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Abstract

This research was done in collaboration with MAADI Group Inc. who designs and
fabricates aluminum bridges. Aluminum in bridge engineering is effective since it is a
lightweight and highly corrosion-resistant material. MAADI Group Inc. recently unveiled
a new bridge deck product called GuarDeck®, which was designed for installation on
steel girder bridges for pedestrians and occasional maintenance vehicle use. The structural
behaviour of this new deck product is the focus of this research and in particular, the
mechanical connections.

The mechanical connections distinguish GuarDeck® from other aluminum deck prod-
ucts, which typically have welded components while GuarDeck® has none. GuarDeck®
is composed of long extruded beams that are placed perpendicular to the flow of traffic
and girders. The extruded beams are connected to form a continuous surface using tongue
and groove connections that are part of the extruded cross-section. The deck is held in
contact with the girders using stainless steel T-bolts and extruded aluminum clamps. The
tightened bolt forces the deck and clamp to “sandwich” the top flange of the girder. No
on-site drilling or welding is required. An isolation layer is applied to the clamps and beams
to prevent galvanic corrosion between aluminum and steel.

Experimental testing of the deck components in a laboratory setting under static loading
was conducted. Two types of tests were performed: beam tests and clamp tests. The beam
tests consisted of testing one or multiple simply supported, extruded beams with a point
load in the middle of the span. The point load was representative of a small truck tire and
smaller than the width of an extruded beam. The location of the tire load on the middle
cross-section was varied. One beam tested by itself failed due to the rupture of the tension
flange. Two beams connected resulted in either rupture of the tension flange or failure of
the tongue and groove connection depending on the location of the tire load. Three beams
with the load in the middle resulted in connection failure and a short beam held between
two normal beams also failed due to the connection. A short beam was lastly tested by
itself, which did not have a typical slender beam failure and failed by rupture of the top
flange due to shear stress.

The clamp tests were designed to test the deck-to-girder (DG) connections. Since the
girder is sandwiched between the deck and clamp, friction between these components pro-
vide the resistance to applied forces such as longitudinal thermal expansion and vehicle
braking. The tests determined the capacity of the connection in this direction. Additionally,
isolation layers are applied to aluminum/steel interfaces which is nearly every interface in
the DG connection. Two surface finishes on the steel plate were tested. The finishes were
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mill scale and sandblasted. The results showed that the connection reached a peak load
then decreased gradually. The isolation layer was worn down and dust was observed be-
neath the specimens. Sandblasted specimens resulted in higher peak loads than the mill
scale specimens.

The beam test results were compared to predictions made using theoretical structural
analysis methods. The tests were first compared to predictions made using the Canadian
design code for aluminum structures (CSA S157) and then two types of finite element
(FE) models. The first FE model was a three-dimensional model of the experiment made
with two-dimensional shell elements, where only the overall shape of the extrusion was
modelled. The second was also three-dimensional, but made with three-dimensional brick
elements. This model represented the extrusion in nearly its entirety, including the tongue
and groove connections. The design code calculations were found to be conservative. The
shell models were effective at determining the peak load when the failure mode was tension
flange rupture and the brick models were effective in predicting the peak load when tongue
and groove connection failure governed the capacity.

The clamp tests were compared to mechanics-based, design calculations and an FE
model with brick elements, which were based on several design considerations including
torque-wrenching for tightening bolts and an assumed friction coefficient. The peak loads
from testing were all higher than the calculated and FE model results.

Thermal expansion is particularly important to the design of a bridge with GuarDeck®
or a similar deck product because the aluminum deck will expand approximately twice as
much as the steel girders. Generally, the deck will either need to resist the forces caused by
restricted thermal expansion or the DG connections must allow the change in geometry but
resist other forces such as vehicle braking. An analytical parametric study was conducted
to determine how geometry, temperature, and vehicle braking affect the DG reactions
using a linear-elastic FE model of a steel girder with an aluminum plate, representing
the deck, connected using linear spring elements. The goal was to develop a means to
determine DG reactions as a function of the linear connection stiffness and the various
parameters mentioned using empirical equations. The results of the preliminary study
showed that geometric changes to the bridge cross-section have a non-linear influence on
the DG reactions. In contrast, the effect of changing the temperature parameters is linear
and changing the value of the temperature gradient have practically no effect. The braking
force results in the highest DG reaction when the vehicle is entering the bridge.
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Chapter 1

Introduction

In 2007, Statistics Canada reported that Canadian bridges and overpasses accounted for
8% of total infrastructure investments, $286.2 billion, where the average age of the bridges
and overpasses is 24.5 years and the mean service life is 43.3 years [4]. A market study
from 2013 reported that Canada has 56,000 public roadway bridges and 25% of them are
structurally deficient [32]. From these numbers, it is easy to see that bridges are expensive,
used for decades, and many are deteriorated. Bridge owners are always looking to minimize
their costs, initially and over the lifecycle, but are not always quick to adopt new solutions.
Such is the case of aluminum in bridges, which can be readily designed to minimize lifecycle
costs (e.g. no repainting) and to be assembled quickly (i.e. accelerated bridge construction).
Canada produces 2.9 million tons of primary aluminum a year [20] but whenever a person is
questioned, they rarely have noticed an aluminum bridge. Aluminum can be advantageous
over other materials in structural engineering applications as it is more corrosion-resistant
than steel, and much lighter than steel or concrete, among other reasons. Aluminum struc-
tural design is less straight-forward than for traditional materials since aluminum does not
have the history that steel and concrete have.

This research was conducted in collaboration with MAADI Group Inc. who design and
produce large aluminum products such as bridges. They produced a new product called
GuarDeck®, which is an aluminum bridge deck that can be installed over steel girders. It
was designed to replace deteriorated decks of pedestrian bridges where if a concrete deck
is replaced, the dead load will decrease.

As is typical of engineering design, the most complicated aspects are not the large
members but what connects them. GuarDeck® is different from similar products in that it
does not contain any welding. The members are held together using mechanical connections,
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which contribute significantly to the complexity of the deck. The goal of this research is to
validate the new bridge deck in a laboratory setting (i.e. by experimental testing) and use
theoretical analysis methods to aid in simplifying future aluminum bridge deck designs,
particularly with regards to mechanical connections.

1.1 Objectives

The primary goal of this research is to validate a new aluminum bridge deck product
designed by MAADI Group Inc. with experimental and theoretical methods. Using this
information, a second goal is to develop concepts to aid in the design of similar products
or bridges that use similar products. The specific objectives of this research are as follows:

1. perform experimental testing of GuarDeck® panels;

2. perform experimental testing of GuarDeck® deck-to-girder (DG) connections;

3. theoretically analyze the deck product using mechanics principles, such as those de-
scribed in CSA S157: Strength Design in Aluminum [6], and compare the analysis
results to the experimental results;

4. theoretically analyze the deck product using commercial finite element (FE) analysis
software and compare the analysis results to the experimental results; and

5. theoretically analyze the deck in a bridge to determine the DG connection forces
under various applied loads.

This is a pilot study of the bridge deck product and there is no or minimal repetition
of experimental testing. The purpose of the project is to observe the behaviour of the
mechanical connection and determine the failure mechanisms involved in the bridge deck.

1.2 Scope

The scope of this research was limited to investigating the static behaviour of the deck and
connections. At the time of writing this thesis, the COVID-19 pandemic had postponed
fatigue testing of the new bridge deck for several months. Similarly, the parametric analysis
presented in this research is also limited to static behaviour.
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1.3 Thesis Organization

This thesis consists of seven chapters including this introduction. Brief descriptions of each
chapter are provided in this section.

Chapter 2 provides a review of current literature related to the work presented in
this thesis. A summary of the literature on bridges with aluminum is presented, followed
by a discussion of bridge deck products similar to GuarDeck® and GuarDeck® itself.
A short review of research using FE analysis to model other deck products, and also
previous experimental testing of aluminum decks is provided. Lastly, design loads relevant
to GuarDeck® are discussed.

Chapter 3 presents the experimental program, which includes two test types; beam
tests and clamp tests. The beam tests consist of simply-supported beams tested to failure.
The clamp tests were used to evaluate the GuarDeck® DG connections.

Chapter 4 presents the experimental results for the two types of tests. Qualitative
observations and quantitative results from the tests are presented.

Chapter 5 contains discussion and theoretical structural analysis results for the exper-
iments. The results of the experiments are compared to strength predictions made with
structural analysis methods. The methods include CSA S157 beam calculations [6], FE
models, and mechanics-based calculations.

Chapter 6 covers the preliminary parametric study developed to expedite the design of
bridges with aluminum decks and steel girders. As mentioned previously, the connections
between members are usually the most complicated aspect of design and relationships
developed in this section are intended to simplify the calculation of DG reactions.

Chapter 7 summarizes the research, draws conclusions from the results, and provides
recommendations to expand upon this work.
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Chapter 2

Literature Review

This section summarizes literature regarding aluminum bridges and previous aluminum
bridge decks similar to the bridge deck product studied in this research. Some background
on the investigated deck product is then presented. Lastly, structural analysis topics are
discussed including FE, experimental testing, and relevant design code provisions.

2.1 Aluminum Bridges

Aluminum bridges can be found all over the world including Canada. Siwowski [28] pro-
vides a detailed history of aluminum bridges throughout the world until 2006. For example,
the first bridge with aluminum components is identified as the 1933 reconstruction of the
Smithfield Street bridge in Pittsburg, USA where the wooden deck on steel stringers was
replaced with an aluminum deck. Subsequently, the first bridge entirely composed of alu-
minum was constructed in the 1950s over the Saguenay River in Arvida, Canada. Hoglund
and Nilson [8] report that Sweden had about 70 bridges in 2006 that were rehabilitated
using aluminum with some new bridges being entirely aluminum. In France, aluminum
was used for longitudinal and transverse girders during the rehabilitation of the historic
Real Ferdinando, a 19th century suspension bridge [18]. Das and Kaufman [2] give several
reasons for using aluminum in structures such as bridges:

� low density, only one third that of steel;

� strengths comparable to typical bridge steels;
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� excellent corrosion-resistance, with negligible corrosion in the presence of rain and
road salts;

� high toughness and resistance to low-ductility fracture, even at very low tempera-
tures, and free of any ductile-to-brittle transition that has sometimes been fatal to
older steel bridges; and

� excellent fabricability, including ease of production of extrusions to complex hollow
shapes optimized for structural design and assembly.

The excellent fabricability is highlighted in extruded aluminum. Relative to steel, alu-
minum is a softer material, which is desirable in the fabrication of intricate cross-sections.
Extrusions, aluminum or otherwise, are formed by pushing semi-solid material through
a die or system of dies, which shapes the material to its final cross-section. The relative
softness (i.e. low elastic modulus) of aluminum allow it to be extruded into a variety of
complex and hollow shapes that would need to be machined and/or built-up if made of
steel.

Of course, aluminum is as imperfect as any material. In 1996, two semi-monocoque
airframe aluminum bridges in New York State required rehabilitation primarily due to
galvanic corrosion between the steel and aluminum [7]. There are several reasons for the
general lack of aluminum bridges in Canada. Arrien et al. [1] give several reasons for this,
including but not limited to the relatively high cost of the material, lack of publications
and codes, and lack of design training. However, these disadvantages can be overcome and
Arrien et al. explain in the same publication that the high cost of the material, relative to
steel, can be overcome if lifecycle costs are included in the decision-making process due to
the corrosion-resistance of the material. For example, aluminum does not require painting
and subsequent re-painting in contrast with steel. In terms of publications and codes, the
structural aluminum code in Canada is CSA S157 [6]. This code was first published in 1962,
but the Canadian bridge design code (i.e. CSA S6 [5]) only added provisions for aluminum
in 2011 [34]. Before this, the generic code for aluminum was used for all structures. Lastly,
education and training tend to focus on steel and concrete, which continue their prevalence
throughout civil works. Mazzolani [19] gives several applications, including bridges, where
aluminum can be superior in comparison to other materials:

� long-span roof systems where live loads are small compared to dead loads (e.g. retic-
ulated space structures);

� construction sites far from the fabrication shop (e.g. remote regions);
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� corrosive or humid environments (e.g. pool buildings);

� moving structures (e.g. retractable bridges); and

� low maintenance requirements (i.e. motorway signs).

Aluminum is not simply a replacement for more traditional materials but can be a
superior option in many projects. Particularly when one of the points previously listed is
involved. Most bridge projects include one or more of these aspects. For example, corrosion
is an enormous problem in both steel and reinforced concrete structures, where it is less
of a problem in aluminum. A natural oxide layer on the surface makes the aluminum
resistant to road salts. For this reason, and other more project-dependent reasons, there
has been an interest for decades to develop aluminum deck products for replacement of
deteriorated or structurally obsolete bridges. Section 2.2 discusses some of the bridge deck
designs developed for this purpose.

2.2 Modular Aluminum Bridge Deck Products

Since aluminum is versatile with high corrosion-resistance, several extruded bridge deck
products were designed over the years. Several bridge deck cross-sections are shown in
Figure 2.1. From top to bottom, the first cross-section is the Swedish SAPA deck product,
the second is the American ALUMADECK deck product, the third is a Japanese deck
product, and the last cross-section is a Dutch product. There are others, such as the
American Alcoa bridge product [1]. Since cross-section widths and heights are limited by
the size of the extruder, connecting the extrusions to form a surface is an essential design
step. Some decks are connected using mechanical connections (e.g. SAPA) while others
are welded (e.g. ALUMADECK). Welding is fantastic for creating seamless joints but is
prone to fatigue, whereas mechanical fasteners are superior in that regard. Interestingly,
the SAPA deck was designed to fulfil the bridge deck replacement needs of Sweden; where,
similar to Canada, deteriorated bridge decks are caused by severe climate, road salts, and
increasing traffic loads [30].
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Figure 2.1: Cross-sections for several extruded bridge decks. [29]
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2.3 GuarDeck®

The bridge deck studied in this thesis is the new GuarDeck® product [13] by MAADI
Group Inc. The first use of the product was in a national park, where pedestrians and
maintenance vehicles use it to cross a river, as shown in Figure 2.2. The deck was designed
with the intentions of being quick to assemble in the field and for use in rehabilitation of
pedestrian bridges. To accomplish the first intention, the bridge is mechanically fastened
together, with no on-site drilling or welding at any point. Rehabilitation is possible be-
cause the deck product can be used on top of new or existing girders using mechanical
connections. The deck also has all of the benefits of aluminum previously mentioned. Be-
yond the first use, the deck is recommended for use in other situations subject to loading
requirements. Some of the other uses MAADI Group Inc. [13] suggests are:

� maritime structures;

� civil security bridges;

� temporary bridges;

� military bridges;

� industrial bridges; and

� extended roadway bridges for cantilevered bike paths.

