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ABSTRACT

Wood structural elements are more vulnerable to blast loading due to the inherent brittle nature
and low density of the material, as demonstrated by recent significant research efforts on the
behaviour of timber elements subjected to the effect of blast loading. These studies showed that
wood performs poorly under blast loading. A way of improving this performance is to provide
additional ductility or energy absorption capabilities to wooden elements. Recently, there was
interest in investigating and developing energy-absorbing connections (EAC) to improve timber
assemblies’ ductility and energy absorption capabilities. Although some research effort has been
made to investigate the use of EACs to enhance the ductility of reinforced concrete or structural
steel members, only limited work is available on this topic about timber elements. The current
study aims to systematically investigate the use of various shapes of EACs to be used to enhance

the post-peak performance of timber assemblies.

Preliminary finite element analysis led to selecting nine steel EACs with varying geometries for
further experimental investigation. A total of eighteen specimens were tested statically. In
comparison, a total of eighteen specimens were tested dynamically in the shock tube facility of
the University of Ottawa to simulate the effects of far-field blast explosions. The experimental
results showed that decreasing the leg length or increasing the thickness of EACs manufactured
with steel angles and reducing the diameter of EACs manufactured with circular HSS caused an
increase in yield load and elastic stiffness while reducing the densification displacement.
Connections with angles and a centre weld, and connections with 90-degree arcs from circular
HSS, were identified as unsuitable for the application of EACs. The experimental program also
showed that EACs manufactured from angles offer a well-defined plateau able to absorb a large
quantity of energy, making them particularly suitable for blast mitigation. EACs manufactured
from multiple circular HSS were shown to achieve multiple load-displacement plateaus and
present an interesting option for systems with multiple failure modes occurring at different
levels. SDOF analysis and FEA were conducted to predict the experimental behaviour with some
success. The importance of the weld type was also highlighted from both the analytical and
experimental results. A methodology for developing idealized load-displacement curves from

experimental results of EACs was also proposed and evaluated.
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CHAPTER 1 - Introduction

1.1 Introduction

Past intentional or accidental explosions have highlighted the devastating effects that blast loads
can cause on infrastructure. Some examples of accidental explosions include the 1917 Halifax
explosion (Kernaghan and Foot 2017), the 1968 Ronan point apartment tower collapse (Pearson
and Delatte 2005), the 2005 BP Texas City disaster (CSB 2007), the 2014 Lac-Mégantic rail
disaster (TSB 2014) and the 2020 Beirut explosion (WHO 2020). Examples of explosions caused
by intentional attacks include the 1995 Oklahoma City bombing (Corley et al. 1998) and the 2001
World Trade Center Towers collapse (NIST 2005). Figure 1.1 and Figure 1.2 show the potential

damage following an explosion.

T, .

Figure 1.1: Damaged exposition building in Figure 1.2: Former Alfred P. Murrah federal
Halifax, NS, after the 1917 explosion (George building in Oklahoma City, after the 1995
Grantham Bain Collection 2021) bombing (Murphy 2020)

Other catastrophes, such as earthquakes, tsunamis, and high winds and their impact on buildings
and other infrastructures seem to be well understood and documented in various codes and
standards. Loading and design provisions from such events are readily available to designers based
on years of research and practice. For example, research on earthquake and wind loads began in
the early 20" century with substantial work worldwide since then. Research on the behaviour of
structural elements to the effects of explosions has recently gained increased interest, notably due
to recent events and heightened awareness of the need for security, not only of targeted
infrastructure but also its surroundings. Presently, it is recognized that heightened risks to
infrastructure and human life exists, and considerable research has been underway to address this

issue and mitigate against such risk.
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Design provisions in Canada do not directly require blast loads to be considered in the design of
buildings (NRC 2018). It is therefore left to the discretion of the building owner or local authorities
whether to consider blast load in the design of structural members and introduce other measures
to mitigate risks. To assist with such design, various codes standards, guidelines and provisions
have been developed (CSA 2012; DHS 2011; Office of the Deputy Prime Minister 2004; USACE
2008; USADD 2008, 2009). The need for research work to assist in further developing design

provisions, especially for wood structures, is discussed next.

1.2 Research Needs

A substantial part of the overall literature available on blast effects focuses on reinforced concrete
structural elements (Burrell 2012; Jacques et al. 2013; Jacques and Saatcioglu 2020; Li and Aoude
2020; Mays et al. 1999; Pantelides et al. 2014; Silva and Lu 2009; Williams and Williamson 2011;
Yu et al. 2014, 2018) and structural steel elements (Cannon and Clubley 2021; Krishnappa et al.
2014; Nassr et al. 2014; Shabanlou et al. 2021; Soroushian and Choi 1987; Tetougueni et al. 2020;
Warn and Bruneau 2009).

Wood structural elements are more vulnerable to blast loading due to the inherent brittle nature
and low density of the material. Recent technologies have led to a larger inventory of available
engineered wood products and recent environmental concerns have led to an increase in the
number of wooden buildings being built. This development has been accompanied by significant
research effort, especially at the University of Ottawa, which has led to significant improvement
in understanding the behaviour of timber elements subjected to the effect of blast loading (Coté
and Doudak 2019; Lacroix and Doudak 2020, 2018a; McGrath and Doudak 2021; Poulin et al.
2018; Viau and Doudak 2019, 2021b; c). Further work has focussed on improving the performance
of timber buildings exposed to blast by investigating the possible use of fibre-reinforced polymers
(FRP) (Lacroix and Doudak 2020) to enhance the post-peak performance of the structural elements
itself, as well as enhancing the performance of timber assemblies with realistic boundary
connections using commercially available fasteners (McGrath and Doudak 2021; Viau and
Doudak 2019, 2021b; c) or joints specifically designed to dissipate energy (McGrath and Doudak
2021; Viau and Doudak 2019, 2021b; c). The latter is of particular interest to the current study and

forms the basis of the research investigation.
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A way of improving this performance is to provide additional ductility or energy absorption
capabilities to wooden elements. There was recently interest in investigating and developing
energy-absorbing connections (EAC) to improve timber assemblies’ ductility and energy
absorption capabilities (Viau and Doudak 2021b). An example of the principle of an EAC is
illustrated in Figure 1.3. Although some research effort has been made to investigate the use of
EAC:s to enhance the ductility of reinforced concrete or structural steel members (Lavarnway and
Pollino 2015; Oswald 2018; Whitney 1996), only limited work is available on this topic pertaining
to timber elements (Viau and Doudak 2021b). The current study aims to systematically investigate
the use of various shapes of EACs to be used to enhance the post-peak performance of timber

assemblies.

~

Figure 1.3: Example of an EAC

EAC:s are sacrificial elements designed to yield prior to the main member’s ultimate failure while
being able to undergo large inelastic deformations. If these conditions are met, EACs have the
potential to significantly increase the ductility of the assembly and provide additional energy
absorption. A typical timber assembly could have EACs implemented between the cladding or
facade and the structural system or between two or more main structural components. Bolts,
screws, dowels, or other fasteners would typically be used to connect the EACs to the main
structural components. Figure 1.4 and Figure 1.5 show an illustration of how EACs could be

used to connect a glulam column to a beam and a CLT wall to a floor, respectively.
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Figure 1.4: Glulam post and beam assembly with EACs

a1 Hing
Floor/Diaphragm |

Load-bearing
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Figure 1.5: CLT wall and floor/diaphragm assembly with EACs (Viau and Doudak 2021b)
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1.3 Blast Loading

1.3.1 Blast Phenomena and Shock Waves

Blast loads are generated by a rapid release of energy resulting in a shock wave propagating away
from the source (Figure 1.6). Blast can be generated from high explosives, propellants, gases, etc.
The shock waves generated cause an almost immediate increase in pressure, referred to as
overpressure, above the atmospheric ambient pressure (i.e. ~101.3 kPa at sea level), which then
diminishes with time (Figure 1.7). Blast loads can be approximated with empirical methods or

more complex computational fluid dynamics software (Dusenberry 2010).

_~ GROUND - REFLECTED WAVE
ASSUMED PLANE
WAVE FRONT
b | le— STRUCTURE
Wi | | GROUND
@ | | ~ SURFACE
I

Figure 1.6: Blast source and propagation of shock wave (Dusenberry 2010)
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Figure 1.7: Shock wave from a detonation (Dusenberry 2010)
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Shock waves, generated from detonations, travel at supersonic speeds through the air and generate
high pressures. Lower pressure waves, generated by deflagrations, travel at subsonic speeds and
have a lower potential of causing damage or harm. As the shock wave travels away from its origin,
the overpressure diminishes but its duration increases. Once shockwaves hit a structure, a positive
overpressure phase is first experienced. As time goes on, the pressure is further diminished to the
point of reaching a negative pressure phase (Figure 1.7). Typically, only the positive phase is

considered in design due to the greater loads experienced during this phase (Dusenberry 2010).

When the pressure wave interacts with a structure, it will reflect off the surface of the structure,
generated what is termed reflected pressure. The reflected pressure is generally larger than the
side-on overpressure (Figure 1.8). The angle of incidence at which the shock wave hits the building
can reduce the pressure on the structure. Due to the complexity of the pressure profile on a
building, several simplifications are usually assumed in the analysis (Cormie et al. 2009;

Dusenberry 2010).

Y
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DURATION, t,
TIME

Figure 1.8: Reflected pressure vs. side-on overpressure (Cormie et al. 2009)
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The time-varying reflected pressure, shown in Figure 1.8, can be approximated by expressions
such as the Friedlander exponential expression, presented in Equation 1.1 with idealized
parameters (Cormie et al. 2009). Additionally, the positive and negative impulses caused by the
time-varying function can be determined by integration, as demonstrated in Equation 1.2 and

Equation 1.3, respectively. Numerically, this can be done by summing the area under the pressure-

time history.
t
P.(t) = P. (1 — ti) e_b(ﬁ) Equation 1.1
d
tatto Equation 1.2
It = f P.(t)dt d
ta
tattotto Equation 1.3
I = f P.(t)dt
tat+to

Where P: is the peak reflected pressure, t is time, tq is the idealized positive phase duration, and b

is the waveform parameter.

1.3.2 Scaling

To simplify the determination of pressure-time history parameters presented in the previous
section, scaling laws are used for explosives. Scaling laws allows for data from one explosive
(typically TNT due to a large inventory of experimental results) to be scaled and used for other

explosives.

