.788 1.95
2 35.06 81.93 3.565 1.95
3 105.18 194.05 8.646 5.84
4 105.18 189.52 88.43 8.773 3.68 5.84
5 35.06 69.62 3.276 1.95
6 35.06 65.74 2.863 1.95
7 -49.38 -92.9 -78.21 -4.022 -3.23 -2.74
8 -70.12 -126.68 -6.607 -3.90
9 -70.12 -127.24 | -79.00 -6.325 -3.29 -3.90
10 -70.12 -127.85 -5.676 -3.90
11 -70.12 -128.42 -5.613 -3.90
12 -49.38 -93.01 -6.304 -2.74
13 0.00 4.43 -2.775 0.00
14 49.38 87.25 3.772 2.74
15 0.00 -1.7 1.208 0.00
16 -49.38 -77.6 -3.254 -2.74
17 70.12 108.74 4.769 3.90
18 -49.38 -77.46 -3.735 -2.74
19 0.00 -0.99 1.273 0.00
20 49.38 86.22 3.968 2.74
21 0.00 4.1 1.525 0.00
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Comparison results form theoretical, experimental & FEM
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Figure 51: Comparing force results from theoretical, experimental and numerical analysis.

The force results obtained from the theoretical and experimental are relatively similar while the
results from FEM have a considerable difference as shown in Figure 51. The FEM results
presented are obtained using a load combination case as in Equation 2. The difference can be
due to the assumptions taken in the theoretical analysis and measuring errors during laboratory

test.

Table 19: Results from experimental lab, hand calculations vs SAP2000 a static load applied at mid-

span of the 3D truss bridge.

Description Hand calculations Lab SAP2000

Displacement at mid span (mm) - 0.422 0.362
Stress at member 9 N/mm? 2.92 2.98 3.12
Axial force member 9 (N) 70.12 70.48 70.03
Strain (um/m) 41.71 42.56 41.06

The results presented in Table 19 shows the significant similarity in the therotical , experimental
and numerical analysis when only live load is considered during extracting the results from

SAP2000.
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7.2 Dynamic result comparison

Stress results of 3D Truss bridge from experimental and SAP2000
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Figure 52: Stress results of 3D truss bridge from experimental and SAP2000

The stress results of the truss bridge, obtained from both SAP2000 analysis and experimental
measurements using strain gauges, are shown in (Figure 52). It is important to note that there is
a significant difference observed between the stress values for Member 7-1-Topp and Member
7-1-side. This difference can occur that the measurements were taken at two different locations
along these members. The stress values obtained from SAP2000 analysis represent the
theoretical calculations based on the structural model and assumptions inputted into the
software. On the other hand, the experimental measurements using strain gauges involve
physically attaching sensors to the bridge members to directly measure the strain, which is then
used to determine the stress.

Displacement at each joint from experimental and SAP2000
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Figure 53: Displacement at each joint from experimental and SAP2000

Displacement at each joint from experimental (strain gauge) and from SAP2000 are almost the
same and this indicates that the truss bridge design is in excellent condition.
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CHAPTERS8 CONCLUSION

This bachelor thesis focuses on the design, fabrication, and analysis of a truss bridge made of
aluminum metal. The truss bridge is first designed theoretically as 2D truss bridge, and it is
redesigned as 3D and optimized using SAP2000. The numerical analysis using SAP2000 leads
to more accurate understanding of the bridge's performance under various loading conditions.
Once the truss bridge is fabricated, the experimental results are obtained using Strain-gauges.
To confirm the theoretical analysis and SAP2000 an experimental test was conducted on the
fabricated truss bridge.

The bridge was subjected to a maximum load of 140.60 and 219.68N in static and dynamic
cases respectively. The loads are slightly below the maximum design load of 245.25N. A
maximum stress value of 3.69 N/mm?2 in the static and 7.02 N/mm2 from the dynamic load
case are obtained. Moreover, the truss bridge was designed to have maximum allowable design
stress of 12.35 N/mm?2 and it was capable to carry the experimental test load safely. The results
from the theoretical and experimental are relatively similar. However, the results from FEM
indicate a considerable difference. The difference can be due to the assumptions taken in the
theoretical analysis and measuring errors during laboratory test. However, the overall results
confirm that the design analysis, the truss bridge fabrication and the design assumption taken
was relatively correct.

The group also discusses the advantages of aluminum as a construction material for the truss
bridge. Aluminum is chosen for its high strength-to-weight ratio and high corrosion resistance.
By integrating theoretical design principles, advanced software modeling, precise fabrication
techniques, and experimental analysis the group have achieved a significant understanding of
design, fabrication and performance of aluminum truss bridges. Moreover, the group have
learned the theoretical design analysis, the importance of advanced finite element modeling and
the challenges of practical fabrication of the truss bridge. The truss members are connected
using only one bolt and this makes the fabrication processes more challenging, specially at the
locations where more than two members meet.
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