In comparison with the bridge deck products presented in the previous section, GuarDeck®
is most similar to the Swedish SAPA system. Both decks use a type of mechanical con-
nection, commonly called a tongue and groove, to connect extruded members instead of
welding.

GuarDeck® has three components plus standard fastening hardware. The deck surface
is formed out of identical extruded beams, with a cross-section as shown in Figure 2.3, which
are installed perpendicular to steel girders. On the left and right edges of the cross-section
are a tongue and a groove, which connect to form a continuous surface. The underside
of the trapezoids was designed in conjunction with the second component, T-bolts. The
T-bolts are stainless steel and custom-made to directly connect to the aluminum beams.
The clamps are the final component of the deck product and wrap around a girder flange
when installed. The clamps press against the aluminum beam and the bolt forces the clamp
in contact with the steel. This is the DG connection for the GuarDeck® system and is
illustrated in Figure 2.4.
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Figure 2.2: GuarDeck® installed in a pedestrian bridge in Iles-de Boucherville National
Park [11].

Figure 2.3: GuarDeck® cross-section.

Figure 2.4: Configuration of installed clamp [12].
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A risk of galvanic corrosion exists when the deck is used on top of steel girders, as steel
is much higher than aluminum in the galvanic or electropotential series. All the aluminum
parts are 6061-T6, the stainless steel bolts are 316 alloy, and the girders are likely to be
mild structural steel (e.g. CSA 300W). Stainless steel bolts are required because the risk of
corrosion between aluminum and stainless steel is minimal. To prevent corrosion between
the deck, clamps, and girders, an isolation layer is applied to the bottom of the aluminum
beams and top of the clamps. To improve friction at these interfaces, a proprietary grit
material is added. Figure 2.5 shows the isolation layer installed on a clamp. The grit on
the vertical area of the clamp is minimal to ensure a tight fit against the girder flange.

Figure 2.5: Isolation layer on a clamp.

2.4 Previous Aluminum Bridge Deck Analyses

This section summarizes previous research conducted to ensure various aluminum bridge
decks perform adequately. The two topics covered are FE modelling and experimental
testing.

2.4.1 FE Modelling of Bridge Deck Products

As new bridge deck products were developed over the years, structural analysis using FE
evolved as well. In 1990, Svensson and Pettersson [30] used FE to simulate the SAPA
extrusions as beam elements with the flexural and torsional stiffness of the deck cross-
section. The interaction between extrusions was simulated using beam elements with almost
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infinite flexural stiffness and hinges. The FE model described is a grillage analogy model.
The load was applied as a pair of truck tires to result in the largest deformation. The model
was subsequently used by Arien et al. [1] to analyze the replacement of a wood deck with
the Swedish deck. The model used by Arrien et al. is shown in Figure 2.6 and included
more beam elements to represent the girders.

In 2001, Dobmeier et al. [3] modelled the ALUMADECK in three-dimensions (3D)
with two-dimensional (2D), first-order quadrilateral shell elements. Since this deck requires
welding between extrusions to form panels, the heat affected zone (1” or 25.4 mm on each
side of the weld [17]) was made weaker than the base metal. Okura et al. [23], Vigh [33],
Maljaars, Soetens and Straalen [16], Siwowski [29], and Saleem et al. [26] used variations of
2D elements to model 3D extruded aluminum deck concepts. The variations included; type
of shell element, 3D elements used to apply load, and elastic-plastic material properties
versus linear-elastic.

The mesh used by Siwowski [29] is shown in Figure 2.7, where the blue areas indicate
the base metal and the orange areas indicate the weaker heat affected zones. Additionally,
Siwowski added elements to form the curved corner shown at the bottom of the triangle
in Figure 2.7. He discusses his modelling approach in comparison to what was done previ-
ously. He states that aluminum deck extrusions mostly resist loads through plate-bending
mechanisms and explains that 2D shell elements are formulated specifically for modelling
bending. In contrast, first-order continuum 3D brick elements have difficulty modelling
pure bending and can result in numerical difficulties. Higher-order brick elements resolve
this problem but are computationally expensive.

Figure 2.6: FE modelling of Swedish deck using grillage analogy [1].

More recently in 2018, Leclerc [15] used a 3D model with 3D, linear, hexahedral elements
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Figure 2.7: FE modelling of Polish deck using shell elements [29].

to model an aluminum deck on top of steel girders connected with bolts. His goal was to
determine whether the composite bridge would be adequate to resist the induced loads due
to thermal expansion. Part of the results included redesign of the bolts near the supports
due to the high shear stresses predicted by the FE analysis. Example output from this
analysis is shown in Figure 2.8.
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Figure 2.8: Bolts shearing due to thermal expansion from Leclerc’s analysis [15].

2.4.2 Experimental Testing of Bridge Deck Products

Experimental testing of a bridge deck system provides valuable insight concerning the
structural behaviour. It is difficult to test a new aluminum bridge deck extrusion before
it is ready to be produced at full-scale since extrusions require an expensive custom-made
die, which is why theoretical analyses such as FE are often useful. Once a die is made and
extrusions are produced, they are usually tested to ensure they perform as intended before
being installed in a bridge expected to last 50 years or more. The following paragraphs
discuss some of the experiments others have conducted to ensure new decks perform as
intended for their purpose.

The SAPA deck was studied experimentally at full-scale [30] where the load was applied
as a pair of truck tires in the most unfavourable position. The deck was tested statically to
ultimate failure and dynamically to assess fatigue life. In addition to this testing, Hoglund
and Nilson [8] report an investigation of the SAPA deck in a -40◦C cold chamber.
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Saleem et al. [26] investigated the SAPA deck for use in movable bridges (i.e. bascule,
swing, and lift). The key factor was weight in comparison to open grid steel decks. The
weight of the new deck needed to be less than 1.2 kN/m2 and the weight of the SAPA
deck is 0.67 kN/m2. The Swedish deck was investigated in conjunction with a waffle shape
reinforced ultra-high performance concrete (UHPC) deck and a fibre-reinforced polymer
tube-UHPC composite deck. In a later study by the same authors [27], the aluminum deck
was tested by itself for movable bridge applications. The test matrix consisted of:

1. Flexural test: simple-span

� A simply supported beam with a point load in the middle of the span.

2. Flexural test: two span continuous

� A beam with three supports tested with one point load in the middle of each
span

3. Flexural test: simple-span inverted panel test

� A simply supported bending test with a point load in the middle of the span,
where the panel is upside-down (i.e. negative bending)

4. Shear test of connectors

� A shear test where a short section of the deck is loaded from the side until the
DG connections fail

5. Uplift test for connectors

� A short section of the deck is lifted until the DG connections fail

6. Lip test (tongue and groove test)

� A short section of the deck, placed between two simply-supported beams, is
loaded until the tongue and groove connection between deck extrusions fail

7. Fatigue test

� Three continuous beams with one point load in the middle of each span on the
middle beam are loaded for 2 million cycles as per the American Association of
State Highway Transportation Officials (AASHTO) requirements
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8. Residual strength test

� The beams subjected to fatigue loading in the previous test were tested statically

Dobmeier et al. [3] tested nine welded ALUMADECK extrusions as a simply-supported
panel, where the extrusions were parallel to the bridge girders, in contrast to the SAPA
deck. The SAPA panels must be perpendicular to the girders. One and two tire loads were
applied.

Siwowski [29] tested the cross-section shown in Figure 2.9a. Extrusions were welded to
form a 2.1 m by 3.2 m panel where the long direction of the extrusions is aligned with the
long direction of the panel. Similar to the ALUMADECK, this deck can be oriented to be
parallel with the girders. The panel can provide 2-way bending or act compositely with
the girders, and therefore, the panel was tested in both directions to consider both cases.
Figure 2.9b shows the four test configurations that were tested at service load, ultimate
load, and under dynamic loading.

(a) Polish cross-
section. (b) Test configuration.

Figure 2.9: Polish bridge deck system. [29]

2.5 Relevant Applied Forces

This section focuses on determining loads of interest related to the structural analysis of
GuarDeck®.
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2.5.1 Maintenance Vehicle Load

Pedestrian bridges carry uniformly distributed loads caused by pedestrian traffic and the
point loads caused by occasional vehicles (e.g. maintenance vehicles), but it is assumed
these loads do not occur simultaneously. Vehicle loads tend to govern the design of bridges
since the point loads caused by heavy vehicle wheels usually causes more stress in the
bridge than the uniformly distributed load from pedestrian traffic.

Vehicle loads are typically specified by the bridge owner and can be taken as the main-
tenance vehicle load presented in CSA S6 [5] or the smallest truck model, CL3-W, also
in CSA S6. The maintenance vehicle load is shown in Figure 2.10 and the CL3-W truck
model is shown in Figure 2.11, where W is equal to 625 kN in Ontario.

Figure 2.10: Maintenance vehicle load [5].
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Figure 2.11: CL3-W where W = 625 kN [5].

2.5.2 Thermal Expansion

In the case of composite structures made with more than one material, structural analysis
of the thermal effects is more complicated. Steel and aluminum have different coefficients of
thermal expansion where aluminum will expand nearly twice as much as steel. The problem
is minimal in steel and concrete composite structures because the two materials have
similar thermal expansion coefficients. This problem can be solved by deciding whether the
structure acts compositely or not. If it is composite, the deck must resist the compression
caused by restricted expansion plus other forces. Otherwise, the connections must transfer
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load from the deck to the girders but not restrict expansion simultaneously, which can be
a challenge with respect to connection design. Furthermore, aluminum should not be in
direct contact with steel, otherwise, galvanic corrosion may occur. Contact is prevented in
the GuarDeck® product by the gritty, blue coating shown in Figure 2.5, but transferring
load from the deck to the girders through this coating can be concerning.

One-dimensional linear thermal expansion can be calculated using Equation 2.1. The
coefficients for aluminum and steel are 24.0×10−6 mm/(mmK) and 12.7×10−6 mm/(mmK),
respectively. Using linear-elastic relationships, the stress due to restricted expansion can
be calculated. The calculation would be simple if not for other provisions in CSA S6 [5],
which state that temperature is generally not uniform across a bridge’s cross-section. Ap-
plied thermal loads such as gradients are categorized into three groups where an aluminum
deck on steel girders is most similar to a fully steel bridge, a Type A structure, as opposed
to Type B or C, which contains concrete, a much less conductive material. Thermal ex-
pansion, as opposed to contraction, is associated with the maximum effective temperature
and is determined using the maximum mean daily temperature from the annexes of CSA
S6 [5] for a location of interest. The temperature is then modified using Table 2.1 and
further modified using Figure 2.12a. The thermal gradient across the cross-section depth is
determined using Figure 2.12b and is linear from the top to the bottom of the cross-section.

∆L = αL0∆T (2.1)

Where ∆L is the length of the expansion in mm, α is the linear thermal expansion coefficient
specific to the material in mm/(mmK), L0 is the original length in mm, and ∆T is the
change in temperature in K.

FE can be used to solve these problems where thermal expansion occurs in all direc-
tions and specified areas can have different temperatures. Leclerc [15] tackled the thermal
expansion problem using FE where he looked at an aluminum deck on steel girders that
was designed to act compositely.
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Table 2.1: Maximum and minimum effective temperatures [5].

(a) Modifications to maximum effective tempera-
ture.

(b) Temperature differentials for Type A and C
superstructures.

Figure 2.12: Parameters for thermal expansion of bridges [5].
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2.5.3 Vehicle Braking

Recall that temperature loads can occur simultaneously with other loads such as traffic
loads. Should a truck stop suddenly, this creates a horizontal force parallel to thermal
expansion, traffic, and the girders. Analyzing this load case requires a braking force value.
There is plenty of literature attempting to understand the dynamic effects of braking due to
parameters such as surface roughness, damping, natural frequencies, vehicle weight, vehicle
speed, suspension system, and more, but guidance in bridge codes will be discussed here
because an equivalent static force is desired for the analysis in Chapter 6. Additionally,
only code provisions focusing on wheel or axle loads are discussed. The Ontario Highway
Bridge Design Code (OHBDC) [22] provides an upper limit of 80% of the axle weight
in extreme conditions. This is likely the absolute maximum horizontal force that can be
transferred from the truck to the deck through friction. CSA S6 [5] provides an equivalent
static force of 180 kN plus 10% of the uniformly distributed lane load but not more than
700 kN. Lastly, AASHTO [21] states that the braking force is 25% of the axle weight of
the design truck. The percentage is derived from Equation 2.2. The 25% in particular is
based on the assumption of an initial velocity of 88.5 km/h and a corresponding stopping
distance of 122 m. Braking force fractions as a function of stopping distances and speeds
are plotted in Figure 2.13. An upper limit of 80% or 0.8 is plotted as well. The CSA S6
provision is irrespective of speed or vehicle and is calibrated for large transport trucks on
highway bridges; therefore, it is not applicable to a maintenance vehicle on a pedestrian
bridge. As for the AASHTO provision, since no other speeds and stopping distances are
provided and 88.5 km/h is excessive for the pedestrian bridge case, it can be assumed that
a lower speed is reasonable but will result in a correspondingly smaller stopping distance
resulting in a braking force fraction that is approximately 25%.