Charges set off closer to the structure or with larger TNT weight will cause a shock wave with
larger pressures on the structure. Thus, the standoff distance (R) and the equivalent TNT charge
weight (Wrnt) are used to define the scaled distance. Cubic root scaling is typically used for this
purpose, where the inverse cubic root of the explosion energy (TNT weight) is used to scale the

standoff distance, as shown in Equation 1.4 (Dusenberry 2010; Krauthammer 2008).

R

3\/ WTNT

Where Z is the scaled distance, R is the standoff distance and, Wnr is the equivalent TNT weight.

7 =

Equation 1.4

Once the pressure-time history parameters have been determined, an equivalent triangular loading,

or forcing function, is typically used in analysis and design. The forcing function is shown in
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Equation 1.5. Additionally, the peak initial force can be approximated from the peak reflected
pressure and the area on which this peak reflected pressure is being transferred (Equation 1.6)

(Dusenberry 2010).

t
F(O) = F, (1 - t_) Equation 1.5
d

F,=AP, Equation 1.6

Where A is the tributary area and P: is the peak reflected pressure.

1.4 Dynamic Analysis
1.4.1 General

Blast loads are typically of short duration, especially when compared to other loads such as
earthquake and wind loads. This short duration causes inertial forces and kinetic energy to be a
substantial portion of the behaviour. For this reason, dynamic analysis is used to establish the
performance of structural elements subjected to blast loads. Often, single-degree-of-freedom
(SDOF) analysis is adequate to simulate blast behaviour of structural elements considered in
isolation, and where loading, boundary conditions, and failure mode are well defined. This
observation has been supported by several studies confirming that SDOF method is adequate in
predicting the response of structural elements subjected to blast (Burrell 2012; Jacques 2011;
Lacroix 2017; Viau 2020). For assemblies, where multiple failure modes are possible, more
sophisticated modelling techniques, such as multi-degree-of-freedom (MDOF) analysis, may be
required to capture the overall system behaviour. More advanced modelling techniques, such as
finite element analysis (FEA), are typically less often employed in blast analysis due to the

increased uncertainty associated with both loading and material properties (Biggs 1964).

Dynamic analysis for single-degree-of-freedom systems involves solving the differential equation
of motion of a forced vibration system composed of mass, stiffness, and damping components, as

presented in Equation 1.7 (Biggs 1964; Chopra 2017).

my + cy + ky = F(t) Equation 1.7
Where m is the system mass, ¢ is the damping coefficient, k is the stiffness, and F(t) is the external
forcing function. y, y, and y are the acceleration, velocity, and displacement of the system for each

time step, respectively.
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Since blast is of short duration, damping is not generated in time to significantly impact the overall
response. Also, only maximum response is required for most applications. For both of these
reasons, damping is typically neglected (Biggs 1964; Jansson 1992). This assumption simplifies

the equation of motion to that presented in Equation 1.8.

my + ky = F(t) Equation 1.8
The solution of the equation of motion (Eq. Equation 1.8) can be solved for a forcing function
idealized as triangular, as shown in Equation 1.9. Following the end of the forcing function, the
solution becomes that shown in Equation 1.10. This solution is only valid for a SDOF system
where the mass, stiffness and forcing function are all applied at a single point and where forces act

in the same direction.

® F; [(sin(w,t) (0.0 t i1
= ———— cos(wyt) — —
y K\ oty YT Equation 1.9
F; (sin(wyt) — sin(w,(t—t .
y(t) = f( (@n) - (@n(t—ta) cos(wnt)> Equation 1.10
d

Where F; is the maximum force at the arrival of the shock wave front, k is the stiffhess, tq is the
idealized positive phase duration of the triangular forcing function and, ms 1s the natural frequency

as shown in Equation 1.11.

W, = — Equation 1.11

For more complex forcing functions, numerical methods such as Duhamel integral may be
required. Solutions for other simple forcing functions, including damping, can be found in the

literature (Biggs 1964; Chopra 2017).

The dynamic displacement from Equation 1.9 and Equation 1.10 can also be used to determine the
dynamic load factor (DLF), representing the ratio between dynamic and static displacements, as

shown in Equation 1.12.

y(t)

Vst

DLF(t) = Equation 1.12
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1.4.2 Equivalent SDOF Analysis

Mass, stiffness and forces are in reality distributed (e.g. along the length of a beam) and not
concentrated at a single point. However, in order to provide analysis containing mathematical
simplicity, the distributed mass, stiffness, and forces are lumped into a single point. This is done
by introducing transformation factors for mass (Kwm), stiffness (Kr) and forces (Kr) to convert the
distributed system into a lumped system. Additionally, the stiffness portion of the equation of
motion is replaced by a resistance function that can accommodate different material behaviours
and loss of stiffness following yielding, for instance, linear-elastic-plastic behaviour (Biggs 1964).

The equivalent equation of motion can be seen in Equation 1.13.

Kum(my) + KgR(y) = K F(t) Equation 1.13
The mass and load transformation factors can be determined using Equation 1.14 and Equation
1.15, respectively. Kr and Ki have the same value since they both represent similar force

distributions. Since Km represents the inertia force, which is more dynamic in nature, it has a

different value (Biggs 1964).

Lp_

M = fo [H:J(X)@Z(X)]dx Equation 1.14
Sy TGO dx

fOL[f(X, t)e(x)]dx Equation 1.15

L
J Tf(x, ©)]dx
Where m(x) is the distributed mass, f(x, t) is the distributed forcing function, @(x) is the assumed

shape function and, L is the length of the element with distributed force, stiffness, and mass.

The equation of motion can be further simplified to that shown in Equation 1.16 by presenting a

single transformation factor, Ky, as defined in Equation 1.17 (Biggs 1964).

Kim(mi) + R(y) = F(t) Equation 1.16
_ Zw Equation 1.17
Kim = ra quation 1.
L

1.4.3 Resistance Function
The resistance function represents the resistance of the structural member as a function of the
displacement it undergoes. This function can be either linear or nonlinear. The resistance function

is closely related to the stress-strain relationship of the material that makes up the element. For
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systems characterized by a linear-elastic-plastic behaviour, the resistance function is a simple

bilinear relationship, such as shown in Figure 1.9 (Biggs 1964).

Re

ke

Resistance - R

Deformation

Figure 1.9: Linear-elastic-plastic resistance function

Where Re is the yield resistance (i.e. Fy), Ay is the yield deformation, and ke is the elastic stiffness.

1.5 Research Objectives

This research project aims to enhance the energy dissipation and overall performance of timber

structural elements by investigating and developing energy-absorbing connections (EAC’s).

Specific objectives include:

I.  Developing easy to manufacture steel joints that have the ability to deform inelastically
and absorb energy;

II.  Conducting static and dynamic testing of the developed joints in order to establish load-
deformation relationships and dynamic properties that can be used as input in the analysis
of timber assemblies containing such joints;

III.  Developing analysis procedures to predict the behaviour of the joints in isolation and as
part of structural systems.
IV. Investigation various types of joints capable of improving the blast performance of

structural timber elements and recommending optimized section shapes
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1.6 Scope

The research objectives are achieved through the following approach:

1. Carry a literature review on the behaviour of wood systems, steel connections and, EAC’s
under blast or impact loads;
ii.  Model sample EAC’s of different shapes in FEA software to select the most favourable
ones for further investigation.
iii.  Investigate the requirements related to welding for the EAC’s manufacturing.
iv.  Manufacture selected EAC’s for testing.
v.  Conduct static tests on manufactured EAC specimens to establish their static properties.
vi.  Conduct dynamic tests on manufactured EAC specimens to establish their dynamic
properties;
vii.  Analyze experimental results of static and dynamic tests to determine the appropriate load-
displacement relationships to be used in the analysis;
viii.  Conduct tensile tests on steel coupons from the same material used to manufacture the
EAC:s in order to characterize their material behaviour;
ix.  Model the EAC’s using FEA to obtain refined load-displacement relationships using the
improved information from experimental testing on steel coupons;
x.  Compare experimental load-displacement relationships with those from models, and;

1. Discuss the results and potential code implementation.

1.7 Structure of Thesis
Chapter 1 introduces relevant background material on blast, presents research needs, objectives

and scope of work.

Chapter 2 presents a literature review on relevant current knowledge, including subjects such as

blast and dynamic behaviour of steel connections, wood systems and EAC’s.

Chapter 3 presents specimen selection through initial finite element analysis, specimen design and

manufacturing details.
Chapter 4 presents the experimental program, including test setup and methodology.

Chapter 5 presents the results obtained from the experimental program, including static, dynamic

and tensile coupon testing.
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Chapter 6 presents the analytical modelling methodology and results.
Chapter 7 compares and discusses the experimental and analytical results.

Chapter 9 summarizes the research findings and proposes potential future work and research

topics.

Appendix A presents the preliminary finite element analysis results introduced in Chapter 3.
Appendix B presents drawings of the selected specimens for experimental testing.
Appendix C presents the experimental results introduced in Chapter 5.

Appendix D presents the analytical results introduced in Chapter 6.
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CHAPTER 2 - Literature Review
2.1 General

This Chapter presents the background information and overview of the literature for three topics
of importance to this project. Section 2.2 will present the background information on wood as a
construction material, mechanical properties of wood, engineered wood products, and recent
research in the ductility of connections in wood systems. Section 2.3 will present the recent
research related to the performance of wood components under high strain rate loading such as
impact and blast. Section 2.3 will present background information in energy absorption and
cellular materials and will present the recent research in steel under high strain rate and energy-

absorbing connections (EACs).

2.2 Wood

2.2.1 Wood as a Construction Material

Wood has been used as a construction material since prehistoric times. Since then, a significant
evolution in the understanding of the material has been achieved. As a result, modern wooden
(timber) construction is now based on engineering and scientific principles. Modern wooden
construction generally falls into two categories: light-frame construction (Figure 2.1) and heavy
timber or mass timber construction (Figure 2.2). Light frame construction is common in North
America, especially for single-family dwellings and low-to-mid rise residential and commercial
buildings. It consists of dimensional sawn lumber (i.e. 2x4, 2x6, etc.) framed with structural or
non-structural sheathing panels (i.e. Oriented Strand Board (OSB), Plywood, Gypsum, etc.)
connected with metal fasteners (commonly nails or screws). Heavy timber and mass timber
construction have recently regained interest due to environmental and architectural reasons. This
construction consists of larger size sawn timber members, glue-laminated (Glulam) members,
cross-laminated timber (CLT) panels, and other Engineered Wood Products (EWPs) framed in
different configurations (Green and Taggart 2017; Thelandersson and Larsen 2003).
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Figure 2.1: Light frame construction ~ Figure 2.2: Mass timber structure — Wythe I Building
(naturallywood.com 2021) (Nordic Structures 2021)

2.2.2 Mechanical Properties of Wood

Wood is an anisotropic (i.e. properties depend upon direction) and non-homogenous material
produced by biological processes during the growth of trees. The wood structure comprises fibres
optimized to have maximum strength in stressed directions, referred to as the grain orientations.
However, since wood is a natural material, no two pieces of lumber are identical and have the same
properties. To create some uniformity in the mechanical properties, wood is graded visually or

mechanically according to standards.

Typically, wood is stronger and stiffer when loaded parallel to the grain than perpendicular to the
grain and is stronger in tension than in compression (Figure 2.3). Other factors such as loading
duration, species and climate exposure can also affect mechanical properties. Wood strength is
also highly dependent on the rate of loading and duration of loading. In typical engineering design,
a load duration factor is applied to account for these effects. For long-term durations, a strength
reduction is applied, while for shorter load durations, an increase in the apparent strength has been

observed (Dinwoodie 2017; Green and Taggart 2017; Thelandersson and Larsen 2003).
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Figure 2.3: Load-displacement graphs of timber loaded parallel to grain (Dinwoodie 2017)
2.2.3 Engineered Wood Products

Engineered wood products (EWPs) include products that have been manufactured to improve the
mechanical properties of the constituting wood material. These products often include glue to
bound various laminations, veneers, strands, or sawdust, as required in the manufacturing process.
EWPs are not limited by the size of the tree and can be manufactured to larger sizes to
accommodate greater structural demand for height or span. Also, wood defects can be removed or
placed in such a way that the mechanical properties of the EWP are better predictable than a sawn
lumber member of the same size (Thelandersson and Larsen 2003). Examples of EWPs include
Glulam (Figure 2.5a), CLT (Figure 2.5b), OSB (Figure 2.4a), laminated veneer lumber (LVL),
Nailed-laminated timber (NLT), plywood (Figure 2.4b) and parallel-strand lumber (PSL).

(2) (b)

Figure 2.4: (a) OSB and (b) plywood (APA 2021)
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(2) (b)

Figure 2.5: (a) Glulam and (b) CLT (CWC 2021)

2.2.4 Ductility of Connections in Wood Systems

Wood components in timber structures are typically joined together using connections that include
metal dowel fasteners (i.e. bolts, nails, screws, dowels etc.), metal plates, or adhesives (i.e. glue).
Timber connections often require large spacing between the individual fasteners in order to avoid
brittle failures in the wood material, such as splitting (i.e. tension perpendicular to grain failure)

(Thelandersson and Larsen 2003).

Connections are often used in timber structures to provide ductility to the system (Mpidi Bita et
al. 2018; Pirinen 2014; Thelandersson and Larsen 2003). Fasteners in connections act as structural
fuses that can dissipate energy and thus delay or avoid brittle failure in the wood material. The
performance of wooden structures during extreme loading events such as earthquakes or blasts is
thus greatly influenced by the performance of individual connections and their ability to undergo

large inelastic deformation (Viau 2020).

Techniques have been employed to prevent brittle failure in connections through other means,
including reinforcement of the timber joints by using densification (BlaB3 and Schiadle 2011; Wang

et al. 2015) or self-tapping screws (Lam et al. 2008; Wang et al. 2015).

Jorissen and Fragiacomo (2011) outlined a procedure based on capacity design to ensure that the
design strength capacity of a ductile element (i.e. connection) is less than the capacity of the brittle
timber element, using an overstrength factor, defined as the ratio between the capacities of the
timber member and connections. This overstrength factor must account for the variation in
resistance of both the timber member and connection. To achieve this, the variation in strength and

stiffness must be known and based on statistically significant databases of experimental tests
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results. This procedure has been successfully used by Nolet et al. (2019) for the design of CLT
shear walls with ductile wall components (i.e. hold downs) under in-plane seismic loading and
Viau et al. (2021b) for the design of Energy Absorbing Connections (EACs) to be used as

sacrificial elements with Glulam or CLT elements under blast loading.

2.3 High Strain Rate Loading of Wood Elements
2.3.1 Wood Under Impact Loading

Impact loading differs from blast loading in that it consists of the direct physical application of a
high magnitude load as opposed to the shock wave propagation of blast loading. Compression and
flexure testing on small clear wood samples by Markwardt and Liska (1956) indicated that an
increase of 10% to 40% in the apparent ultimate strength could be achieved for a tenfold increase

in loading rate.

Nadeau et al. (1982) tested specimens with or without intentional notching on the tension side
under strain rates in the range of 3x107 to 6x10 s to investigate the effects of material
variability. These tests showed a similar increase in the apparent ultimate strength to Markwardt
and Liska (1956) for unnotched specimens only. This was later corroborated by Spencer (1978)
and Jansson (1992). It was reported that higher strength lumber had a more substantial dynamic
strength increase than lower strength lumber. The study by Jansson (1992) is of particular interest
since it used specimens representative of those used in construction instead of small clear
specimens. Specimens with defects were observed to be more likely to fail under flexure near
defects and with a crack-dependent failure at lower strain rates, shifting to a brash failure for higher

strain rates.

Sukontasukkul et al. (2000) observed a similar bending strength increase for PSL beams, while
compressive strength increase in the range of 16 to 41% was observed by Syron (2008) for LSL.
Syron (2008) also observed an increase of up to 28% for the compressive modulus of elasticity

and did not observe any increase due to high strain rates for LSL in tension.

A different experimental procedure, the split-hopkinson bar test, was used to investigate high strain
rate effects on softwood typical of construction by Gilbertson and Bulleit (2013). A significant

increase in the compressive strength (between 1.9 and 2.4) of the softwood specimens was
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observed when comparing static testing (70x10-150x107 s) to dynamic testing (70-340 s™).

These observations were later corroborated by Wouts et al. (2016).

2.3.2 Light-Frame Wood Stud Walls Under Blast Loading

Jacques et al. (2014) investigated the dynamic flexural response of 8 ft long 2x6 spruce-pine-fir
(SPF) visually graded studs. Specimens were tested statically and dynamically at the University of
Ottawa’s shock tube facility. Statistical analysis of the experimental results indicated that a DIF of
1.41 could be justified for the modulus of rupture for strain rates of 0.1 s! to 0.4 s™!. However, no

increase in the modulus of elasticity could be substantiated due to the sample size.

Lacroix and Doudak (2015) tested full-scale light-frame shear walls using simply supported
boundary conditions. It was reported that a DIF of 1.40 could be achieved for the modulus of
rupture and of 1.18 for the modulus of elasticity based on static and shock tube dynamic testing.
Strain rates in the range of 0.12 to 0.55 s were achieved. The study also found that the failure
mode shifted from a splintering tension failure under static loading to a brash tension failure under

dynamic loading.

Once brittle failures in the studs were identified, subsequent research work aimed at providing
possible retrofit options to mitigate damage and projectile generation from sheathing tearing at
high pressures. Options that showed favourable outcomes include using thicker sheathing panels
or replacing sheathing panels with corrugated metal panels (Lacroix et al. 2014) or adding welded

wire mesh between studs and sheathing (Viau and Doudak 2016b).

2.3.3 Glulam Beams and Columns Under Blast Loading

Lacroix and Doudak (2018a) investigated the performance of glulam beams and columns under
simply supported boundary conditions exposed to blast loading and found that a DIF of 1.14 could
be achieved for the modulus of rupture. However, when finger joints were present through the
entire width of a member in the high moment region of the tension laminate, no DIF was observed.
Also, no significant DIF on the modulus of elasticity was observed from these tests. The authors
showed that SDOF modelling with a linear elastic resistance curve was adequate at simulating the
dynamic response of the tested beams. Glulam columns, subjected to combined blast lateral
loading and variable static axial loading, were also investigated (Lacroix and Doudak 2018b), and
a material predictive model was developed to capture the additional effects induced by the axial

loading.
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Research aimed at using fibre-reinforced polymers to strengthen and improve the brittle failure
mode of glulam beams during blast loading was undertaken by Lacroix and Doudak (2020, 2018c).
The authors observed an increase in maximum deflection and resistance of approximately 30 to

65% due to FRP tension laminates.

2.3.4 CLT Panels Under Blast Loading
Blast testing of CLT was first conducted with a shock tube by Lowak (2015, 2016), with a reported
strength increase factor of 1.6. However, these tests were only loaded slightly past their elastic

limit, and no post-peak behaviour was investigated. These tests were later supplemented by live

blast tests by Weaver et al. (2017).

Poulin et al. (2018) investigated the performance of simply supported CLT panels under blast
loading and determined a DIF of 1.28 on the resistance while no increase was observed for
stiffness. Differences in failure modes were also reported between static and dynamic testing. Two
resistance material models, accounting for high strain rates effects and post-peak response, were

developed to describe both failure modes.

2.3.5 High Strain Rate Loading of Wood Connections

Girhammar and Andersson (1988) investigated the performance of nailed connections under high
strain rates effects at deformation rates of 0.033 mm/s to 1000 mm/s. The study found that the
ultimate load capacity increased while deformation capacity decreased with increased strain rate.
It was also observed that the failure mode was governed by combined bending and embedment
failure (wood crushing). Although a small increase in the strength of nails was observed at higher
strain rates, the authors also observed that this increase was significantly lower than the strength
increase occurring in the wood. Varying DIF was observed for the different failure modes and
tests, with values as high as 1.58. However, similar tests by Rosowsky and Reinhold (1999) did
not find enough evidence to show a correlation between strength and strain rates effects. The
authors attribute this to the premature failure of the joints, which prevented the development of

wood crushing and nail bending.

Daneff (1997) investigated the performance of bolted connections at loading rates of 0.042 mm/s
and 25 mm/s. For connections in the parallel-to-grain direction, embedment failure in the wood
was observed, followed by splitting, which was more significant at higher strain rates. Significant

splitting failure was observed at all strain rates in the perpendicular-to-grain direction, with some
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embedment failure. Connections loaded at higher strain rates were observed to be stiffer and

reached higher yield loads than those at lower strain rates.

2.3.6 Wood Connections Under Blast Loading

Viau and Doudak (2016a) investigated realistic boundary conditions and the use of prescriptive
connections in light-frame shear walls exposed to blast loading. These connections were detailed
for low and high seismic and wind regions. The results showed that these prescriptive connections
did not perform well under blast loading. Although designed connections performed well, findings
indicated that basing the connection solely on capacity might be inadequate. This study also
showed that SDOF analysis of the assembly is only accurate when damage in the connection is

limited.