FB = bWT =
v2

2ga
WT (2.2)

Where FB is the braking force in kN, b is the braking force fraction, v is initial velocity in
m/s, g is the gravitational constant in m/s2, a is the stopping distance in m, and WT is
the weight of the truck in kN.
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Figure 2.13: Braking force fraction as a function of stopping distance.
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Chapter 3

Experimental Program

The experimental programs for the two types of tests conducted, beam tests and clamp
tests, are described in this chapter. Experimental results and analyses are provided in
Chapter 4 and Chapter 5, respectively.

3.1 Beam Tests

The goal of the beam tests is to determine the relevant failure mechanisms from a main-
tenance vehicle driving over the bridge deck product. No repetition of tests was done so
that as many scenarios as possible could be tested. Therefore, the peak load of each test
is not meant to be published as the precise strength of the GuarDeck® beams. The tests
demonstrate the possible failure mechanisms that occur when the bridge deck product fails.

The beam tests consisted of a series of simply-supported GuarDeck® beams or panels
that were tested under a single point load to simulate a maintenance vehicle driving over
the bridge. Section 2.4.2 discusses methods by other researchers to test various extruded
aluminum decks, and the following experimental program is influenced primarily by the
work conducted by Saleem et al. [27] on the SAPA deck. Some of the beam tests were
presented in a conference paper for the 2020 Canadian Society for Civil Engineering (CSCE)
annual conference [25].
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3.1.1 Load Requirements

A case study bridge is used throughout this thesis for geometric properties and loading re-
quirements. It is a 40 m simply-supported pedestrian bridge near Montreal, Quebec, and is
the middle span of the bridge shown in Figure 2.2. The bridge consists of the GuarDeck®
system supported on three steel I-shape girders. The center-to-center spacing is approx-
imately 1.4 m. In addition to pedestrians, the bridge can support a single maintenance
vehicle. As mentioned in Section 2.5.1, vehicle loads tend to govern bridge design in com-
parison to pedestrian loads. Therefore, a single vehicle is the primary load of interest in
this study.

The minimum load requirements are calculated based on 50% of the CL3-W truck
model (previously shown in Figure 2.11) as specified by the owner. The governing point
load is a back tire with a force of 31.3 kN. A tire is used instead of an axle because the
distance between girders is not wide enough for an axle. Including the live load factor of
1.7 from CSA S6 [5], the required force is 53.1 kN. The required load is further increased
to 74.3 kN when a dynamic load allowance of 1.4 is used. The width and length of the
CL3-W tire load are 250 mm by 600 mm, but these dimensions are for a tractor trailer
and would cover nearly half or more of the beam span. Alternatively, the maintenance
vehicle dimensions of 150 mm by 250 mm from Figure 2.10 are used. Using the same load
and smaller area results in higher pressure and is conservative with regards to safety. The
loading rate used during testing was expected to be fast enough to prevent creep of the
material. The load was displacement-controlled.

3.1.2 Beam Terminology

Figure 3.1 shows the beam cross-section with it’s various details labelled. The underside
of the trapezoids are occasionally referred to as feet, and both feet together form a rail or
T-slot for the T-bolt. The middle cross-section of the beam is frequently referred to, and
is shown in many figures. The cross-section at other locations, such as the supports, are
reported occasionally. The span of a beam refers to the centre-to-centre distance between
the supports. When two or more beams are adjacent, they are connected using the tongue
and groove connections. The connections are referenced and the side of the connection of
interest will be indicated by tongue side or groove side.
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Figure 3.1: Beam cross-section terminology.

3.1.3 2 m Span

Several 2.1 m beams were tested under simply-supported conditions with a single tire load
in the middle of the span. The width of the supports were 76 mm (3”), where one side
represented a roller and the other side represented a pin. The pin prevented vertical and
horizontal movement, while the roller prevented vertical movement. The tire load described
in Section 3.1.1 was applied using a steel plate on the middle cross-section of the span,
where the long dimension (250 mm) was parallel to the long direction of the beam. 25 mm
(1”) of rubber was placed between the steel plate and the beams to prevent local crushing
at the edges of the plate.

After the first two tests, support clamps were added to prevent uplift of the beam at
the supports. Uplift is unusual for simply-supported beams, but the irregular shape and
uneven loading caused this requirement. An installed support clamp is shown in Figure 3.2.

String potentiometers (string pots or Pots) and the linear variable differential trans-
former (LVDT) within the actuator measured vertical displacement of the beam during
testing. The actuator’s internal LVDT, referred to as actuator from here on, measured
displacement of the actuator and not necessarily the beam. Consequently, the actuator
measured compression of the rubber pad as well as beam displacement. String pots were
connected directly to the beams for accurate vertical displacement data. Table 3.1 contains
the number of beams, location of load, and location of string pots for each static test.

The tests used 2.1 m beams exclusively except for Test 2L1S-M. Test 2L1S-M consisted
of two 2.1 m beams and a 368 mm (14.5”) beam, referred to as the short beam. The middle
cross-sections of all three beams were aligned beneath the load. The short beam did not
touch the supports and was supported through the tongue and groove connections on both
sides.
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Figure 3.2: Support clamps for preventing uplift of the beam.

3.1.4 650 mm Span (1B-T-S)

One 650 mm span test, called Test 1B-T-S, was conducted, and was much shorter than
reasonable for a bridge deck (approximately half of the actual span). The width of the
supports was greatly reduced from the 2 m span tests to induce a failure mode other than
bending. The support width was reduced from 76 mm (3”) in the 2 m span tests to 38 mm
(1.5”). The support clamps were not used during this test.

The simply-supported beam was subjected to one tire load in the middle of the span
and aligned with the tongue side edge. Five string pots and the actuator were used to
collect vertical displacement. Four of the string pots were connected to the top flange at
the intersection between the tongue side trapezoid webs and the supports, as shown in
Figure 3.3, because the expected failure mode was buckling of the webs under the applied
load or at the supports. The fifth string pot measured displacement of the tongue, and is
labelled Pot 1 in Table 3.1.
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Figure 3.3: 650 mm span test before loading.
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Table 3.1: Static beam test matrix.

Name
Shortened
Name

Load & String Pot Location at Middle
Cross-section

One 2 m Span Beam with
Load on Tongue Side

1B-T-L

Two 2 m Span Beams with
Load on Tongue Side

2B-T

Two 2 m Span Beams with
Load on Groove Side

2B-G

Three 2 m Span Beams with
Load in Middle

3B-M

Two Long (2 m Span)
Beams and One Short (368
mm) Beam with Load in
Middle

2L1S-M

One 650 mm Span Beam
with Load on Tongue Side

1B-T-S
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3.2 Clamp Tests

The goal of the experiment is to determine peak strength of the GuarDeck®DG connection
in the long direction of the bridge. The connection resists applied forces through friction in
this direction, as opposed to using mechanical connections directly, which is more common.
As described in Section 2.3, the DG connections consist of three components: the T-slot in
the bottom flange of the beam, an extruded aluminum clamp, and a custom stainless steel
T-bolt. The other required hardware includes stainless steel nuts, lock nuts, and washers.
The layout of the clamping system is illustrated in Figure 3.4.

Figure 3.4: Layout of the GuarDeck® DG connection [12].

3.2.1 Experimental Layout

The experimental layout was designed to test the DG connections and minimize contribu-
tions from sources of error such as bending. The bottom flanges of a short beam section
were connected to two steel plates. One steel plate was connected using bolts and the other
was connected using the DG connections, as shown in Figure 3.5. Two steel angles were
attached to the layout to facilitate lifting. The top flange of the beam section was reinforced
with a plate of steel to prevent bending. The bolts were torqued to 190 Nm (140 lb-ft)
as specified in the installation instructions, unless stated otherwise. The test consisted of
the frame pulling the clamped, bottom plate out of the layout. This experimental layout
remained consistent throughout the tests. The beam, fasteners, clamps, and bottom plate
were replaced every test since the isolation layer and surface finish of the steel deteriorated
during testing.
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(a) Experiment before installation. (b) Experiment installed in the test frame.

Figure 3.5: Experimental layout before testing.

The instrumentation consisted of two potentiometers (pots or Pots) and the actuator’s
LVDT, referred to as the actuator. The actuator measured displacement of the frame and
not necessarily the test, which include sources of error such as grip and bolt slip. This was
a problem at the beginning of the test until the DG connections engaged. The pots were
used for this reason, but they could measure 10 mm of displacement at most, as shown in
Figure 3.6. The pots were placed to measure relative displacement between the top plate
and the bottom plate. Two pots were used in case of uneven loading or displacement during
testing. The reported actuator data was corrected using the pots, where the peak load of
the actuator data was translated to approximately align with the peak loads of the pot
data. The translation is necessary so the actuator data after the pots run out is usable.
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(a) Pots before testing. (b) Pots after 10 mm of displacement.

Figure 3.6: Pots were used for measuring relative displacement between top and bottom
plates.

3.2.2 Surface Finishes and Test Matrix

Two surface finishes for the steel plates were tested: mill scale (MS) and sandblasted (SB).
The bottom plate, representing the girder flange, had the surface finish being tested. The
MS plates were CSA 300W structural steel. MS is not necessarily a good representation of
steel girders in the field because exposed steel requires protection such as paint or galva-
nization. An MS finish was used because it is generally required in slip-critical connections.
The MS finish was dark in colour, and smooth in texture, as is typical of this type of steel.
Proceeding the MS tests, the used plates were sandblasted by the Engineering Machine
Shop at the University of Waterloo for the SB specimens. The surfaces of the SB plates
were inspected to ensure marks from the previous testing had been removed by sandblast-
ing. The sides of the specimens were hardly sandblasted, but this was expected to have
minimal effect since there was minimal damage during the MS tests. The surface finish
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of the SB plates was light grey in colour, and rough in texture in comparison to the MS
plates. Similar to the MS finish, SB finishes are not typical in bridge construction but was
a contrast to the smooth texture of the MS specimens.

Each plate is named with the first letter referring to the type of testing (static (S)), the
next two letters refer to the surface finish (MS or SB) and lastly, the number refers to the
trial number of the test and surface finish. For example, Test S-SB-3 is the third trial of
the sandblasted specimens tested under static loading. All six tests or trials are listed in
Table 3.2.

Table 3.2: Clamp test matrix.

Mill Scale Sandblasted
S-MS-1 S-SB-1
S-MS-2 S-SB-2
S-MS-3 S-SB-3
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Chapter 4

Experimental Results

The results of the experiments described in Chapter 3 are presented in this chapter. Analy-
sis and theoretical strength calculations are presented in Chapter 5. All of the experimental
results as well as larger versions of graphs in this chapter are provided in Appendix A.

4.1 Beam Tests

Test 1B-T-L was loaded until the peak load, where the bottom flange below the load
ruptured. The tongue side foot ruptured before the adjacent foot. The peak load of the
test is 95 kN with a corresponding vertical displacement of 197 mm at Pot 1. The groove side
trapezoid lifted up from the supports during the test, which was prevented in the following
tests by the support clamps. Figure 4.9a shows another test lifting from the supports.
The ruptured bottom flange and load-displacement graph are shown in Figure 4.1. Test
1B-T-L was unloaded and reloaded due to laboratory time constraints as shown in the
load-displacement graph.

Similar to Test 1B-T-L, Test 2B-T failed in bending at 190 kN and a corresponding
vertical displacement of 171 mm at Pot 5. The bottom flanges of the two middle trapezoids
ruptured at the peak load. It is uncertain exactly which foot ruptured first since several
cracks were heard before the test was stopped. Pots 3, 5, and 6 broke at the peak load.
The failed beam and load-displacement graph are shown in Figure 4.2.

Test 2B-G failed due to the failure of the tongue and groove connection. The connection
dislocated at midspan at a peak load of 147 kN and a vertical displacement of 47 mm at
Pot 5. Inspection of the connection showed minimal deformation other than to the surface
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(a) Ruptured bottom flange. (b) Load-displacement graph.

Figure 4.1: Results of Test 1B-T-L.

(a) Failed beams. (b) Load-displacement graph.

Figure 4.2: Results of Test 2B-T.

finish. Loading continued after the peak, but the actuator was caught on the tongue side of
the connection, placing lateral force on the actuator and threatening to damage the frame.
Unzipping of the connection towards the supports was observed before the test concluded.
The failed connection and load-displacement graph are shown in Figure 4.3.

In Test 3B-M, the load appeared to be evenly distributed to the adjacent beams from
the symmetrical string pot data until the groove side connection of the middle beam failed.
The failure is similar to Test 2B-G but at a higher peak load of 247 kN and a displacement
of 69 mm at Pot 3. Pot 4 broke 6 mm into the test and Pot 7 broke prior to the peak
load. The failed connection and load-displacement graph are shown in Figure 4.4. The test
was continued and the connection unzipped towards the supports. The tongue of the failed
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(a) Failed connection. (b) Load-displacement graph.

Figure 4.3: Results of Test 2B-G.

connection cracked above the supports, shown in Figure 4.5. The test was stopped after
cracking but reloaded to rupture the middle beam. The reloading was stopped because the
middle beam was no longer horizontal and was imposing lateral force on the actuator.

(a) Groove side connection failed. (b) Load-displacement graph.

Figure 4.4: Results of Test 3B-M.

Test 2L1S-M was attempted twice since the support clamps and pin/roller supports
could not prevent uplift of the beams. Due to the load on the short beam, the short beam
being unconnected to the supports, and the support clamps, the ends of the supports
lifted away from the surface it was sitting on as shown in Figure 4.7a. Figure 4.6 shows
the short beam bending and the load-displacement graph. The graph contains vertical
displacement due to the beams and the supports bending. The situation was remedied by
bolting stiff steel beams to the top flange of aluminum beams above the supports as shown
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(a) Top view. (b) Side view.