CLT wall assemblies with realistic boundary connections were investigated by C6té and Doudak
(2019). Configurations with seismic detailing were considered in order to evaluate their
applicability to blast loading. Connections typically used in construction to resist gravity and
lateral loads and specially designed connections for blast loading were investigated. The results
indicated that connection detailing significantly affected the behaviour of the CLT shear walls.
Self-tapping screws connecting floor to wall were observed to perform poorly and fail in a brittle
manner, while angle bracket connections performed well with ductile yielding of the fasteners or
brackets. Deformation of the connections provided a significant amount of energy dissipation and

reduced the damage in the CLT panels.

Viau and Doudak (2019) also investigated the blast performance of CLT panels with idealized and
realistic boundary conditions. Connections included angle brackets and screw fasteners. A two-
degree-of-freedom (TDOF) analysis software was also developed and validated using the
experimental results. A later study by the same authors validated the TDOF analysis software with
different experimental results of timber assemblies from published literature (Viau and Doudak
2021c). The study noted that SDOF analysis was only accurate when boundary conditions are
specifically designed to remain elastic with a stiffness that is at least ten times that of the wood

member (Viau and Doudak 2021c).

Viau and Doudak (2021a) investigated the behaviour of Glulam beams with bolted connections
under blast loads. Full-scale testing of glulam beam was performed, and the results showed that

bolted connections designed to yield in bolt bending performed better than over-designed bolts.
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Furthermore, proper detailing of the bolt group geometry was sufficient to achieve a specific
failure sequence. The use of self-tapping screws to reinforce the glulam beam assembly was also
investigated. The authors observed that using self-tapping screws shifted the failure mode from
splitting to a combination of bolt yielding and wood crushing, thus providing additional ductility
to the system. The authors emphasized the importance of limiting brittle failure modes in the
connections. An approach was thus proposed to ensure that ultimate failure does not occur in the
load-bearing timber elements prior to connection yielding, thus providing additional energy
absorption potential. This can be observed in Figure 2.6a, where an overdesigned 2x3 connection

absorbs less energy than the more ductile 2x1 connection (Figure 2.6b) (Viau and Doudak 2021a).

250 250
— 2x3 Joint Load-Displacement Curve — 2x1 Joint Load-Displacement Curve
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Figure 2.6: Load-displacement curve of (a) overdesigned 2x3 bolted connection and (b) more
ductile 2x1 connection (Viau and Doudak 2021a)

McGrath and Doudak (2021) investigated the performance of steel-wood-steel connections under
blast loading. Static testing, as well as dynamic testing in a shock tube, were performed. The
authors observed an apparent increase in resistance of about 1.2, as well as an increase of 1.5 and
1.9 for stiffness parallel and perpendicular to the grain, respectively. However, this was only the
case when failure was dominated by embedment (wood crushing) in both parallel and
perpendicular to grain directions. The results also showed that failure modes involving fastener

bending exhibited improved performance over those with wood crushing alone.

2.4 Energy Absorption

Substantial work has been undertaken to study the energy absorption capabilities of rings and ring

systems as well as cellular materials such as honeycombs and foams.
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2.4.1 Cellular Materials

Cellular materials, or cellular solids, are materials with an internal structure made up of clusters of
cells (i.e., small compartments, enclosed space). Cellular materials can be natural, such as wood
or cork, or made by non-natural processes, such as honeycombs and foams. Modern technologies
have allowed cellular materials to be manufactured from polymers, metals and ceramics,

broadening their applications.

2.4.1.1 Honeycombs

An example of a honeycomb is presented in Figure 2.7. The typical compressive stress-strain
relationship of honeycombs is presented in Figure 2.8 for different relative densities. This stress-
strain relationship typically experiences three regimes during deformation: elastic, plateau, and

densification.

Figure 2.7: Honeycomb with hexagonal cells, with in-plane properties relating to the x» and x
directions (Gibson and Ashby 1999)

Elastic in-plane deformations (x; and x» directions in Figure 2.7) are typically governed by
bending, while out-of-plane deformations are typically governed by buckling (x3 direction in
Figure 2.7). Densification represents the point where cell walls begin to touch each other, which

causes a dramatic increase in stiffness.
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Figure 2.8: In-plane compressive stress-strain curve of honeycombs with varying thickness over
length ratios (Gibson and Ashby 1999)

Increasing the relative density (or t/l) modifies the stress-strain curve in two ways. It increases the
yield strength and elastic stiffness and shifts the densification strain to the left since smaller voids

require less strain to reach contact between cell walls.

2.4.1.2 Foams

Foams are capable of absorbing energy since they deform with ductile mechanisms such as plastic
bending at stress levels lower than the applied peak stress. To assess the energy absorption capacity
of a given foam, an energy absorption graph can be drawn from the stress-strain or load-

displacement graph, as shown in Figure 2.9 (Gibson and Ashby 1999).
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Figure 2.9: Stress-strain graph (left) and energy absorption graph (right) of foams (Gibson and
Ashby 1999)

It can be observed that for a given peak stress (op), the energy absorption is much higher in a foam
than a fully dense solid of the same material. Gibson and Ashby (1999) present the energy
absorption graph as the normalized energy absorbed per unit volume (W/Es), as a function of the
normalized peak stress (op/Es). The work done by the stress-strain curve, which represents the
energy absorption at a given deformation level, can be calculated with Equation 2.1, or numerically

with Equation 2.2.

€
W(e) = f o(e)de Equation 2.1
0
Wi = Wi—l + o; - |€i - Si—ll Equation 2.2

Where W is the work done by the deformation mechanism, o is the peak stress, and ¢ is the strain.

2.4.2 Tube Compressed by Two Flat Plates

Tubes, rings, or circular hollow steel sections (HSS) compressed by two flat plates can be used as
an energy-absorbing mechanism, due to the formation of plastic hinges, as shown in Figure 2.10.
Approximate load-displacement curves for these deformation modes have also been developed
(Burton and Craig 1963; DeRuntz and Hodge 1963; Lu and Yu 2003; Reddy and Reid 1980; Reid
and Reddy 1978). An example is shown in Figure 2.11 (Reid and Reddy 1978) and similar results
have been observed by Avalle and Goglio (1997) and Gupta et al. (2005).
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Figure 2.10: (a) Undeformed tube, (b) DeRuntz and Hodge (1963) collapse mode, and (c) Burton
and Craig collapse mode (1963) (Reid and Reddy 1978)
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Figure 2.11: Typical load-deformation curves for tubes of zircaloy and mild steel (Reddy and

Reid 1979)

2.4.3 Steel Under High Strain Rates

The effects of high strain rates on steel have been well documented in the literature (Chen 2010;
CSA 2012). At quasi-static strain rates (i.e. 10 to 10 s), the distribution of stresses in a steel
member can be assumed to be time-independent. However, intermediate strain rates (i.e. 1 to 100
s1) and high strain rates (i.e. 1000 s™' and up) require that additional consideration be taken. When
the strain rate becomes intermediate, the distribution of stresses is mostly continuous but is
dependent on inertia effects. High strain rates require that the stress wave propagation effect be
considered in addition to the inertia effects. Typically, the true stress, including yield, will increase

when the strain rate increases (Chen 2010).
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Chen (2010) experimentally tested mild steel of grade 44W with tensile coupon testing. It was
observed that the Cowper-Symonds power-law equation (Equation 2.3) (Cowper and Symonds
1957) was able to predict the dynamic yield stress for mild steels up to a strain rate of 1 s and the
flow stress at a strain rate up to 1000 s™'. Values of 40.4 s™! for D and 5 for q were recommended
by Symonds (1967). It was also observed that the ductility, rupture strain and engineering strain at

fracture of mild steel were not affected by strain rates up to 1.0 s' (Chen 2010).

1

fa_ g (f“i_p>a Equation 2.3
fs D
Where fo/fs is the ratio of the dynamic stress over the static stress, £, is the plastic strain rate, and

D and q are material constants.

Dynamic increase factors (DIFs) are often employed to consider the effects of high strain rates or
high loading rates. CSA S850 provides DIFs values of common Canadian materials for far-field
and near-field blasts, as shown in Table 2.1 (CSA 2012).

Table 2.1: DIFs in CSA S850-12 (CSA 2012)

Failure Mode
Material
Material Far field Near field
Property
Flexure | Compression Flexure Compression

Structural Steel Yield Strength 1.2 1.1 1.3 1.2
350W or 350WT Ultimate Strength | 1.1 1.1 1.1 1.1
Visually-graded lumber Any 1.4 1.4 1.4 1.4
Machine-graded lumber (MSR)
Glulam Any 1.4 1.4 Not provided | Not provided
Engineered wood products

2.4.4 Energy Absorbing Connections (EACs)

Energy-absorbing connections, referred to as EACs, are sacrificial elements meant to absorb large
quantities of energy to reduce damage to more crucial elements during blast or impact loading.
Many of these connections are made out of angular or hexagonal shapes. Research on such

elements ranges from simple angular EACs (i.e. Whitney (1996), Oswald (2018), and Wang et al.
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(2017, 2019)) that rely on deformation mechanisms such as plastic hinging to absorb energy, to

more complex systems that may rely on other mechanisms (i.e. Cao et al. (2018)).

Whitney (1996) investigated the use of deformable EAC for supporting pre-cast reinforced
concrete panels attached directly to an existing reinforced concrete frame subjected to blast waves
through dynamic analysis and physical testing. These connectors were selected for their potential
to reduce the damage in the the panel and the loads transferred to supporting frames. Figure 2.12
shows the deformed and undeformed shapes of one type of EAC at full-scale, half-scale, and
quarter-scale, respectively. These specimens were manufactured from A-36 steel with strengths
that can vary from 36 ksi to 50 ksi, since steel not meeting A-50 specification may be stamped as

A-36 steel.

Figure 2.12: Deformed and undeformed shapes of EAC (Whitney 1996)

The welds used in manufacturing were continuous and welded on the entire depth of the EAC to
avoid weld failure leading to a lack of plastic hinge development. The experimental program
consisted of blast testing in a shock tube at pressures up to 25 psi and at durations up to 100 ms.
The specimens were also tested statically to establish load-displacement curves. Panels up to 8 ft
by 8 ft were tested in combination with the EACs (Whitney 1996). The system was analyzed using
a SDOF model under the assumption that the connector resistance remains lower than the panel
capacity. The model was idealized so that all deflection is assumed to occur in the connector while
mass is entirely provided by the panel. This was deemed appropriate since the panel experienced
negligible deflections during experimental testing. Also, the elastic portion of the connector
response was neglected under the assumption that the elastic response is much smaller than the

plastic response, mimicking true rigid response (Whitney 1996).
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It was observed that the EAC with a hexagonal steel tube, such as shown in Figure 2.12, provided
the best performance. An initial elastic response region is achieved for the hexagonal EAC until
the connector yields. This is followed by a plastic response region where the load stays relatively
constant, achieving much larger displacements than the elastic response region. The rigid-plastic
model predicted conservative overestimates of the connector’s permanent deformation (Whitney

1996).

Oswald (2018) conducted a series of shock tube tests of pre-cast panels supported by EACs and
compared the results to those of rigid supports and under static loading. Shock loads similar to
those from large high explosive threats were investigated, including the negative phase of loading.
The EAC’s investigated consisted of two 3”x37x(.25” Grade 50 steel angles welded to 3/8” thick
top and bottom plates with or without additional aluminium honeycomb material (Figure 2.13).
The energy absorbed was approximated by multiplying the yield load of the EAC and the

deflection.

1.6 inch

b Aluminium
tigh “stop” ‘ Honeycomb ‘
EAC

4.35 inch
l 0.8 inch high
—— tube sections

Incremental
: = crushing
Crushed steel EAC welded to wall panel Aluminium honeycomb material

Figure 2.13: Types of tested EAC in Oswald (2018)

Oswald (2018) observed that both the steel EAC and aluminium honeycomb material yielded at
small compressive axial strains (<5%). This was followed by a plateau of nearly constant force
(i.e. yield load) up to large axial strains (~65%) where lockup or steel fracture occurred. The axial
strain was approximated as the axial deflection divided by the original EAC height and was limited

to 65% by steel tube “stops” to avoid fracture during peak inbound response.
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The dynamic testing confirmed that using EACs reduced the peak midspan deflection of panels
and the peak dynamic reaction loads to that experienced with rigid supports. The peak dynamic
reaction force was observed to be reduced by 25-40% of that experienced with rigid supports,
while the peak midspan deflection was reduced by 20-40%, with the yield or plateau load being
an important factor to these reductions. Figure 2.14 shows the typical dynamic force vs. deflection

relationships of the tested EACs.
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Figure 2.14: EACs force vs deflection graphs (Oswald 2018)

Lavarnway and Pollino (2015) investigated the use of circular EACs, referred to as blast-resistant
ductile connectors (BRDCs). Simplified dynamic analysis based on conservation of energy was
used. This was assumed to be adequate since the EACs do not add substantial mass and thus do
not significantly modify the natural period of the system but do provide a substantial contribution
in energy absorption capability. In addition, nonlinear dynamic and static FEA was performed as

well as quasi-static experimental testing.

State 2: State 3: State 2 )
: State 2: State 3:
State 1- End of Max State 1: End of Max
At rest Loading Deformation At rest

Loading Deformation

BRDC Yields
to Prevent
Panel Damage

No
Max

o vy .. Deformation ' . 7 No Max
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from Blast from Blast Deformation Deformation
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Figure 2.15: States of loading and deformation for (a) members without EACs and (b) with
EACs.
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Results similar to Withney (1996) and Oswald (2018) with regards to the feasibility and
performance of EACs were observed. In particular, the reduction in damage on the members
connected to the EACs (Figure 2.15) was further confirmed. It was also found that circular HSS
EACs could resist and transfer forces through the large deformations and strains imposed during
loading. The shape of the force-deformation curve from both FEA and experimental results (Figure

2.16) was similar to the results obtained by Reid and Reddy (1978).
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Figure 2.16: Force-deformation of a circular HSS 7°x0.25” and deformed shape (Lavarnway and
Pollino 2015)

Wang et al. (2017, 2019) investigated similar mild steel angular connections to Whitney (1996)
and Oswald (2018) but using unequal angle legs. Additional aluminium and polyurethane foam
were used as a filler between the steel sections, and their effects on the performance were
investigated under quasi-static loading (0.5 to 4 mm/min). One other key difference is that the steel

sections were not welded but bolted to the top and bottom steel plates, as shown in Figure 2.17.
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Figure 2.17: Front and section view of EAC specimen (Wang et al. 2019)
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Numerical and analytical model consistent with experimental results were developed to predict the

energy absorption performance. The energy absorption efficiency (1) was approximated with

Equation 2.4 and was adopted to define the onset of densification. When 7 is at its maximum, it is

an indication that densification is beginning, as shown in Figure 2.18.

w

Tl=ﬁ

Equation 2.4

Where W is the work (energy absorbed) by the load-displacement curve, A is the displacement, F

is the load-displacement curve, and H is the maximum height of the EAC (i.e. before loading).
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Figure 2.18: Load-displacement curve and energy absorption efficiency (Wang et al. 2019)

Figure 2.19 shows the observed plastic hinging deformation mechanism experienced by the
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compressed steel sections alone. The addition of aluminium foam introduced additional

CHAPTER 2 — Literature Review

32



deformation mechanisms to the connection, namely the cracking of cell walls (Figure 2.20),

introducing additional force capacity and energy absorption potential (Figure 2.21).

L S~ JPlastic™ = Curva

__'_f!;inge S l:haﬁg

Figure 2.20: Deformation mechanisms of EACs with aluminium foam (Wang et al. 2017)
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Figure 2.21: Force-displacement curves of (a) EACs without aluminium foam and (b) with
aluminium foam where P represents angles and C represents circular HSS in the legend (Wang et
al. 2017)

Wang et al. (2017, 2019) thus observed that the energy absorption performance of EACs could be
improved by using foams. Additionally, it was observed that increasing the thickness and reducing
the height of the angles or circular HSS could also provide improved performance. In particular,
the use of foam filler increased the energy absorption per unit displacement and per unit mass, thus
leading to a more efficient connection of the same size. Similar results were observed by Yonghui

et al. (2019) with EACs of different geometry.

Oblong tubes have also been tested as a potential shape for energy-absorbing systems (Barouta;ji
et al. 2014; Olabi et al. 2008). These tubes are manufactured by stretching circular HSS sections
along a line until it forms a shape like that shown in Figure 2.22. Olabi et al. (2008) investigated
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the use of multiple nested oblong tubes under two configurations, as shown in Figure 2.22. Both

impact testing and FEA were used to obtain the force-displacement relationships of the specimens.
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Figure 2.22: Nested oblong tube system (a) without dampers and (b) with dampers

Olabi et al. (2008) observed that providing dampers caused the force to remain mostly constant
during testing due to the transfer of forces to each oblong tube during the entirety of testing. It was
also observed that providing no dampers causes delayed jumps in the force capacity when the top
tube comes into contact with lower tubes. Providing dampers thus increased the energy absorption

capacity of the system.

Viau and Doudak (2021b) were the first to investigate the use of EACs in heavy timber assemblies
subjected to blast loads. Static and shock tube testing of angular EACs showed that when properly
designed, EACs could allow assemblies to withstand a greater amount of energy than typical
connections and provide increased ductility to the system (Figure 2.23). A probabilistic approach
was thus developed to be used in the design of EACs to ensure that brittle flexure failure of wood
elements does not occur prior to sufficient energy dissipation from the EACs. This was achieved
by ensuring that the ultimate strength of the wood element (Fuwood) remains larger than the yield
strength (Fy,conn) and lower than the ultimate strength (Fuconn) of the EAC (see Figure 2.24). Factors
ay and o, seen in Figure 2.24, represent the overstrength allocated to ensure proper failure
sequence. They are based on the distribution of wood and EAC strength, as shown in Equation 2.5.
A TDOF analysis was also conducted by discretizing the timber and EAC components and was

capable of predicting the behaviour of the full-scale assemblies.
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1+ Z95thCOVFy,conn
1+ ZSthCOVF

ay =

u,wood

Equation 2.5

Where Zgsy, and Zsyy, are the standard score for the 95" and 5™ percentiles, respectively, and where

CoVFy wooq and CoVg _ are the coefficient of variation for the wood member ultimate failure

load and the EAC yielding load, respectively.

Ratio of Load to Yield Load

4.5

—— Bolted Connection

4.0 — —CLT Angle

35 — - - Wood Member Failure

— - Energy Absorbing Connection

w
=]

10 15
Ductility Ratio,

20

Figure 2.23: Comparison of energy absorbed by a CLT angle connection (blue) and EAC

connection (red) (Viau and Doudak 2021b)
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.

Displacement
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Figure 2.24: Failure sequence of an EAC assembly based on probabilistic principles (Viau and

Doudak 2021b)

The concept presented in Section 2.4.1 provides the basic concepts to determine the energy

absorption potential of EACs. The equations for work (Equation 2.1 and Equation 2.2) can be

modified for force-displacement relationships (Figure 2.25) by replacing the stress component
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with force and the strain component with displacement. The energy absorbed will thus be the area
under the load-displacement graph up to densification (grey area in Figure 2.25). This modification
is more adequate to the application of EACs due to their non-isotropic nature and the more
common load-displacement experimental measurements. Equation 2.6 and Equation 2.7 show the

modified work equations adapted for EACs.

Densification
region

. /

Plateau region

Force
P

Energy Absorbed
W

T
Linear-elastic region

Ap

Displacement

Figure 2.25: Idealized load-displacement graph of an EAC

Ap
W = f F(A)dA Equation 2.6
0

Wi = Wi_; + F; - |A — A4 Equation 2.7
Where W is the work done by the force-displacement curve, Ap is the displacement at the

beginning of the densification region (Figure 2.25), F is the force, and A is the displacement.