Figure 4.5: Cracked tongue in Test 3B-M.

in Figure 4.7b. Due to the bending resistance of the steel and bolts, the supports did not
bend on the second attempt. Figure 4.8 shows the groove side connection failing, similar
to the previous tests, and the corresponding load-displacement graph. Pot 4 broke before
the peak and all of the other pots broke at the peak. The peak load is 122 kN with a
displacement of 44 mm at Pot 3.

(a) Supports were bending. (b) Load-displacement graph.

Figure 4.6: Results of Test 2L1S-M Attempt 1.

Test 1B-T-S yielded due to bending with no signs of buckling, which would indicate
longitudinal shear or bearing behaviour. The test stopped and restarted midway due to an
inappropriate load limit. The groove side trapezoid lifted from the supports as shown in
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(a) Supports lifting up. (b) Modification to prevent bending.

Figure 4.7: Problem and solution to supports lifting during Test 2L1S-M.

(a) Groove side connection failed. (b) Load-displacement graph.

Figure 4.8: Results of Test 2L1S-M Attempt 2.

Figure 4.9a because the support clamps were not used. The edge of the top flange ruptured
at a peak load of 212 kN and vertical displacement of 40 mm at Pot 1. The rupture is also
shown in Figure 4.9a, and the load-displacement graph is shown in Figure 4.9b.

By the peak load, the metal plate representing the tire load had sheared through the
rubber and introduced a concentrated load at an edge. The web under this point buckled
and cracked as shown in Figure 4.10.
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(a) Top flange ruptured. (b) Load-displacement graph.

Figure 4.9: Results of Test 1B-T-S.

Figure 4.10: Buckled web under point load.
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4.2 Clamp Tests

Test results are found in Table 4.1. Test S-MS-1 was the “proof-of-concept” for the entire
test matrix. A slow loading rate of 0.25 mm/min was chosen for the first test to ensure
any slip was recorded. This loading rate was inappropriate since a large amount of slip
was measured before the clamps engaged and may have caused the experiment to creep,
resulting in a lower peak load. Test S-MS-2 used a faster loading rate of 3 mm/min and
this was used for the remainder of the tests.

The bolts in Test S-MS-3 were tensioned to 217 Nm (160 lb-ft) instead of 190 Nm
(140 lb-ft) to study tensioning the bolts more than specified. From some in-house bolt
tensioning tests using turn-of-nut, torque-wrenching, and DTI Squirters [9], the difference
between 140 lb-ft and 160 lb-ft is marginal. The extra tensioning did not appear to affect
the results.

Tests S-SB-1 and S-SB-2 were tensioned properly and their load-displacement graphs
are shown in Figure 4.12. The results of Test S-SB-3 were unintended but revealed infor-
mation regarding torquing the bolts multiple times. The trial was expected to mirror the
previous SB tests, but the lock nuts were not installed. The peak load was half of the
previous trials at 13.7 kN. The bolts were torqued a second time and the lock nuts were
installed. The test was run and exceeded the previous trials at 28.0 kN. The test stopped
accidentally due to a displacement limit. The bolts were torqued for the third time, and
the test exceeded the previous peak load again at 33.2 kN. The unedited actuator data is
graphed in Figure 4.13.

Table 4.1: Clamp test results.

Mill Scale Sandblasted
S-MS-1 10.9 kN S-SB-1 19.2 kN
S-MS-2 12.7 kN S-SB-2 23.8 kN
S-MS-3 12.2 kN S-SB-3 Figure 4.13

In general, the rougher texture of the SB plates resulted in higher peak loads than
the MS plates. During testing, breaking sand could be heard, and blue and grey dust
accumulated on the bottom grip of the frame (see Figure 4.14). The results of Test S-SB-3
show that torquing the bolts after loading the clamps results in higher peak loads.

Examination of the clamping system after testing consisted of looking at the scratch
marks caused by the isolation layers in contact with the steel plate and the deteriorated
isolation layers. The marks were not deep and marks in the MS plates were removed by
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(a) Test S-MS-2 (b) Edited actuator data for MS tests.

Figure 4.11: Results of MS clamp tests.

(a) Test S-SB-1 (b) Edited actuator data for normal SB tests.

Figure 4.12: Results of SB clamp tests.

sandblasting. There was much more scratches on the back side (i.e. against the beam) than
on the front side (i.e. against the clamps), since the clamps only held on to a couple of
inches on the left and right side of the front, whereas the beam was across the entire back
of the plate. The S-SB-3 plate was particularly interesting since the density of scratches
increased as the test progressed. Minimal scratches were noted on the edges of the plates,
but small gouges and blue stains were sometimes observed.
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Figure 4.13: Unedited actuator data for Test S-SB-3.

Figure 4.14: Blue and grey dust accumulated under the experiment.

The isolation layer on the clamps and beams contained fine grit that was easily removed.
Dark coloured mill scale in particular, was observed on the isolation layers of the MS tests.
Material from the SB plates was indistinguishable from the grit from the isolation layer
since both are grey. The blue part of the isolation layer was largely undamaged during
testing, with the exception of the isolation layer on the clamp that was in contact with the
plate edge. The layer sometimes delaminated at this location.
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(a) S-MS-2 plate scratched by clamp. (b) S-SB-2 plate scratched by beam.

(c) MS left on beam from S-MS-2 plate.
(d) Delaminated isolation layer from Test
S-SB-1.

Figure 4.15: Results of visual inspection proceeding the clamp tests.
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Chapter 5

Analysis of Results

This section contains analyses of the experimental results and theoretical methods for de-
termining the strength of the tested systems. The theoretical methods consist of mechanics-
based calculations and FE models for beam and clamp test results.

5.1 Beam Tests

5.1.1 Comparison of Beam Test Results

Tests 1B-T-S (650 mm span) and 1B-T-L (2 m span) were the first tests completed and the
“proof-of-concept” for the entire test procedure. Both tests did not use support clamps,
which resulted in uplift from the supports. This was remedied in the following tests since all
of the tests were loaded somewhat unevenly and asymmetrically. Test 1B-T-S in particular
was not well instrumented since the predicted failure mode was incorrect. All of the test
results are compared in Figure 5.1. Only the string pot with the greatest displacement is
shown. The two parts of Test 2L1S-M were added together for overall deflection. Some
comparisons are noted in the following list:

� Tests 1B-T-L and 1B-T-S both used one beam but had different failure mechanisms.
Test 1B-T-L failed due to bending and Test 1B-T-S appeared to be a shear failure
(discussed in Section 5.1.3).

� Tests 1B-T-L and 2B-T demonstrate that two beams increase the initial stiffness
drastically and double the peak load, but ductility is slightly reduced. The initial
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elastic stiffnesses of Tests 1B-T-L, 2B-T, 2B-G, and 3B-M are compared to a linear-
elastic beam calculation with CSA S157 properties [6] in Table 5.1.

� Test 2B-G followed the same curve as Test 2B-T until the connection failed. The test
showed minimal ductility prior to connection failure.

� The Test 3B-M results and the Test 2L1S-M results differ since the short beam
tended to bend in the perpendicular direction from the other beam tests, but both
tests failed at similar vertical displacements.

� Test 3B-M had less of a stiffness increase from Test 2B-T in comparison to the change
in stiffness from Test 1B-T-L to Test 2B-T. Test 3B-M appears to be a scaled version
of Test 2B-G.

Figure 5.1: Comparison of all beam tests from Section 4.1.

Table 5.1 presents the elastic stiffness of the 2 m span tests in comparison to the elastic
stiffness of a single beam calculated with E = 70 GPa assumed [6]. Test 1B-T-L is less
stiff than the CSA S157 beam because the load is concentrated on one side of the beam.
Interestingly, the Test/Predicted Ratio for Test 1B-T-L is greater than 0.5, indicating the
unloaded trapezoid carries some load.
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Table 5.1: Initial elastic stiffness.

Test P/∆ Stiffness (EI) Test
Single Panel

Ratio

Simply-supported beam
calculation (single panel)

2594 kN/m 432 kNm2 -

1B-T-L 1860 kN/m 310 kNm2 0.7
2B-T & 2B-G 3540 kN/m 590 kNm2 1.4
3B-M 4560 kN/m 760 kNm2 1.8

5.1.2 Aluminum Properties

Section 5.1.3 requires material properties for theoretically calculating the capacity or re-
sistance of the beam tests. The material properties are determined from CSA S157 [6] and
the mill certificates provided by MAADI Group Inc. The mill certificates state the yield
stress, ultimate stress, and ultimate elongation for the aluminum used in the construction
of three pedestrian bridges as well as the test specimens. Therefore, it is uncertain which
mill certificate corresponds to the beams in the laboratory, and an average was used. There
are nine mill certificates for the beam test specimens, as shown in Figure 5.2. The first mill
test is significantly stronger than the others, and was omitted from the stress and strain
averages.

(a) Strain results. (b) Stress results.

Figure 5.2: Ultimate strain, ultimate stress, and yield stress for the beam test specimens.

Two sets of aluminum properties are presented in Table 5.2. The first column shows
the properties from CSA S157 [6] for design purposes and the second column shows the
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theoretical properties used for a more accurate representation of material strength based
on the mill certificates. Yield and ultimate strain are not shown for CSA S157, because this
standard does not prescribe values for these parameters. Details regarding strain at the
yield stress are not provided in the mill certificates and this parameter was calculated from
the elastic modulus and yield stress. Figure 5.3 shows a stress-strain curve created from
the second column of Table 5.2, and is highly simplified. The mill certificates do not report
stress and strain at fracture so no softening is considered in the simplified stress-strain
curve. The properties and curve can only be used to find peak load not the fracture load
or displacement.

Table 5.2: Aluminum properties for theoretical analysis.

Property CSA S157 [6] Mill Certificates (MC)
Elastic Modulus 70,000 MPa 70,000 MPa
Poisson’s Ratio 0.33 0.33

Yield Stress 240 MPa 266.2 MPa
Yield Strain - 0.004

Ultimate Stress 260 MPa 296.1 MPa
Ultimate Strain - 0.127

Figure 5.3: Stress-strain curve used for theoretical analysis.
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5.1.3 Theoretical Analysis Results

This section compares the experimental results (Section 4.1) to CSA S157 beam calcula-
tions [6] and FE analysis. The CSA S157 beam calculations are based on typical beam
theory and consist of calculations for bending or moment, longitudinal shear, and bearing.
A brief description of the three types of resistance calculations is provided in this chapter,
sample calculations and results are in Appendix B, and the governing load is recorded in
Table 5.4.

Since GuarDeck® does not contain welds or drilled holes, bending resistance calcu-
lations are relatively straightforward. The cross-section is considered a Class 2 section
according to CSA S157, meaning it is “capable of carrying moment up to the onset of
yielding in compression without local buckling”. This means that straight-forward linear-
elastic moment resistance calculations are applicable. Equation 5.1 is for the compression
fibres and Equation 5.2 is for the tension fibres. φy and φu are equal to 0.9 and 0.75 for
design but are taken as unity (i.e. 1.0) for comparison to experimental results.

Mr = φyMy = φySFy (5.1)

Where Mr is the bending or moment resistance in Nmm, φy is the resistance factor on the
yield strength, My is the moment at first yield in Nmm, S is the elastic section modulus
in mm3, and Fy is the yield strength in MPa.

Mr = φuSnFu (5.2)

Where Mr is the bending or moment resistance in Nmm, φu is the ultimate strength factor,
Sn is the net elastic modulus to account for drilled holes in mm3, and Fu is the ultimate
strength in MPa.

GuarDeck® has no web stiffeners and the longitudinal shear resistance is dependent
on the vertical parts of the trapezoids (the webs). The shear resistance of aluminum is
taken as 0.6Fy. Subsequently, calculations are done to determine whether the strength of
the webs is further decreased due to local buckling. GuarDeck® is not subject to local
buckling and was likely designed this way to simplify calculations. The shear resistance
calculation is shown in Equation 5.3.

Vr = φyhwFsc (5.3)
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Where Vr is the shear resistance in N, φy is the resistance factor on the yield strength, h is
the web depth in mm, w is the web thickness in mm, and Fsc is the initial buckling stress
in MPa.

Bearing resistance refers to web crippling in CSA S157 where the webs above the
support may buckle or crush. The first part of the Equation 5.4 represents the buckling
resistance and the second part of Equation 5.4 determines the crushing resistance.

Cr = φyk(n+ h)wF ′c ≤ φynwFy (5.4)

Where Cr is the bearing or compression resistance in N, φy is the resistance factor on
the yield strength, k is a constant equal to Equation 5.5, n is bearing length in mm, h is
the web depth in mm, w is the web thickness in mm, F ′c is modified compressive strength
calculated using Equation 5.6 in MPa, and Fy is the yield strength in MPa.

k = 0.5

1 +
e
n

2 + h

 ≤ 1 (5.5)

Where k is a constant, e is the distance from the centre of bearing to the end of the beam
in mm, n is bearing length in mm, and h is the web depth in mm.

F ′c =
π2Ew2

4h2

[
1−

(
fbf
Fbc

)2
]

(5.6)

Where F ′c is modified compressive strength in MPa, E is the the elastic modulus in MPa,
w is the web thickness in mm, h is the web depth in mm, fbf is the factored longitudinal
compressive stress due to overall bending moment in MPa, and Fbc is the web buckling
stress for bending in MPa.

With the exception of Test 2L1S-M, the beam calculations were completed as if the
experimental testing was not performed and all tests are treated as slender beams. Bending
failure (i.e. tension flange rupture) was expected to govern all the beam tests except for
Test 2L1S-M. Test 2L1S-M was expected to fail at the tongue and groove connection so
no beam calculations were performed. The beam calculation results for Tests 1B-T-L and
1B-T-S are in Table 5.3. These values are calculated using the CSA S157 properties and
mill certificate (MC) properties from Table 5.2. The governing load and corresponding
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Table 5.3: Simply-supported beam calculations for Tests 1B-T-L and 1B-T-S.