2.5 Summary

Although extensive work has been done in the study of timber assemblies under blast loading,
including members and connections, work has only begun on the application of EACs in timber
assemblies. Most studies on timber assemblies subjected to blast loading do not focus on
improving energy absorption capability. Improving the energy absorption, for example by using
EAC:s, can offer great potential in mitigating the effects of blast loading. However, only one study
has investigated the use of EACs with timber assemblies and only considered one EAC geometry.
The present study thus aims at filling the gap by investigating the effect of geometry on the load-
displacement performance of EACs. This study also aims at investigating whether the selected

EACs are appropriate to timber assemblies subjected to blast loading. EACs geometries were

CHAPTER 2 — Literature Review 37



either selected for their original shape (i.e. not investigated in the literature) or if the load-
displacement performance presented in the literature showed compelling results while not
considering timber assemblies as a potential application. Although some shapes have already been
investigated in the literature, they were chosen to verify that the manufacturing process used in
this project could replicate the EAC performance. Also, none of the published studies investigated
the effects of depth scaling, which could be utilized to modify the yield and stiffness to that
required in design. It should also be noted that published literature has been limited to EACs used
in conjunction with much stiffer materials such as reinforced concrete. The following Chapter will
present the process used to select EAC specimens of varying geometry for experimental testing

and which EAC specimens were selected for the present study.
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CHAPTER 3 - Specimen Selection, Design and Manufacturing
3.1 General

This chapter summarizes the specimen selection, design, and manufacturing process. Section 3.2
presents the preliminary finite element analysis (FEA) performed to generate load-displacement
graphs of different EAC configurations, while Section 3.3 presents the reasoning behind the choice
of the 9 EACs configurations selected for the experimental program. Section 3.4 presents

additional design and manufacturing details and requirements.

3.2 Preliminary Finite Element Analysis

3.2.1 General

FEA models were generated and analyzed to obtain approximate load-displacement graphs of
potential EAC specimens. A number of possible shapes and configurations were investigated based

on a sample of commercially available structural steel sections (
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Table 3.1). These included steel plates, equal leg angles, and circular hollow steel sections (HSS).
Welded joints at the intersections of the different steel sections were assumed to be of the same
material, thus having identical mechanical properties. More detailed FEA models were developed

following the experimental program and are presented in Chapter 6.
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Table 3.1: Steel sections used in the analysis

Section and ID

Description

Sketch

Plate

Width (w): Any
Depth (d): Any
Thickness (t,): 0.313”
Grade: 44W/300W
Hot Rolled Steel

e —
I

FRONT VIEW

R —
E

SIDE VIEW tp

Angle
2x2%0.125

Depth (d): Any

Leg length (L,): 2”
Thickness (t,): 0.125”
Grade: 44W/300W
Hot Rolled Steel

Angle
2x2x0.25

Depth (d): Any

Leg length (L,): 2”
Thickness (t,): 0.25”
Grade: 44W/300W
Hot Rolled Steel

Angle
3%3x0.188

Depth (d): Any

Leg length (L,): 3”
Thickness (t,): 0.188”
Grade: 44W/300W
Hot Rolled Steel

Angle
3x3x0.25

Depth (d): Any

Leg length (L,): 3”
Thickness (t,): 0.25”
Grade: 44W/300W
Hot Rolled Steel

Angle
4x4x0.25

Depth (d): Any

Leg length (L,): 4”
Thickness (t,): 0.25”
Grade: 44W/300W
Hot Rolled Steel

La

FRONT VIEW

——

SIDE VIEW

Circular HSS
2.375%0.125

Depth (d): Any

Outside Diameter (2): 2.375”
Thickness (t.): 0.125”

Grade: 1018

Hot Rolled Steel

Circular HSS
3.5%0.125

Depth (d): Any

Outside Diameter (2): 3.5”
Thickness (t.): 0.125”
Grade: 1018

Hot Rolled Steel

Circular HSS
3.5%0.25

Depth (d): Any

Outside Diameter (2): 3.5”
Thickness (t.): 0.25”
Grade: 1018

Hot Rolled Steel

Circular HSS
5x0.125

Depth (d): Any

Outside Diameter (2): 5”
Thickness (t.): 0.125”
Grade: 1018

Hot Rolled Steel

Circular HSS
5%0.25

Depth (d): Any

Outside Diameter (2): 57
Thickness (t): 0.25”
Grade: 1018

Hot Rolled Steel

FRONT VIEW

SIDE VIEW
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EACs assembled from the steel sections shown in
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Table 3.1 were modelled to investigate the effects of varying different geometrical parameters on
the load-displacement behaviour. The reasoning behind modelling such a large inventory of
geometrical shapes was to identify the EACs with a well-defined yield plateau, which is required
to enhance the performance of timber assemblies. Typical EAC geometries considered in this study
are shown in Figure 3.1, where the varied parameters are listed below. It should be noted that the

geometries presented in Figure 3.1 represent only half of the EAC shape, mirrored along the

centerline (£.).

I.  EACs with a cross-sectional shape made up of steel angles.
a. Varying the leg length of the angles (La);
b. Varying the thickness of the angles (t.);
c. Including welds and plates of different lengths (L;) at the center of the connection;
d. Adding four angles instead of two angles per connection.
II.  EACs with a cross-sectional shape made up of circular HSS.

a. Varying the circular HSS outer diameter (2);
b. Varying the circular HSS thickness (tc);
c. Using an arc of the circular HSS with angle (0);
d. Using additional circular HSS of varying thicknesses and outer diameters.

III.  EACs with a cross-sectional shape made up of a combination of steel angles and circular

HSS.

a. Varying the leg length of the angles (L.);

b. Varying the thickness of the angles (t.);

c. Varying the circular HSS outer diameter (2);

o

Varying the circular HSS thickness (tc);
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Figure 3.1: Typical EAC cross-sections representing half the shapes, and used for preliminary
analysis

3.2.2 Methodology and Procedure
The preliminary FEA was performed with the finite element software Abaqus CAE (Smith 2009).
Three dimensional deformable extruded solid elements were used, and sections were defined as

solid and homogeneous. Typical material (mechanical) properties for structural steel (mild, hot
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rolled) were assumed (Table 3.2), with isotropic behaviour being selected. Also, surface-to-surface
contact to the surfaces of the sections was applied. A fixed boundary condition was set at the
bottom of the connection, and a symmetry boundary condition was applied at the center cut of the
section along the centerline (€). The symmetry boundary condition was applied to reduce
computation time under the assumption that it would not alter the behaviour considerably. An
additional boundary condition was applied to the top surface to apply a constant and uniform
displacement. This was done to obtain the resulting forces to this applied displacement to generate
load-displacement graphs. Meshing was done with hex or hex-dominated elements with a density
of meshes that provided at least 3 elements or more along the thickness of the sections. Figure 3.2

shows a sketch of the boundary conditions applied to the model.

Table 3.2: Mild steel material properties (Chapel Steel 2021; CSA 2021)

Material Property Value
Modulus of Elasticity (E) | 200 GPa

Poisson’s ratio 0.3
Yield stress 300 MPa
Maximum plastic strain 0.4

Induced vertical displacement on top face

. Symmetry on centre side faces
Fixed on bottom face

Figure 3.2: Boundary conditions of preliminary FEA model
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3.2.3Scalability Verification

The model’s scalability was verified to ensure that the results obtained from the FEA model at a
specific depth are transferable to any depth. This was done by varying the depth while keeping the
cross-section constant. The results were then normalized with respect to the depth to verify that
the unit depth load-displacement graphs were approximately identical. Figure 3.3 shows the results
for two different cross-sections, each modelled with depths of 50, 75 and 150 mm. The results
show near-perfect agreement, which confirms that the results from a specific depth are scalable to
accommodate different depths and that the behaviour is consistent. Furthermore, smaller depths
can then be used to reduce computing time during the analysis due to the smaller quantity of

elements.
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Figure 3.3: Scalability verification

3.2.4 Summary of Preliminary Results
Results obtained from the FEA models are presented based on the cross-sectional shape being
analyzed. Individual results of each model can be found in Appendix A with sketches of

dimensions and images of the shape before and after analysis. It should be noted that the actual
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force in the EAC connection is twice that shown in the load-displacement graphs due to symmetry

boundary conditions.

3.2.4.1 Angles
Figure 3.4 shows the results for the EACs consisting of angles only (see Figure 3.1a), where the
angle leg length (L.) and thickness (ta) was varied.
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Figure 3.4: FEA results for angles

The observed load-displacement behaviour consisted of an initial elastic region followed by a
plateau up to densification following the contact of the angles with the top and bottom steel plates.
It is also observed that angles with smaller leg lengths or larger thickness are stiffer and have a

larger yield load but have reduced densification displacement.

3.2.4.2 Welded Angles

Figure 3.5 shows the results for EACs constructed with angles that are welded at the center (see
Figure 3.1b). A behaviour similar to that documented for angles without a center weld (i.e. Figure
3.3) is observed. Additionally, angles with different plate lengths have almost identical yield load,
but increasing these lengths leads to greater densification displacement. Angles with smaller

thicknesses have slightly larger densification displacement but a lower yield load.
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Figure 3.5: FEA results for welded angles

The results obtained for the EACs with angles and central plate (see Figure 3.1c¢) are presented in
Figure 3.6. It is observed when comparing the results from Figure 3.5 and 3.3 that adding a central

plate of varying length L, does not affect the load-displacement behaviour for identical angles.
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Figure 3.6: FEA results for angles with central plate
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Figure 3.7 shows a comparison between EACs made of angles without a central weld, angles with
a central weld, and with twice the angles and central welds (see Figure 3.1d). It is observed that
EAC with central weld between angles are much stiffer and much stronger but have a slightly
lower densification displacement than those without a weld. Yield loads and densification
displacements were observed to be approximately 700% and 85%, respectively, when the
additional central weld was provided. Doubling the quantity of angles while also providing welds
between angles appears to provide similar densification displacement and increase the yield load
proportionally by a factor of 2. The behaviour is consistent with additional models of different

angle leg lengths, plate lengths and angle thicknesses presented in Appendix A.
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Figure 3.7: Comparison of angle geometry effects on results

3.2.4.3 Circular HSS
Figure 3.8 shows the FEA model results for EACs made of a single circular HSS (see Figure 3.1¢)

where the circular HSS outer diameters (@) and thickness (tc) were varied.
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Figure 3.8: FEA results for circular HSS

Typical load-displacement behaviour is observed to consist of an initial elastic region, followed
by a plateau. After a certain displacement, an increase in stiffness occurs. This stiffness is smaller
than that observed in the elastic region. Stiffness then increases rapidly with densification
following significant contact between the steel sections. Circular HSS with a smaller outer
diameter or larger thickness is observed to have larger yield load as well as initial elastic and
densification stiffnesses but lower densification displacement. The behaviour observed is

consistent between different configurations.

Figure 3.9 shows the effect of using an arc of the circular HSS of varying interior angles (0) as
shown in Figure 3.1f. The corresponding results for the full circular HSS, as shown in Figure 3.1e,

are also presented in Figure 3.8 for comparison.
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Figure 3.9: FEA results for circular HSS arcs

It can be observed that the EAC manufactured from two arcs of a circular HSS will have similar
load-displacement behaviour to the full circular HSS EAC. However, reducing the interior angle
results in stiffer initial elastic and densification regions causes an increase in the yield load, and
reduces the densification displacement. The observed behaviour is consistent for circular HSS of

different outer diameters and thicknesses, as presented in Appendix A.