Failure Test 1B-T-L Test 1B-T-S
Mode CSA S157 MC CSA S157 MC

Bending 46 kN 69 kN 140 kN 213 kN
Longitudinal Shear 343 kN 421 kN 343 kN 421 kN

Bearing 583 kN 719 kN 292 kN 360 kN

vertical displacement for all tests are reported in Table 5.4 and Table 5.5, respectively. The
corresponding vertical displacement is calculated using linear-elastic calculations.

There is discrepancy between the beam calculations and the beam tests since the cal-
culation assumes the load covers the entire middle cross-section unlike the tire load in the
beam tests. The calculations are done to provide insight into how strong the beams are in
comparison to typical design calculations.

In terms of the FE analysis, two FE models were made for each beam test. The first
model is composed of 2D plate elements, which form a 3D representation of the beam. This
method of modelling is recommended by Siwowski [29] as discussed in Section 2.4.1 because
extruded bridge decks are generally composed of thin plates and resist force primarily
through plate-bending mechanisms. This model is referred to as the shell model.

The second FE model is composed of 3D elements that form a more accurate represen-
tation of the beam cross-section. The ridges on the top and bottom flanges are omitted.
This model is referred to as the brick model. First-order elements are used even though
they are not recommended by Siwowski [29], because the elements have difficulty modelling
pure bending. He stated that higher-order elements can overcome this problem but com-
putation time is a problem. The models in this research are relatively large and intricate,
therefore, a large number of elements are required for each analysis. Higher-order elements
were tested briefly but the computation time was excessive.

The shell and brick models for Test 1B-T-S are shown in Figure 5.4 to illustrate the dif-
ference between the two types of models. Although the brick models are not recommended
for this type of analysis, the information the model provides regarding the tongue and
groove connections made their use necessary. The tongue and groove connections are an
essential part of the deck system and are not represented in the shell models. In the shell
models, the edges of beams in contact are tied together to create a perfect and symmetri-
cal joint. The shell models for Tests 2B-T and 2B-G are identical since it does not matter
which side of the connection the load is on. It was known from the beginning that no
buckling of any kind would occur and no provisions in the FE model are made to account
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for potential buckling.

(a) Shell Model (b) Brick Model

Figure 5.4: Two types of FE models.

Tests 1B-T-L and 1B-T-S did not use support clamps and without them, the beam
can lift away from the supports but not move through the supports. Typical boundary
conditions can not represent this as they prevent displacement in both directions. To model
the support conditions in the brick model, steel supports and friction are added. Typical pin
and roller boundary conditions are applied directly to the beams for all the other models.
Other than Tests 1B-T-L and 1B-T-S, contact is frictionless to improve computation time.
In addition, linear springs with almost no stiffness are used to prevent rigid body motion
and maintain contact between unattached parts.

The load is applied as a pressure directly to the beam in an area equivalent to the tire
load. The material properties displayed in Figure 5.3 are input as shown. The software
incrementally adds load to both models and decreases the increment if needed to achieve
a converged solution. The load increases until the increment is smaller than the minimum
specified (many times smaller than a newton) or a converged solution is not calculated
within several attempts. The beam geometry is highly distorted close to the peak load and
the residuals are not within tolerance causing convergence problems. Deformation beyond
the failure of the tongue and groove is beyond the capabilities of the static models used.
The stress and strain beyond the peak are not included in the stress-strain curve and
therefore softening and rupture of the beams are not modelled.

The results of the shell and brick models are located in Table 5.4 and Table 5.5 where
the first table contains the peak loads and the second table contains the corresponding
displacements. Figure 5.5 to Figure 5.10 shows the brick models and the graphical results
presented in the tables.
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Table 5.4: Peak load reported for each analysis method.

Test Experimental (Section 4.1) Beam Calculation Shell Model Brick Model
1B-T-L 95 kN 69 kN 94 kN 93 kN
2B-T 190 kN 138 kN 186 kN 189 kN
2B-G 147 kN 138 kN 186 kN 151 kN
3B-M 247 kN 208 kN 282 kN 228 kN

2L1S-M 122 kN - 206 kN 72 kN
1B-T-S 212 kN 213 kN 197 kN 247 kN

Table 5.5: Corresponding vertical displacement reported for each analysis method.

Test Experimental (Section 4.1) Beam Calculation Shell Model Brick Model
1B-T-L 197 mm 27 mm 122 mm 110 mm
2B-T 171 mm 27 mm 91 mm 128 mm
2B-G 47 mm 27 mm 91 mm 41 mm
3B-M 69 mm 27 mm 109 mm 47 mm

2L1S-M 44 mm - 133 mm 37 mm
1B-T-S 55 mm 3 mm 39 mm 46 mm
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(a) FE model showing Von Mises stress with units of MPa.

(b) Load-displacement graph.

Figure 5.5: Results of Test 1B-T-L theoretical analyses.
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(a) FE model showing Von Mises stress with units of MPa.

(b) Load-displacement graph.

Figure 5.6: Results of Test 2B-T theoretical analyses.
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(a) FE model showing Von Mises stress with units of MPa.

(b) Load-displacement graph.

Figure 5.7: Results of Test 2B-G theoretical analyses.
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(a) FE model showing Von Mises stress with units of MPa.

(b) Load-displacement graph.

Figure 5.8: Results of Test 3B-M theoretical analyses.
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(a) FE model showing Von Mises stress with units of MPa.

(b) Load-displacement graph.

Figure 5.9: Results of Test 2L1S-M theoretical analyses.
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(a) FE model showing Von Mises stress with units of MPa.

(b) Load-displacement graph.

Figure 5.10: Results of Test 1B-T-S theoretical analyses.
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5.1.4 Discussion of Theoretical Results

In general, the CSA S157 beam calculations conservatively underpredict the ultimate load
of the beam tests except for Test 1B-T-S. From the graphs, the beam calculations estimate
the load at the transition between the elastic and plastic regions. This is because the
calculation is based on linear-elastic strain and plastic behaviour. The calculations are
conservative since there is still ductility and strength available. The bending calculations
for Tests 2B-G and 3B-M are adequate only because the tongue and groove connection can
carry load until the plastic region. Surprisingly, Test 1B-T-S is well predicted by the beam
calculations even though the beam did not purely fail by bending. Test 1B-T-S span is
discussed further at the end of this section. The linear-elastic deflection calculations does
not reflect the actual deflections. The calculations can be improved by including the plastic
portion of the stress-strain curve and calculating the plastic strain at the peak bending
moment, but this is significantly more complicated and easier to do in FE software.

The shell models are generally sufficient at predicting the peak load of the beam tests
that failed due to bending, such as Tests 1B-T-L and 2B-T. The FE analysis predicted
much higher loads for Tests 2B-G, 3B-M, and 2L1S-M, where the tongue and groove
connection failed before rupture of the tension flange. The shell analysis demonstrates the
behaviour of the connection if were to not fail, but the predicted strength is much greater
than the actual strength. Test 1B-T-S is under-predicted by the analysis but follows the
experimental load-displacement better than any other analysis. The under-prediction may
be a result of the simplified stress-strain curve. Except for Test 1B-T-S, the shell models
has higher initial linear-elastic stiffness than the experiments. This may be because of the
assumption made when developing the stress-strain curve. An elastic modulus of 70 GPa is
used because this is the value provided by CSA S157 [6] for aluminum structures and the
mill certificates do not provide a value. Other sources (e.g. ASTM [14]) report the elastic
modulus at approximately 69 GPa.

The brick models are closer to predicting the experimental peak loads of the tests that
had tongue and groove connection failure. The analysis of Test 2B-G stops at the same
time as the failure in the experiment. Test 3B-M being less accurate may be a result of
modelling difficulty due to the presence of many contact planes. Test 2L1S-M similarly has
the problem of many contacts planes and is particularly difficult to model since the short
section is supported by contact planes only. The discrepancy between the brick model and
the other curves in Figure 5.9 is evidence of this. A comparison of brick models at peak load
is shown in Figure 5.11 where Test 2B-T is yielding and the groove side connections of Tests
2B-G and 3B-M are failing. A closer look at the tongue and groove connections is provided
in Figure 5.12. The figure shows Test 3B-M where the tongue side is well connected and
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the groove side is slipping. Lastly, Figure 5.13 shows the difference between the shell and
brick models for Test 3B-M. The shell model continue past the connection failure resulting
in yielding of the middle cross-section as opposed to the brick model, where the groove
side is slipping. Note that the displacement of the FE models is unscaled.

Figure 5.11: Middle cross-section of brick models for Tests 2B-T, 2B-G, and 3B-M at the
peak load. Von Mises stress with units of MPa is shown.

The peak load of Test 1B-T-S is adequately predicted by the bending calculations but it
did not fail due to the rupture of the tension flange. It is possible that the tension flange was
near rupture but shear across the top flange reached the peak shear stress first. The peak
shear stress for structural aluminum is 0.6φyFy according to CSA S157 [6]. The resistance
factor is taken as unity for direct comparison and therefore, 0.6Fy or 159.7 MPa is the peak
shear resistance of the material. Unlike yielding, the peak shear stress is associated with
immediate rupture of the material not ductility. From Figure 5.10, the top flange above
the supports and the bottom flange of the middle cross-section are high stress regions.
Shear stress across the beam’s cross-section above the supports is shown in Figure 5.14
where a change in direction of shear stress is visible at the rupture location. The stress in
Figure 5.14b is approximately 155 MPa, which is close to the peak shear stress from CSA
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(a) Tongue Side (b) Groove Side.

Figure 5.12: Close-up of tongue and groove connection for Test 3B-M at peak load. Von
Mises stress with units of MPa is shown.

Figure 5.13: Middle cross-section of shell and brick models for Test 3B-M at the peak load.
Von Mises stress with units of MPa is shown.

S157. In addition to stress across the cross-section, there is shear stress due to bending
which may have contributed to the rupture.

In summary of this discussion, each theoretical analysis method is useful for the valida-
tion of the bridge deck design. The beam calculations are conservative for nearly all tests
despite some tests having different failure modes from those calculated. The shell models
are sufficient for beams that fail due to bending, but can not model intricate connections.
Finally, the brick models are able to model some of the behaviour of the tongue and groove
connections. The brick models are the most difficult to implement but the results are reflec-
tive of the more complicated failure mechanism. Without knowing the failure mechanism
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(a) 2D shear force diagram.

(b) Side view of FE beam showing X-Y shear stress. Gray
and black represent positive and negative shear stress, re-
spectively.

(c) Side view of the failed experiment beam.

Figure 5.14: Comparison of shear force and deformed shape.
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before modelling, interpretation of the brick model results can be difficult since the analysis
simply stops when the model fails to converge. There is value in having all three analyses
since they can validate each other. In particular, the brick models require validation since
the model could fail to converge but the cause may not be obvious. If the behaviour is
similar to the predictions made by calculations and the shell models prior to stopping, it
indicates that another failure mechanism may be involved such as the tongue and groove
failure in this case.

5.2 Clamp Tests

The experimental results of the static clamp tests demonstrate the well-known phenomenon
that rougher surfaces result in higher friction forces than smoother surfaces. The MS spec-
imens had lower peak loads and less variability than the SB specimens. The MS surface
finish is a result of producing steel, which likely has less variability than the SB specimens,
which were sandblasted individually by a machine shop.

The last SB specimen (i.e. S-SB-3) is unlike the other SB tests because it was torqued
multiple times. The peak load increased with every time the bolts were torqued. When
inspecting unused clamps, it is obvious that the sand is not evenly distributed across the
surface. The higher peak loads may be caused by the first use of the clamps wearing down
the grit touching the steel and loosening the bolt. When the bolts are re-torqued, more of
the isolation layer is in contact since the taller grains are worn down and the pressure is
more evenly distributed across the surface. This results in slower wearing of the isolation
layer and bolt loosening, therefore, higher peak loads are achieved.

GuarDeck® DG connections resist load in the direction parallel to the girders through
friction. The Coulomb model of friction for calculating friction force is shown in Equa-
tion 5.7. CSA S6 states that aluminum and steel have a friction coefficient of 0.3 in slip-
critical connections, which also rely on friction. This value was used for all calculations and
models. Force is provided to the DG connection by the tensioned bolt. The bolt is tensioned
using the widely used torque method to 190 Nm (140 lb-ft) and the corresponding bolt
force, F , is calculated using Equation 5.8 [31]. The friction factor determined by MAADI
Group Inc. is 0.5 for the stainless steel T-bolts [10]. The resulting bolt force from 140 lb-ft
of torque on a 12.7 mm (1/2”) diameter bolt is 23.9 kN.

Ff = µFN (5.7)

Where Ff is friction force in N, µ is friction coefficient, and FN is normal force in N.
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T = kFd (5.8)

Where T is torque in Nm, k is friction factor, F is bolt force in N, and d is bolt diameter
in mm.

The bolt force, F , is not equal to the normal force, FN , since the point of contact
between the steel and clamp is away from the bolt. Using equilibrium and the approximate
distances between the point of contact, the bolt, and the fulcrum at the other end of the
clamp, a normal force of 14.4 kN is calculated. The system is assumed to have two slip
planes which are: the plane between the clamps and the steel, and the plane between the
steel and the beam. An argument can be made that there are three slip planes since there
are two clamps (there is another clamp on the non-visible side of the girder in Figure 2.4),
but the clamps react simultaneously on the same plane. Therefore, the predicted strength
of the clamping system is 8.6 kN.

Using the discussed equations, Equation 5.9 was used to back-calculate friction coeffi-
cients for each test, as reported in Table 5.6. Specimen S-MS-3 was torqued multiple times
resulting in the highest peak load and a corresponding high friction coefficient. All of the
clamp tests exceeded the predicted strength of 8.6 kN.

µ =
P

2FN

(5.9)

Where µ is friction coefficient, P is the peak load from testing in N, and FN is normal
force in N.

Table 5.6: Friction coefficient for static clamp tests from design calculations.

Mill Scale Sandblasted
Specimen Peak Load Friction Coefficient Specimen Peak Load Friction Coefficient
S-MS-1 10.9 kN 0.38 S-SB-1 19.2 kN 0.67
S-MS-2 12.7 kN 0.44 S-SB-2 23.8 kN 0.83
S-MS-3 12.2 kN 0.42 S-SB-3 33.2 kN 1.15

The clamp test is modelled using FE similar to the brick models from the previous
section. All of the assumptions previously stated are used and the geometry is simplified.
Initially, the clamp test was modelled in its entirety including the GuarDeck® beam but
the model would not converge due to the rigid body motion of the various parts. Namely,
the custom T-Bolts do not fit perfectly in the T-slot. In reality, this does not matter as
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the bolts will fall into position, but static analyses in FE are generally unable to account
for sliding motions as it violates static equilibrium. The next problem was meshing the
T-bolt. The ridges in the extruded clamp and beam cross-sections were removed from
the beginning but the complex geometry of the bolt head is required to fit in the T-slot.
Eventually, the T-bolts and beam were discarded in favour of a flat aluminum backplate,
and a cylindrical I-shape representing the bolt and nut. The rigid body motion was still a
concern as the clamp would generally need to rotate slightly to be in contact with the steel.
This was remedied by making the steel slightly thicker than specified. All parts in contact
were overlapped slightly (less than 1 mm) and surface-to-surface contact interactions were
set to “remove overclosure”, which removed the overlap but kept the parts in contact. The
last change was the geometry of the steel. It was a rectangular prism initially since this
shape meshes well but one edge intersected the clamp in an unrealistic way. This edge was
filleted to remove this intersection.

The final model is shown in Figure 5.15, which shows the meshed model where a sym-
metry boundary condition is used on the hidden side. The backplate has a fixed boundary
condition and the steel plate is pulled. The backplate and clamps are aluminum with the
mill certificate elastic-plastic properties from Table 5.2. The plate and the bolt are steel
with linear-elastic properties. The friction coefficient throughout the model is 0.3.

Figure 5.15: FE model for simulating clamp tests.
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The bolts are pre-tensioned to the calculated force of 23.9 kN (from Equation 5.8) using
the “Bolt Load” option in ABAQUS. This option shortens the shaft of the bolt until the
specified force is achieved. After pre-tensioning, the steel plate is moved upwards either
in displacement-control or force-control. This is similar to adjusting a test frame to either
be displacement-controlled or load-controlled where all the experimental testing in this
research was displacement-controlled. The steel is set to displace 1 mm upwards or to have
a concentrated point load pull upwards until the maximum load. At the maximum load,
the simulation aborts due to the connection being unable to carry more load; the steel
moves and therefore, violates equilibrium.

Both the displacement-control and load-control cases can carry a maximum load of
10.0 kN, which is higher than the calculated value of 8.6 kN from the mechanics-based
calculation. Figure 5.16 shows the model under a concentrated load of 10 kN. The highest
stresses in Figure 5.16a are located at the bolts due to the pre-tension load and the top
of the steel due to the concentrated load pulling on the steel. This is ignored since the
pre-tension and concentrated load are applied forces that cause stress concentrations. Fig-
ure 5.16b shows an exaggerated deformed shape where the clamp is rotated in the direction
of the steel movement. The high stress location of interest is the edge of the clamp shown
in Figure 5.17 where the edge of the clamp presses into the edge of the steel as it rotates.

Although the calculations and FE are based on the same principals, the calculations
are based on two slip planes, backplate & steel and clamp & steel. In reality, there are
three slip planes. The third being the vertical face or edge of the clamp in contact with the
edge of the steel, shown in Figure 5.17. This was not accounted for in the calculation as
there is zero normal force before loading. The normal force develops as the clamp rotates
and the edge digs into the steel as was shown in Figure 5.17. This is the location where
delamination occasionally occurred (Figure 4.15d).

The applied, normal, and friction forces as the steel displaces upward are shown in
Figure 5.18. Note that the normal force for backplate & steel is plotted underneath the
normal force for clamp face & steel. Additionally, the friction forces from the clamp face &
steel and the clamp edge & steel are added together since they are in the same direction in
the FE model. The displacement-controlled case is able to extend past the maximum load
and remain constant, unlike the experiments, which had degradation of the slip planes. If
the maximum values of the normal forces from backplate & steel and clamp face & steel
are added together and multiplied by the friction coefficient such as in Equation 5.10, the
result is approximately equal to the calculated value of 8.6 kN. If the normal force from
the clamp edge & steel is also added, as in Equation 5.11, it is approximately equal to the
friction force calculated by the FE model.
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P = µ(F(backplate & steel) + F(clamp face & steel)) (5.10)

P = µ(F(backplate & steel) + F(clamp face & steel) + F(clamp edge & steel)) (5.11)

Where P is the capacity of the clamp test in N, µ is friction coefficient, and F is normal
force in N.

(a) Von Mises stress (Units of MPa) is shown.
(b) Displacement (Units of mm) is shown. The
deformation is scaled 15 times.

Figure 5.16: Stress and deformation of the model under 10 kN of load.

In comparison to the clamp tests, the FE result of 10 kN is closest to the S-MS-1 result
of 10.9 kN (Table 4.1). This is sensible since the friction coefficient of 0.3 is a conservative
value for mill scale surfaces as well as the minimum requirement for aluminum bridges
from CSA S6, not the isolation layer and steel. If the friction force is calculated from
the maximum total normal force, the capacity is 10.3 kN, which is closer to the lowest
experimental result. The calculations in Table 5.6 are redone with a normal force of 34.3
kN, which is calculated from the sum of the maximum normal forces in Figure 5.18. The
results in Table 5.7 are more accurate than the previous version of the table but less
conservative.
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Figure 5.17: The high Von Mises stress (Units of MPa) between the clamp edge & steel is
shown as a spot of red.

Table 5.7: Friction coefficient for static clamp tests from FE analysis.

Mill Scale Sandblasted
Specimen Peak Load Friction Coefficient Specimen Peak Load Friction Coefficient
S-MS-1 10.9 kN 0.32 S-SB-1 19.2 kN 0.56
S-MS-2 12.7 kN 0.37 S-SB-2 23.8 kN 0.69
S-MS-3 12.2 kN 0.36 S-SB-3 33.2 kN 0.97
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Figure 5.18: Comparison of the applied, normal, and friction forces plotted against the
displacement of the steel.
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Chapter 6

Deck-to-Girder Connections

The case study bridge is designed to carry live loads due to occasional maintenance vehicles
and pedestrians. The deck-to-girder (DG) connections are responsible for transferring forces
from the deck to the girders. The connections both hold the bridge components together
vertically and resists horizontal forces such as vehicle braking. In the case of a bridge with
dissimilar materials (e.g. an aluminum deck on steel girders), the DG connections must
also resist or accommodate the thermal expansion of the different materials. These forces
are discussed in Section 2.5.2 and Section 2.5.3. To study the effect of these forces on the
DG connections, a parametric study was performed.

The study consists of varying parameters such as geometry, temperature, and vehicle
location in an FE model and recording the absolute maximum force of all the DG con-
nections also referred to as the DG reactions. The parameters are varied one at a time in
an attempt to develop relationships between the applied loads and the DG reactions. The
overall goal of the study is to begin development of a design tool for calculating DG reac-
tions for an arbitrary bridge with arbitrary DG connections. The DG connections in the
GuarDeck® system and the case study bridge are used as the base case of the parametric
study and as an example later in this chapter. It is important to note that the parametric
study presented is preliminary with only a few parameters varied.

6.1 FE Model

The following model is an extension of the work presented at the International Aluminium
Conference (INALCO) in 2019 [24]. One girder and a section of deck from the case study
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bridge are modelled in 3D using 2D shell elements. The deck has the tributary width of
the middle girder (w = 1372 mm). The I-shape of the girder is modelled, but the deck is
composed of a single aluminum plate on top of the steel, and has a thickness equal to the
top flange of a GuarDeck® beam (t = 6 mm). Contact between the deck and the girder
is modelled but friction is omitted to reduce run time. As a design tool, it can be assumed
that the connections carry the entire load instead of dividing the load between friction and
the DG connection force. The shell elements are offset (i.e. the location of the nodes is not
necessarily at the center of the plate) to ensure the pin and roller boundary conditions are
at the bottom of the section and not in the middle of the bottom flange. The FE model is
shown in Figure 6.1.

Figure 6.1: FE model used to study DG reactions under applied loads.

The deck and girder are connected using 1D, linear, spring elements representing the
DG connections. Three sets of springs for X, Y, and Z are used where the spring stiffness in
the long direction of the bridge is variable and the other two directions have nearly infinite
spring stiffness (k →∞) to prevent rigid body motion of the deck. A value of 1010 N/mm
is used for infinite spring stiffness since the spring forces or DG reactions do not change
significantly at higher stiffnesses. The variable spring stiffness ranged from 100 N/mm to
1010 N/mm. At 100 N/mm, the deck may slide off the girders if a horizontal force is applied,
and at 1010 N/mm, the bridge will exhibit “full” composite action. The spring spacing is
constant and based on the case study bridge. If the length of the bridge is changed from
the case study, the new length is a multiple of the spring spacing. The unstretched spring
length is zero and the stretched length is calculated by dividing the spring force by the
stiffness. The first step of the study is develop a relationship between spring force with
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infinite stiffness and a parameter. The second step is to form a relationship between the
spring force with infinite stiffness and other spring stiffnesses for the particular parameter.
The numerical results of the analytical parametric study are located in Appendix C.

6.2 Thermal and Braking Parameters

As discussed in Section 2.5.2, the thermal parameters are dependent on the bridge type and
cross-section depth, where an aluminum deck on steel girders was assumed to be Type A
(i.e. thermally conductive). The depth of the case study bridge is over 1 m and therefore the
bottom of the cross-section is 10°C cooler than the top according to Figure 2.12b. The case
study bridge is located in the Montreal region where the maximum effective temperature
of the bridge is 51°C and was calculated using the maximum mean daily temperature (i.e.
30°C for Montreal), Table 2.1, and Figure 2.12a. The initial temperature or construction
temperature specified by CSA S6 is 15°C [5]. In summary, the thermal expansion base
case begins at 15°C then the top and bottom of cross-section increase to 51°C and 41°C,
respectively, with a linear gradient in between. Only the extreme high temperature case is
considered.

From the vehicle braking discussion in Section 2.5.3 and the tire loads described in
Section 3.1.1, the static braking force is 13.3 kN for the wheel load.

6.3 Thermal Analysis

The thermal expansion base case (i.e. Montreal conditions and case study bridge geometry)
with infinite spring stiffness (k −→∞) is shown in Figure 6.2. Figure 6.2a shows the stress
distribution in the long direction of the bridge, where the steel girder is in tension (i.e.
positive stress) and the aluminum deck is in compression (i.e. negative stress) because the
aluminum expands more than steel but the steel restricts the expansion. Figure 6.2b shows
the spring force or DG reaction at every spring along the span. The highest spring force
due to thermal expansion always occurs near the supports in the case study.

The second variable bridge parameter is deck width, where it is 1372 mm in the base
case. Figure 6.3a shows the spring stiffness curves, which all begin at approximately zero
force for zero spring stiffness and plateau at infinite spring stiffness. Figure 6.3b shows the
results of the spring forces with infinite stiffness as a function of deck width and contains
a fitted logarithmic equation for calculating spring forces for an arbitrary deck width.
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(a) Stress (units of MPa) in the long direction of the bridge (deformation is scaled 50 times).

(b) Spring forces along the span.

Figure 6.2: Results of the case study FE model under thermal expansion conditions for
Montreal (k −→∞, w = 1372 mm, t = 6 mm).

The next parameter is deck thickness. Similar spring stiffness curves are shown in
Figure 6.4a, whereas Figure 6.4b shows a curve that is less well represented by a logarithmic
equation so a polynomial is used. The fitted equation appears to underestimate the spring
force at higher loads, therefore more points or a different relationship may be warranted.

The deck width and thickness results are compared to a deck with constant area. The
constant deck area is 1372 mm multiplied by 6 mm, where the width and thickness are
decreased and increased proportionately to one another. For example, the deck width may
be 686 mm and the proportional thickness is 12 mm. Figure 6.5 shows the deck width
and deck thickness results, as well as the constant area results, as a function of deck area.
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(a) Maximum spring force as a function of deck width and spring stiff-
ness.

(b) Maximum spring force as a function of deck width with infinite
spring stiffness (k −→∞).

Figure 6.3: Maximum spring force as a function of deck width.

The Variable Width and Variable Thickness lines demonstrate that increasing thickness is
more effective at increasing the maximum spring force. Simultaneously, keeping the area
constant can result in any maximum spring force depending on the proportion of area
allocated to width and thickness. Although not shown, increasing deck thickness increases
the maximum spring force in the Constant Area line. The phenomenon may be caused by
shear lag due to the wide cross-sections (e.g. the corners of the deck are unstressed) or
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(a) Maximum spring force as a function of deck thickness and spring
stiffness.

(b) Maximum spring force as a function of deck thickness with infinite
spring stiffness (k −→∞).

Figure 6.4: Maximum spring force as a function of deck thickness.

increased moment of inertia from increasing the thickness, resulting in a stiffer bridge.

Temperature parameters are varied as well. The case study has a maximum temper-
ature difference of 36°C where the top of the deck starts at 15°C and increases to 51°C.
The maximum temperature difference is made a variable in Figure 6.6. The relationship
between the maximum spring force and temperature difference is simpler than the previous
relationships and essentially forms a straight line. The stiffness curves are linearly-scaled
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Figure 6.5: Maximum spring force as a function of deck cross-section area with infinite
spring stiffness (k −→∞).

versions of each other.