3.2.4.4 Multiple Circular HSS
Figure 3.10 and Figure 3.11 show the FEA model results for EACs constructed with 2 and 3
circular HSS, respectively (see Figure 3.1g).
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It can be observed that adding circular HSS will cause a staggered increase in the yield load
triggered by the contact of each circular HSS with the section above. Figure 3.12 shows that adding
the individual load-displacement curves for each circular HSS approximates the load-displacement

curve of the entire model.
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Figure 3.12: Comparison of results for multiple circular HSS

3.2.4.5 Angles and Circular HSS
Figure 3.13 and Figure 3.14 show the FEA results for EACs made of a combination of angles and
circular HSS (see Figure 3.1h).
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Typical load-displacement behaviour is observed to consist of an initial elastic region followed by
an initial plateau. Once the circular HSS comes in contact with the top plate, a secondary elastic
region is observed, followed by a short region with stiffness lower than the elastic region but larger
than the initial plateau. Densification then occurs, increasing the stiffness of the connection rapidly
at large displacements. It can also be observed that increasing thicknesses, decreasing the outer
diameter or decreasing the leg length will result in an increase in stiffness and force capacities and
a decrease in the densification displacement capacities. This is consistent with additional models

of similar geometry presented in Appendix A.

Figure 3.15 shows a comparison of the EAC with both angles and a circular HSS (i.e. Figure 3.1h)
with EACs made up of only angles (i.e. Figure 3.1a) or a circular HSS (i.e. Figure 3.1e). It can be
observed that the results from the model with both angles and circular HSS do not add up to the
sum of an angle and circular HSS on their own, as was the case for EACs with multiple circular
HSS. This seems to indicate that the EAC made up of both angles and circular HSS is much stiffer,

stronger but has a much lower densification displacement.
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Figure 3.15: Comparison with constituting parts
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3.3 Specimen Selection

Based on the preliminary FEA modelling presented in this Chapter, nine connection configurations
were selected to experimentally investigate the effects of geometry on the load-displacement
behaviour. For this comparison, all connections were chosen to have a depth of 50.8 mm (27)

except where otherwise indicated.

Four EAC specimen were selected to comprise of steel angles based on the observed ductile
behaviour, and ease of manufacturing. An angle with a leg length of 76.2 mm [3”] and thickness
of 6.35 mm [0.25”’] was selected as a baseline reference. The leg length and thicknesses were then
varied to 50.8 mm [2”] and 12.7 mm [0.50’] to compare the load-displacement behaviour obtained
from these variations with that of the baseline specimen. It should be noted that the 12.7 mm thick
angle was not analyzed in the preliminary FEA and was selected based on the availability of steel
sections. The fourth specimen consisted of the baseline EAC modified by adding a central weld to

investigate potential strengthening effects of the central weld.

EACs with a central plate were not selected due to the preliminary modelling showing that they
did not considerably affect the load-displacement behaviour. Similarly, the EACs consisting of
four angles were not selected due to the load-displacement behaviour being proportional to the

number of pairs of angles.

EACs made of circular HSS were selected for their ductile behaviour and ease of manufacturing.
Five specimens were based on this type of connection, with a baseline reference specimen
consisting of 50.8 mm [2”’] depth, 88.9 mm [3.5”’] outer diameter and 6.35 mm [0.25”’] thickness.
The specimen depth was varied to 101.6 mm [4”] to investigate the experimental scalability of
connections based on depth and to verify the FEA scalability. Also, the specimen outer diameter
was varied to 127 mm [5”’] to investigate its effect on the connection behaviour. EACs consisting
of two 90° arcs of 88.9 mm [3.5”] outer diameter circular HSS were selected to investigate the
effects of interior angle on the connection behaviour. Finally, EACs made of an additional 60.325
mm [2.375”] outside diameter and 3.175 mm [0.125”] thick circular HSS was selected to
investigate the effects of adding multiple circular HSS in a single connection. EACs consisting of
both angle and circular HSS were not selected due to the low ductility observed in this connection

configuration.
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Based on the preliminary analysis and observations made in this Chapter, the selected specimen

types for the experimental program are presented in Table 3.3. Drawings of the selected EACs can

be found in Appendix B.

Table 3.3: Selected specimen type for experimental program

Specimen type Description Sizes”
Ia Angle EAC L. =76.2 mm
ta=6.35 mm
Ib Angle EAC L.=50.8 mm
ta=6.35 mm
Ic Angle EAC L.=76.2 mm
ta=12.7 mm
Id Angle EAC welded at the center L,=76.2 mm
ta=6.35 mm
ITa Circular HSS EAC 2 =88.9 mm
te=6.35 mm
1Ib Circular HSS EAC 2 = 88.9 mm
te=6.35 mm
d=101.6 mm
Ilc Circular HSS EAC 2 =127.0 mm
te=6.35 mm
11d Circular HSS 90° arc EAC 2 = 88.9 mm
te=6.35 mm
0=90°
Ile Two circular HSS EAC Larger Circular HSS | Smaller Circular HSS

2 =88.9 mm

te = 6.35 mm

2 =60.325 mm
te=3.175 mm

*Depth (d) is 50.8 mm unless otherwise noted.

3.4 Specimen Design and Manufacturing

Additional design specifications were considered prior to manufacturing. An approximate weld

yield load was verified against the maximum yield load of each EAC to ensure that weld failure

would not occur. The approximate weld yield load was calculated according to CSA W59-13

equations for statically loaded steel filet welds (Figure 3.16). Each joint would have two welds

(one on each side), and all specimens had two joints (two at the bottom plate and two at the top

plate). Welds were specified as double fillet welds with complete penetration of the joint. The base
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metal (steel sections) shear yield load and the weld shear yield load were calculated according to

Equation 3.1 and Equation 3.2, respectively.

0.4S,¢F .
Vpase = Min {0 4SZ{’Fy: Equation 3.1
' y
Vivela = 0.3t £X, Equation 3.2

Where Si and S are the effective sizes of leg of fillet for each section material joined together, €
is the length of the weld, Fy; and Fy; are the base metal yield strengths, ty is the effective throat of

the weld, and Xy is the ultimate tensile strength.

Figure 3.16: Fillet weld cross-section (CSA W59-13)

To compute approximate strength values, S1 and S were assumed to be 6.35 mm [0.25”"], yielding
a value for ty of 4.49 mm [0.176”], while Fyi and Fy, were approximated at 300 MPa for 44W
steel. Xy was assumed to be 490 MPa which was assumed representative of the typical electrode
grades used in manufacturing. From these assumptions, the shear force resistance of the weld was
found to govern the capacity at a value of 33.5 kN per 50.8 mm long weld. Each connection has
four welds to resist the forces being transferred from the plates to the center steel sections. The
following table shows the approximate maximum yield load of each specimen selected based on a
depth of 50.8 mm, the shear force applied on each weld, and the factor of safety against weld

failure prior to connection densification.

Table 3.4: Weld force capacity verification

Specimen Maximum capacity Maximum force per weld Factor of safety
(kN) (kN)
Ia 20 5 6.70
Ib 40 10 3.35
Ic 100 25 1.34
Id 140 35 0.96*
ITa and I1b 30 7.5 4.47
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Ilc 20 5 6.70
11d 60 15 2.23
Ile 40 10 3.35

a. This connection had a factor of safety slightly below 1.0. It was assumed to be adequate due to the approximative

nature of these calculations and it being close to 1.0.

Steel sections of weldable grade (i.e. 44W/300W) were ordered and cut to length corresponding
to the connection depth. To reduce the likelihood of warping during welding due to high
temperatures, the steel sections were first spot welded in a jig and then entirely welded at the joints.
An example of the jigs is shown in Figure 3.17. This jig was modified for each EAC type and
could accommodate multiple geometries. Figure 3.18 and Figure 3.19 show typical welding jig
set-up for EACs made of angles and circular HSS, respectively. After welding, the specimens were
grinded to ensure that the top surface of the top plate and the bottom surface of the bottom plate
were smooth. Connections were finally painted yellow to make them more visible in recordings or

pictures during or after testing.

Figure 3.17: Welding jig
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Figure 3.18: Welding jig for angle EAC

/ Jig plate

Figure 3.19: Welding jig for circular HSS EAC
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CHAPTER 4 - Experimental Program
4.1 General

The experimental component of this project consisted of static and dynamic testing of individual
connections. For each of the nine EAC shapes and configurations selected in Chapter 3, two were
tested statically, and two were tested dynamically, yielding a total of 36 specimens. Tensile coupon
testing of samples of the steel used in manufacturing was also performed. This chapter will present

the methodology, description and setup of the testing performed.

4.2 Static Tests

A total of 18 specimens were tested under static loading using the universal testing machine (UTM)
at the University of Ottawa structure’s lab. The goal of this test was to determine the static force-
displacement behaviour and deformed shape of each connection. The specimens were loaded using
a displacement-controlled protocol with a constant rate of 4 to 10 mm/min, which was selected to
be close to the requirement listed in ASTM E8/E8M (ASTM International 2021) since no standards
on the static testing of EACs exist. Loads and displacements were recorded through the UTM
systems, while the deformed shape was filmed throughout testing. The dimensions and mass of
the specimens were measured and recorded prior to testing. Dimensions were measured with a
calliper at an accuracy of +£0.01 mm. Mass was recorded with a scale at an accuracy of £0.01 kg.

Figure 4.1 shows the static test setup with specimen S-Ia-1 as an example.
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Figure 4.1: Static test setup with specimen S-Ia-1

4.3 Dynamic tests

4.3.1 General

A total of 18 specimens were tested dynamically in the shock tube facility of the University of
Ottawa to simulate blast loading conditions. The experimental setup and methodology of this test
will be summarized and described in the following sections. Section 4.3.2 describes the shock tube

facility. Section 4.3.3 describes the methodology and test setup.

4.3.2 Shock Tube Test Facility

The shock tube is a device that generates shock waves similar to those generated by far-field
detonations of high explosives. The shock waves are generated by rapidly releasing compressed
air through a double diaphragm mechanism. This mechanism consists of a spool section separated
from the driver and expansion sections by two sets of aluminium sheet foils rated to resist different
pressures. These foils are critical to the test since they allow the compressed air to be filled in both
the driver and spool sections. A combination of multiple foils can be used to achieve the large

pressure resistance required. The first set of foils separates the driver from the spool sections, while
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the second set of foils separates the spool from the expansion section. Figure 4.2 and Figure 4.3

shows pictures of the shock tube and its sections.