A second temperature parameter, the gradient, is made a variable. The case study value
of 10°C of linearly decreasing temperature from the top of the deck to the bottom of the
girders is varied in Figure 6.7. Figure 6.7b shows a linear relationship but is inconsequential
since there is no practical difference when the gradient is changed as shown in Figure 6.7a
where all of the curves are plotted on top of each other.
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(a) Maximum spring force as a function of maximum temperature
change and spring stiffness.

(b) Maximum spring force as a function of maximum temperature
change with infinite spring stiffness (k −→∞).

Figure 6.6: Maximum spring force as a function of maximum temperature difference.

75



(a) Maximum spring force as a function of temperature gradient and
spring stiffness.

(b) Maximum spring force as a function of temperature gradient with
infinite spring stiffness (k −→∞).

Figure 6.7: Maximum spring force as a function of temperature gradient.
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6.4 Braking Force

Relationships between the static braking force and spring forces are studied in this section.
A force for the weight of the vehicle acting on a tire, labelled gravity, appears simultaneously
with the braking force in most cases since braking does not occur alone in reality. The
gravity force is 53.1 kN and the braking force is 13.3 kN as shown in Figure 6.8. The
dynamic load allowance is not used.

Since the tire is a point load in one discrete location on the span, results for only three
locations are reported; the middle of the span and the two ends of the bridge above the
supports. There is no difference between the two ends of the bridge when gravity is applied
by itself but the results change when braking is applied. When the braking load is at the
end of the span and points towards the middle of the bridge, it is labelled as arriving. This
represents the vehicle driving onto the bridge and braking. When the braking point load
is at the end of the span and points away from the bridge, it is labelled as exiting. This
represents the vehicle driving off the bridge and braking. Whether the pin or roller is on
the arriving or exiting side of the bridge made no difference to the results.

Figure 6.8: Gravity force (53.1 kN) and braking force (13.1 kN) at three locations on the
case study bridge.

Figure 6.9a shows the results for gravity and braking in the middle of the bridge. The
braking force is applied alone to demonstrate that the maximum spring forces are governed
by gravity at lower spring stiffnesses and by braking at higher stiffnesses. This is different
from the arriving and exiting cases where maximum spring force is approximately equal to
the sum of gravity and braking. The maximum spring forces for all arriving, middle, and
exiting cases are shown in Figure 6.9b. The case with gravity and braking on the arriving
side governs for nearly all spring stiffnesses, except for a short section around a stiffness of
103 N/mm, where the middle case governs. The difference is minimal and could likely be
ignored in most bridge applications. The maximum value for the arriving case is 14.8 kN,
which was found to not change with span. Note that this value is higher than the braking
load of 13.3 kN because there is extra force on the connection due to gravity. The spring
forces along the 5 m span are shown in Figure 6.10, where one spring carries the majority
of the load for both cases.
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(a) Maximum spring force as a function of vehicle location and spring stiffness.

(b) Maximum spring force as a function of vehicle location with infinite spring stiffness (k −→
∞).

Figure 6.9: Maximum spring force as a function of vehicle location.
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Figure 6.10: Spring forces due to gravity and braking along the length of a 5 m case study
bridge.
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6.5 GuarDeck® Example

This section is an extension of the previously mentioned CSCE paper [25]. The relationships
presented in this chapter are incomplete and difficult to apply to any arbitrary bridge but
the overall goal is to develop tools to design DG connections in a bridge efficiently. If
an engineer knows the stiffness of a connection, theoretically or through experiments, an
engineer can use the relationships shown in the previous figures to determine the DG
reaction and compare it to the applied load.

The DG connections of the GuarDeck® system are used as an example, where the
stiffness of the connection is determined by drawing a secant line between zero and the
peak load on the load-displacement graph discussed in Section 4.2, where the slope of the
secant is taken as the stiffness. Figure 6.11 shows the secant line of S-SB-2, which has
a stiffness of 5.4 kN/mm or 5.4 × 103 N/mm. Other lines could be drawn, for example,
the tangent between 0 mm and 1 mm, but it is convenient to use the secant from zero to
the peak load so the force can be assumed to increase linearly until the peak load. The
stiffnesses of the other clamp tests are found in Table 6.1. The stiffnesses across the clamp
tests are not consistent and may be caused by the inconsistent distribution of grit in the
isolation layer. In addition, more clamp tests should be performed for an accurate estimate
of the DG connection strength.

Using the base case of the parametric study (i.e. the case study bridge) and Figure 6.6b,
the maximum spring force is 42.5 kN if the connection stiffness is infinitely high. Figure 6.6a
is used to find the spring force corresponding to a spring stiffness of 5.4×103 N/mm. One of
the curves is linearly-scaled to correspond to a maximum value of 42.5 kN and a spring force
of 9.0 kN is linearly interpolated. The Arriving Gravity & Braking curve from Figure 6.9b
is used for determining the spring force due to braking. For a spring stiffness of 5.4× 103

N/mm, the corresponding spring force is 1.8 kN. The resulting spring forces or DG reactions
of 9.0 kN (thermal) and 1.8 kN (vehicle gravity and braking) added together are less than
the peak DG resistance of 19.2 kN for S-SB-2. The corresponding spring extension for the
thermal load is less than 2 mm. The DG reactions and the DG resistances are not factored.
However, from this demonstration it can be seen how the method can simplify the tedious
process of building models for every bridge.
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Figure 6.11: S-SB-2 secant stiffness.

Table 6.1: Secant stiffness for static clamp tests.

Mill Scale Sandblasted
Specimen Resistance Secant Stiffness Specimen Resistance Secant Stiffness
S-MS-1 10.9 kN 4400 N/mm S-SB-1 19.2 kN 5400 N/mm
S-MS-2 12.7 kN 1600 N/mm S-SB-2 23.8 kN 7100 N/mm
S-MS-3 12.2 kN 3500 N/mm S-SB-3 33.2 kN 12300 N/mm
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Chapter 7

Conclusions & Recommendations

This chapter contains conclusions based on the findings of this thesis and recommendations
for future work.

7.1 Conclusions

The goal of this research is to investigate the structural behaviour of a new aluminum
bridge deck product called GuarDeck®, the mechanical connections in particular, and to
develop tools for future aluminum bridge design. Recalling the research objectives presented
in Section 1.1, the following sections present conclusions for each objective.

7.1.1 Experimental Testing of the Beams

Two experiments were designed to test the GuarDeck® bridge deck product in a laboratory
setting. The first experiment was designed to test the deck panels, also referred to as beams.
The beams were tested as simply-supported elements with a single tire load. The following
conclusions are made based on this work:

� The length of the span can change the governing failure mode. In the case of Test 1B-
T-S (650 mm span), even though the beam was simply-supported, the usual causes
of the failure; bending, longitudinal shear, and bearing were not present. Instead, the
top flange ruptured. In contrast, Test 1B-T-L (2 m span) was also asymmetrically
loaded but acted as a simply-supported beam and failed due to bending.
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� The placement of the load when multiple beams are connected also changed the
failure mode. The difference between Tests 2B-T and 2B-G was the location of the
load on either side of the tongue and groove connection holding them together. The
results showed that Test 2B-T failed by bending whereas the tongue and groove
connection failed in Test 2B-G.

� Tests 3B-M and 2L1S-M reinforced the conclusion that the tongue and groove con-
nection is the weakest link in GuarDeck®. Although the load was evenly distributed
to two sets of tongue and groove connections, the groove-side connection failed. Ad-
ditionally, this failure mode has minimal ductility.

7.1.2 Experimental Testing of the DG Connections

The second type of experiment was designed to test the deck-to-girder (DG) connections,
since it is difficult to theoretically estimate how much resistance the connections can provide
due to the many slip planes, unknown friction coefficients, and uncertainty of the bolt force.
The following conclusions are made based on this work:

� The clamp tests showed that the DG system does not immediately lose capacity
when the peak load is reached. The resistance gradually reduces as the isolation
layer is worn down, as evidenced by the dust found under the specimen during the
experiments.

� As was predicted, the rougher surface of the SB specimens resulted in higher peak
loads than the smoother MS specimens.

� Specimen S-SB-3 demonstrated that the peak load can be increased if the bolt is
tensioned again after wearing of the isolation layer.

7.1.3 Beam Tests Compared to Design Provisions and FE Anal-
ysis

The results of the beam tests were compared to the CSA S157 beam calculations [6]. The
following conclusions are made based on this work:

� The failure mode of Test 1B-T-S was not predicted by the beam calculations but
the value of the peak load was closely approximated. This is likely a coincidence as
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ultimate tensile stress at the bottom flange probably occurred nearly simultaneously
with the ultimate shear stress at the top flange. Shear failure has minimal ductility,
while tensile beam failure has more ductility and therefore, a crack developed in the
shear location first. Predicting the shear failure of the top flange is difficult using
CSA S157 because the analysis would need to be done in 3D.

� The CSA S157 calculations predicted the failure load for the 2 m span tests, except
Test 2L1S-M, at the transition from linear material properties to plastic. This is
a result of the linear-elastic theory used to determine moment resistance where the
equation is based on linearity and the ultimate strength input uses plastic properties.

� The equations were conservative - so much so that the failure load of the tongue
and groove connection was higher than the CSA S157 results. In general, CSA S157
can be used to conservatively calculate the ultimate strength of the beams even if
the connection fails. It is important to note that the analysis used the averaged mill
certificate properties. The CSA S157 properties would be more conservative.

Subsequently, the results of the beam tests were compared to shell and brick models,
where both types of models represent the experiments in 3D but shell models were com-
posed of 2D shell elements and brick models were composed of 3D brick elements. The
following conclusions are made based on this work:

� The shell models adequately predicted the peak load of the beams that did not fail
due to the connection and could generally predict the behaviour of all of the beams
prior to the peak load.

� The brick models were able to predict the behaviour of tongue and groove failures
due to the connections being modelled, but should be used with caution since the
predicted peak load was less accurate as model complexity increased. As the brick
models with connection failure increased in complexity, from Test 2B-G to Test 3B-M
to Test 2L1S-M, the predicted capacities were less accurate.

� In Test 1B-T-S, the brick model showed high stress at the tension flange and the top
flange where the rupture occurred.

� Neither the shell nor brick models accurately predicted displacement in the plastic
regions of the graphs but material properties were simplified from the mill certificates
and softening was not included.
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� The two FE models and the beam calculations serve to validate each other, especially
if laboratory testing is not available. This is particularly important in the early stages
of design, where the deck cannot be tested until it is ready to be produced at full-scale.

7.1.4 Clamp Tests Compared to Design Provisions and FE Anal-
ysis

The experimental results of the clamp tests were compared to mechanics-based design
calculations, which resulted in conservative estimates of the capacity. Consequently, when
the friction coefficient was calculated from the experimental results, the friction coefficients
were much higher than the assumed value of 0.3 for MS. The clamp tests were also compared
to a 3D FE model where the geometry was simplified and a friction coefficient of 0.3 was
used. The following conclusions for both structural analysis methods are made based on
this work:

� The mechanics-based calculation gave a very conservative estimate of the MS spec-
imen capacity. The calculation accounts for the normal forces between the clamp
face and the steel as well as the steel and the beam. Another face of the clamp is in
contact with the steel in the initial configuration (i.e. before testing) but the normal
force is zero.

� The FE model also provided a conservative estimate of the MS specimen capacity
but was less conservative than the calculation. When the steel displaces, the clamps
rotate in the direction of the movement and an edge is pressed against the steel,
sometimes causing delamination of the isolation layer. The FE model captured the
rotation and calculated a corresponding normal force.

� From both analysis methods, the friction coefficient of 0.3 for mill scale and the
isolation layer was found to be a conservative value. This is important to note since
the value is intended to be representative for aluminum in contact with aluminum,
steel in contact with steel, or aluminum in contact with steel.

7.1.5 DG Reactions under Thermal and Braking Loads

The DG connection analysis in Chapter 6 consisted of an analytical parametric study con-
ducted using FE to begin to determine how the applied forces of braking and thermal
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expansion affect the reaction of the DG connections. Various parameters were systemati-
cally increased and decreased in an FE model of a case study bridge. The highest force in
the springs connecting the deck and girders, representing DG connections with arbitrary
linear stiffness, along the span was recorded and plotted against the parameter. The linear
stiffness of the springs was variable and ranged from practically zero stiffness to nearly
infinite stiffness. Relationships were developed between the parameter and the spring force
associated with infinite stiffness as well as between infinite stiffness and lower stiffnesses.
The goal was to easily identify the highest force a DG connection with a particular stiff-
ness would be required to resist. The results of this study are preliminary but the following
conclusions are drawn from the results:

� The maximum spring force relationships with deck width and deck thickness are non-
linear. The non-linearity is currently quantified using fitted logarithmic and polyno-
mial equations. Furthermore, increasing deck thickness is more efficient at increasing
maximum spring force than increasing deck width.

� The relationship between the parameter maximum temperature difference and the
maximum spring force is linear where any stiffness curve that was developed can be
linearly scaled for any temperature difference.

� The relationship between the parameter temperature gradient and the maximum
spring force is linear but insignificant since increasing or decreasing the gradient
value hardly changed the results.

� The weight of a vehicle (only one tire was used for this study) plus an associated
braking force was placed at three locations on a case study bridge span. The first was
arriving where the vehicle was moving onto the bridge, the second was middle where
the vehicle was in the middle of the span, and the third was exiting where the vehicle
was moving off of the bridge. The arriving case governed for nearly all stiffnesses and
this did not change with span length. One spring directly below the vehicle braking
load carries the entirety of the braking force plus more due to gravity.

7.2 Recommendations

The objectives listed in Section 1.1 were written as a task list to be finished to some extent
by the end of this research. All tasks have results that can be improved or expanded. The
following sections give insight into what may be improved or the next steps for each task.
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7.2.1 Experimental Testing of the Beams

A smaller subset of the beams was tested in comparison to what was originally planned.
Due to the COVID-19 pandemic, fatigue testing was put on hold and was still paused at
the time of writing this thesis. Fatigue and other recommendations for experimental testing
of the beams are as follows:

� The beam tests could have included a negative bending test. That is, conduct Test
1B-T-L but flip the beam up-side down. The GuarDeck® system was designed in
Quebec, Canada where it is expected to be installed across three girders, which would
induce negative bending.

� A beam test using the clamps would have provided useful information regarding how
the clamps react under real loads as opposed to the clamp tests in Section 3.2.

� Fatigue testing of the beams was postponed at the time of writing this thesis. The
two confirmed fatigue tests which are scheduled to be done are:

– Test the set-up from Test 2B-G under constant amplitude, cyclic loading ranging
from 12.5 kN to 50 kN.

– Test the set-up from Test 2L1S-M under constant amplitude, cyclic loading.
Loading will be determined based on the results of the first fatigue test.

� As mentioned in Section 7.1.1, the tongue and groove connection is a governing failure
mode and should be improved in the next design iteration of the product.

7.2.2 Experimental Testing of the DG Connections

Similar to the beam tests, the clamp tests were intended to have a fatigue component.
In addition, many other surface finishes could have been tested in this arrangement. The
following are recommendations for future clamp tests:

� The clamp tests should have included a surface finish with corrosion-resistant paint
such as the one used on the case study bridge girders but the cost of a small amount
of the paint was prohibitive.

� The clamps should be tested to failure in the short direction of the bridge. There is
load, although minor, in this direction and the failure mode is unclear.
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� In Section 7.1.2 where it is stated that the peak load could be increased if the bolt
is re-tensioned after the isolation layer is worn down, testing the clamps without the
grit could result in higher peak loads. The force would be distributed more evenly
over the blue part of the isolation layer resulting in slower wear.

� The fatigue portion of the clamp tests is scheduled to be done under quasi-static,
cyclic loading. Both the mill scale and sandblasted surface finishes are to be tested.

7.2.3 Beam Tests Compared to Design Provisions and FE Anal-
ysis

The relevant CSA S157 calculations [6] for the beam tests were completed, but there are
multiple factors involved that are difficult to account for in these types of calculations. To
continue this task, calculations from different codes could be performed. The Aluminum
Design Manual (ADM) and Eurocode 9: Design of Aluminium Structures contain the design
provisions for aluminum structures in the USA and Europe, respectively. Calculations from
both of these could be compared to the CSA S157 and experimental results.

The FE models of the beam tests could certainly be improved. The recommendations
for improving this work and future models are as follows:

� Higher-order elements should have been used for the brick modelling of the beams
but the size of the model and computation time prevented this. If more processing
power is available, higher-order brick elements should be tested.

� No mesh convergence study was completed for any of the models as the models are
large. Either more computing power is needed or smaller models could be used. For
the beam tests, a symmetry condition could have been used to halve the number of
elements.

� The tire load could be modelled more realistically as a steel plate on top of rubber
on the beam. In addition, the results may be closer to the experimental results if the
tire load is applied as a displacement instead of a force.

7.2.4 Clamp Tests Compared to Design Provisions and FE Anal-
ysis

Improving the mechanics-based calculations would be difficult as calculating the normal
force between the clamp edge and steel requires assumptions including rotation of the
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clamps and normal force as a function of rotation. Continuing the FE analysis is more
obvious and recommendations for future work are as follows:

� Include the beam geometry and the custom T-bolt in the clamp test.

� Model the clamps as part of beam tests.

7.2.5 DG Reactions under Thermal and Braking Loads

The end goal of the study is far from accomplished and much more work is needed for
the ideas presented to be useful for designing a bridge with an aluminum deck and steel
girders. Some of the next steps in this study might include:

� A relationship could be determined between the spring force and a more useful cross-
section parameter than deck width or thickness. A more useful cross-section param-
eter for example could be a function of moment of inertia.

� The next step for the thermal expansion results would be to develop a mechanics-
based method for calculating spring force as a function of temperature difference.
The equation for shear flow may be useful for this endeavour.

� The study included summer thermal expansion conditions because deck buckling is
a concern since aluminum expands twice as much as steel. Relationships should be
developed for winter conditions as well as summer. The relationship would certainly
be linear but still important for design.

� Only three locations were used for the vehicle braking portion of this preliminary
study. Every point should be checked to ensure the spring forces do not increase
any higher than the arriving case and an influence line could be developed for this
purpose.

� Similar to the thermal expansion results, it would be useful to develop a mechanics-
based equation between the braking force and the resulting maximum spring forces
as well as develop relationships between maximum spring force and bridge geometry.
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Appendix A

Experimental Results

This appendix contains the experimental results presented in Section 4.1.

A.1 Beam Tests

Figure A.1: Load-displacement graph for Test 1B-T-L.
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Figure A.2: Load-displacement graph for Test 2B-T.

Figure A.3: Load-displacement graph for Test 2B-G.
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Figure A.4: Load-displacement graph for Test 3B-M.

Figure A.5: Load-displacement graph for Test 2L1S-M attempt 1.
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Figure A.6: Load-displacement graph for Test 2L1S-M attempt 2.

Figure A.7: Load-displacement graph for Test 1B-T-S.
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Figure A.8: Comparison of all beam tests.
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A.2 Clamp Tests

Figure A.9: Load-displacement graph for S-MS-1.
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Figure A.10: Load-displacement graph for S-MS-2.
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Figure A.11: Load-displacement graph for S-MS-3.

101



Figure A.12: Load-displacement graph for S-SB-1.
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Figure A.13: Load-displacement graph for S-SB-2.
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Figure A.14: Load-displacement graph for S-SB-3.
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Appendix B

Beam Calculations

This appendix contains the beam calculations. The calculations are based on CSA S157
and are done both sets of material properties in Table 5.2.

B.1 Sample Calculation

The CSA S157 beam calculations for Test 1B-T are provided in this section.

B.1.1 Bending

Assume beam is not subject to lateral-torsional bending.

Clause 7.5.2.2 Elements in uniform compression

For components in bending, such as decking profiles, where
a

w
< 2.5

b

t

a

w
=

70.39 mm

4.5 mm
= 15.642 < 2.5

b

t
= 2.5

110.68 mm

6.5 mm
= 42.569⇒ ok!

m = 1.25 + 0.2

a

w
b

t

= 1.25 + 0.2

70.39 mm

4.5 mm
110.68 mm

6.5 mm

= 1.434 < 1.65⇒ ok!
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λ =
mb

t
=

(1.434)(110.68 mm)

6.5 mm
= 24.413

Clause 10.1.1 Factored compressive strength and limiting stress

F0 = Fy when there is no welding or local buckling, the yield strength of the base
material

Clause 10.1.2 Normalized slenderness

λ̄ =
λ

π

√
F0

E
=

24.413

π

√
240 MPa

70, 000 MPa
= 0.455

Clause 11.1 Classification of members in bending

0.3 < [λ̄ = 0.455] < 0.5⇒ ok!

Class 2 Section: capable of carrying moment up to the onset of yielding in compression
without local buckling.

Clause 11.2 Moment resistance of members not subjet to lateral-torsional
buckling (LBT)

For class 2 sections:

for compression fibres:

Mr = φyMy = φySFy = φy
I

yTop

Fy = (0.9)
6.18× 106 mm4

36.462 mm
(240 MPa) = 36.589 kNm

for tension fibres:

Mr = φuSnFu = φu
I

yBottom

Fu = (0.75)
6.18× 106 mm4

52.863 mm
(260 MPa) = 22.783 kNm

Peak Load and Deflection

Pr =
4Mr

L
=

4(22.783 kNm)

2 m
= 45.6 kN

∆ =
PL3

48EI
=

(22.8× 103 N)(2000 mm)3

48(70, 000 MPa)(6.18× 106 mm4)
= 18 mm
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B.1.2 Shear

12.1.2 Flat webs without stiffeners

F0 = 0.6Fy = 0.6(240 MPa) = 144 MPa

λs = 1.4
h

w
= 1.4

70.39 mm

4.5 mm
= 21.899

λ̄ =
λs
π

√
F0

E
=

21.899

π

√
144 MPa

70, 000 MPa
= 0.316

Clause 10.1.3 Buckling stress

α = 0.2 for unwelded fully heat-treated columns, beams, and elements λ̄0 = 0.5 for
elements

β =
1 + α(λ̄− λ̄0) + λ̄2

2λ̄2
=

1 + 0.2(0.316− 0.5) + 0.3162

2(0.316)2
= 5.323

F̄ = β −
√
β2 − 1

λ̄2
= 5.323−

√
5.3232 − 1

0.3162
= 1.043 MPa

Clause 12.1.2 Flat webs without stiffeners

For one of the four webs:

Fsc = F0F̄ = (144 MPa)(1.043) = 150.164 MPa

Vr = φyhwFsc = (0.9)(70.39 mm)(4.5 mm)(150.164 MPa) = 42.809 kN

For all four webs:

Vr = 4× Vr = 4× 42.809 kN = 171.234 kN

Peak Load and Deflection
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Pr = 2Vr = 2(171.234 kN) = 342.5 kN

∆ =
PL3

48EI
=

(342.5× 103 N)(2000 mm)3

48(70, 000 MPa)(6.18× 106 mm4)
= 132 mm

B.1.3 Bearing

For one of the four webs:

Clause 12.3 Web Crippling

k = 0.5

1 +
e
n

2 + h

 = 0.5

1 +
66.75 mm

75 mm

2 + 70.39 mm

 = 32.714 > 1⇒ k = 1

Clause 7.5.2.1 Elements bending in their own plane

σc = f1 =
MyTop

I
=

(1 Nmm)(36.46)

6.18× 106 mm4
= 5.903× 10−6

σt = f2 =
MyBottom

I
=

(1 Nmm)(−52.04)

6.18× 106 mm4
= −8.559× 10−6

f1
f2

=
5.903× 10−6

−8.559× 10−6
= −1.450 < −1

m =
1.3

1− f1
f2

=
1.3

1− (−1.450)
= 0.531

λ =
mb

t
=

(0.531)(75 mm)

4. mm
= 8.844

Clause 10.1.2 Normalized Slenderness

λ̄ =
λ

π

√
F0

E
=

8.844

π

√
240 MPa

70, 000 MPa
= 0.165
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Clause 10.1.3 Buckling stress

α = 0.2 for unwelded fully heat-treated columns, beams, and elements λ̄0 = 0.5 for
elements

β =
1 + α(λ̄− λ̄0) + λ̄2

2λ̄2
=

1 + 0.2(0.165− 0.5) + 0.1652

2(0.165)2
= 17.667

F̄ = β −
√
β2 − 1

λ̄2
= 17.667−

√
17.6672 − 1

0.1652
= 1.074 MPa

Fbc = Fc = F̄F0 = (1.074)(240 MPa) = 257.800 MPa

Clause 12.3 Web crippling

fbf = σc =
Mmaxy

I
=

(22.783× 106 Nmm)(36.462 mm)

(6.18× 106 mm4)
= 135.000 MPa

F ′c =
π2Ew2

4h2

[
1−

(
fbf
Fbc

)2
]

=
π2(70, 000 MPa)(4.5 mm)2

4(70.39 mm)2

[
1−

(
135 MPa

257.8 MPa

)2
]

= 513.755 MPa

For flat webs:

Cr = φyk(n+h)wF ′c = (0.9)(1)(75 mm+70.39 mm)(4.5 mm)(513.755 MPa) = 302.514 kN

or

Cr = φynmFy = (0.9)(75 mm)(4.5 mm)(240 MPa) = 72.900 kN⇒ governs!

For all four webs:

Cr = 4Cr = 4(72.900 kN) = 291.6 kN
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Peak Load and Deflection

Pr = 2Rr = 2(291.6 kN) = 583.2 kN

∆ =
PL3

48EI
=

(583.2× 103 N)(2000 mm)3

48(70, 000 MPa)(6.18× 106 mm4)
= 225 mm
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B.2 CSA S157 Properties and Resistance Factors

The results of the beam calculations with resistance factors and CSA S157 material prop-
erties are found in this section.

Table B.1: CSA S157 calculations for 1B-T with CSA S157 material properties.

111



Table B.2: CSA S157 calculations for 2B-T & 2B-G with CSA S157 material properties.
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Table B.3: CSA S157 calculations for 3B-M with CSA S157 material properties.
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Table B.4: CSA S157 calculations for 650 mm with CSA S157 material properties.
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B.3 Mill Certificate Properties and Resistance Fac-

tors Set to Unity

The results of the beam calculations with no resistance factors and mill certificate material
properties are found in this section.

Table B.5: CSA S157 calculations for 1B-T with mill certificate material properties.
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Table B.6: CSA S157 calculations for 2B-T & 2B-G with mill certificate material properties.

116



Table B.7: CSA S157 calculations for 3B-M with mill certificate material properties.
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Table B.8: CSA S157 calculations for 650 mm with mill certificate material properties.

118



Appendix C

Deck-to-Girder Parametric Study
Results

This appendix contains the FE results of the parametric study discussed in Chapter 6.

C.1 Thermal Expansion
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Table C.1: Spring force in N with large cross-section and varying deck width (Part 1).
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Table C.3: Spring force in N with large cross-section and varying deck width (Part 3).
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Table C.4: Spring force in N with large cross-section and varying deck thickness.
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Table C.5: Spring force in N with large cross-section and constant deck area.
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Table C.6: Spring force in N with large cross-section and varying span length.
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Table C.7: Spring force in N with small cross-section and varying deck thickness and deck
width.
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C.2 Vehicle Braking
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Table C.8: Spring force in N with large cross-section and varying vehicle location (Part 1).
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Table C.9: Spring force in N with large cross-section and varying vehicle location (Part 2).
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Table C.12: Spring force in N with large cross-section, vehicle braking at arriving location,
and varying deck width.
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Table C.13: Spring force in N with large cross-section, vehicle braking at arriving location,
and varying deck thickness.
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Table C.14: Spring force in N with small cross-section, vehicle braking at arriving location,
and varying deck thickness and deck width.
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