The pressure rating of the first set of foils is chosen to be lower than the difference in pressure
between the spool and driver sections. To execute the test, air that has been compressed in the
spool section is first released, thus causing these foils to rupture by a combination of overpressure
and suction. This mechanism causes the air in the driver section to travel rapidly towards the
expansion section, resulting in the second set of foils to rupture subsequently. The shock wave
travels through the 6096 mm [20 ft] long expansion section and applies a reflected pressure onto
the end frame. The shock tube is also designed to allow air to evacuate through twelve small vents

on its sides, facilitating negative pressures to be generated during testing.

A load transfer device (LTD) is attached to the 2032 mm [6ft 8 in] X 2032 mm [6ft § in] end frame
in order to transfer the pressure to the specimens. The LTD consists of steel panels connected to
the end frame through slotted hinges that can rotate out of plane. When subjected to pressure,
rotation of the hinges allows the LTD to translate by up to 200 mm [8 in], which allows the transfer

of the pressure onto the mounted specimen.

Storing different amounts of compressed air in the driver section allows for different reflected
pressures and impulse combinations to be simulated. This can be achieved by changing the driver
length or changing the compressed air pressure. The University of Ottawa shock tube can
accommodate driver lengths varying from 305 mm [1 ft] to 5185 mm [17 ft]. Additionally, it can
produce reflected pressures and impulses up to about 100 kPa and 2200 kPa-ms, respectively. The
positive phase duration of the shock wave generated can range between 5 ms and 70 ms. The driver

length used in this project’s shock tube testing was 2743 mm [9 ft].
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Figure 4.3: Shock tube internal view and end frame
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4.3.3 Test Setup

The dynamic test setup, including the LTD and reaction frame to support the specimen, are shown
in Figure 4.4 (without specimen) and Figure 4.5 (with specimen). The LTD used included a single
load transfer beam at its center, allowing the pressure to be transferred to a single concentrated
point load at the center of the load transfer beam. A reaction frame was installed to provide support
and the proper boundary conditions for the specimens. A plate was installed between the LTD
beam and the specimen to transfer forces while permitting free rotation. Shim plates were also
used to ensure that the specimen was snug between the rotating plate and reaction frame. This
setup was selected to establish a similar testing methodology to static testing, where forces are
transferred through the specimen top and bottom surfaces. Figure 4.6 shows a sketch of the shock

tube test setup used in this study.

The steel reaction frame system consisted of two vertical 152.4 mm X 76.2 mm HSS members,
each with a top and bottom bracing system consisting of a 76.2 mm X 76.2 mm x 6.4 mm angle
cross brace and tension chord. Additionally, the two vertical members are connected near their
center by two horizontal 152.6 mm X 152.6 mm HSS beams. The horizontal beams each have a
Revere Model 92/93 compression load cell attached at their center, connected to a stiffened vertical
106 mm W element. This element is in contact with the specimen and supports the force transferred
through the specimen to the reaction frame. The vertical members and the ends of the truss system
were blocked against the floor and ceiling of the laboratory. Horizontal forces transferred through
the reaction frame are partially resisted by friction at the blocking points. For this to work, the
blocking must be extremely snug to minimize movement of the reaction frame during testing. The
horizontal forces are also resisted by eight steel rods connecting the vertical members to the shock

tube.

Since some horizontal movement was anticipated in the supporting frame, the horizontal
displacement of the reaction frame was measured during testing with a linear variable differential
transducer (LVDT) attached to the W vertical element. Also, the specimen displacement was
measured with an LVDT attached to a plate located between the specimen and the LTDs rotating
plate. Both LVDTs used to measure the specimen and reaction frame displacements were installed
at the center of a post located between the vertical HSS members. Finally, the shock tube

displacement was measured with an LVDT attached to the shock tube near the laboratory floor.
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The difference between the specimen displacement and the sum of displacements from the reaction
frame and shock tube provides the actual displacement of the specimen. The load experienced by
the specimen during testing was determined by the load cells. Reflected pressure was measured
during testing by two dynamic piezoelectric pressure sensors. These sensors were installed at the
bottom and side of the shock tube, near the end frame. All data acquired during testing were
recorded at a time interval of 2 ms, equivalent to 2000 sample points per second. Before testing,

the dimensions and mass of specimens were measured.

Two Phantom VEO 410L high-speed cameras were also used to record the experiment with 2000
frames per second. Three measures were taken to improve clarity during recording. The first
measure was to paint the specimens yellow to provide better contrast, while the reaction frame was
painted in red. The second measure was to use two Nila Boxer 200W LED lighting fixtures (one
for each camera) to provide brighter pictures. The cameras were linked to the pressure sensors,
and a trigger mechanism was used so that the cameras only started recording when the reflected
pressure reached the end frame. Finally, a non-reflecting tape (painter’s tape) was applied to the

highly reflective reaction frame surfaces to avoid flashes in the picture.

Figure 4.4: Dynamic test setup
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Figure 4.5: Specimen in test set up
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Figure 4.6: Shock tube test setup sketch
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4.4 Tensile Coupon Tests

Tensile coupon tests were performed according to ASTM E8/ES8M (ASTM International 2021)
using the UTM of the University of Ottawa’s structures laboratory. A 25 mm strain gauge was
used to measure elongation, while loads were measured with the UTM machine. A coupon
specimen was taken from each length of steel ordered, except for the plates where only one coupon
was taken out of the multiple lengths received. Figure 4.7 shows the tensile coupon test setup with

a ruptured specimen.

Figure 4.7: Tensile coupon test setup

CHAPTER 4 — Experimental Program 68



CHAPTER 5 - Experimental Results

5.1 General

This chapter presents the results of the experimental program described in Chapter 4. Measured

dimensions and masses are first presented in Section 5.2, while the experimental results of static

and dynamic testing are presented in Section 5.3 and 5.4, respectively.

5.2 As-built Dimension and Mass Measurements

For each specimen type, dimensions were measured for the four replicate specimens (two static

and two dynamic) at various locations for width, height, and depth. The average and coefficient of

variation (CoV) for the measured dimension are presented for each EAC specimen type in Table

5.1.

Table 5.1: EAC specimen as-built dimensions

Width - w Height - h Depth - d

Specimen Type Average | CoV | Average | CoV | Average | CoV
(mm) | (%) | (mm) | (%) | (mm) | (%)

Ia 231.84 | 0.14 | 126.33 | 0.31 50.79 | 0.24
Ib 205.85 | 0.30 89.78 037 | 50.79 | 0.26
Ic 22996 | 0.67 | 12539 | 059 | 5064 | 0.17
Id 20596 | 0.27 | 125.62 | 0.83 50.76 | 0.25
Ila 205.28 | 030 | 108.32 | 1.59 | 50091 0.60
IIb 205.05 | 036 | 10791 | 1.88 | 101.83 | 0.74
Ilc 205.52 | 0.29 | 147.58 | 1.31 51.27 1.59
IId 205.17 | 0.75 | 107.74 | 1.19 | 50.86 | 0.40
Ile 205.53 | 039 | 108.72 | 1.62 | 51.07 1.03

The actual measured average thickness and respective CoV for each steel section used in the

manufacturing of the specimens are presented in Table 5.2.

Table 5.2: Measured thicknesses of steel sections

Steel Section Specimen Type Averag(‘:ngl)l ckness %;})7
76.2x76.2%6.35 Angle Ia, Id 6.51 2.21
50.8%x50.8%6.35 Angle Ib 6.42 1.99
76.2x76.2x12.70 Angle Ic 12.79 1.78
9.525 Plate All specimens 9.66 1.26
88.9x6.35 Circular HSS Ila, IIb, Ilc 6.19 3.60
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127.0%6.35 Circular HSS Ilc, 1Id 6.17 3.58
60.325%3.175 Circular HSS IIe 3.19 3.66

Table 5.3 presents the mass of each specimen type, the average mass for each specimen type, and

the respective CoV.

Table 5.3: Measured mass of specimens

Specimen Type Specimen Mass (kg) | Average | CoV
S-1 |S-2|D-1|D-2| (kg) | (%)

Ia 2.51 1 2.50|2.50|2.50 2.50 0.17
Ib 2.04 | 2.04 | 2.04 | 2.03 2.04 0.21
Ic 3.14 | 3.16 | 3.16 | 3.16 3.16 0.27
Id 2322321232234 2.33 0.37
Ila 2201222 2.1 |2.12 2.16 2.36
IIb 438 | 44 | 422424 431 1.87
IIc 2.52 12521242242 2.47 2.02
IId 2.02 | 1.96 | 2.05 | 2.06 2.02 1.93
IIe 2.42 12421234236 2.39 1.50

5.3 Static Test Results

5.3.1 Tensile Coupons Tests Results

Table 5.4 presents the measured yield and ultimate strength for the seven coupon specimens tested
in tension, as well as the average and CoV of both parameters for each steel grade. The average
yield strength for sections of grade 44W/300W and 1018 were measured to be 390 MPa and 385
MPa, respectively, with a CoV of 4.3% and 14.3%, respectively. The average ultimate strength for
sections of grade 44W/300W and 1018 were measured to be 540 MPa and 445 MPa, respectively,
with a CoV of 2.8% and 12.4%, respectively.
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Table 5.4: Measured yield and ultimate strength

Included in Yield Ultimate
Coupon | Steel Section Shape | Steel Grade Specimen Tvpe Strength | Strength
P YP€ | MPa) | (MPa)
1 101.6 mm Plate 44W/300W Ila 360 525
2 50.8 mm Plate 44W/300W All except Ila 390 500
76.2x76.2x6.35 mm
3 Angle 44W/300W I, Ic 400 530
50.8%50.8x6.35 mm
4 Angle 44W/300W la 410 540
76.2x76.2x12.7 mm
5 Angle 44W/300W Ib 390 540
Average 390 527
CoV (%) 4.3 2.8
88.9%6.35 mm
6 Circular HSS 1018 I1, Ila, IId * *
127%6.35 mm Circular
7 HSS 1018 IIb, Ilc 440 500
60.325x%3.175 Circular
8 HSS 1018 11d 330 390
Average 385 445
CoV (%) 14.3 12.4

*Coupon did not fit in the test setup, too short.

5.3.2 Connection-level Test Results

A total of 18 static connection-level static tests were conducted, which included two repeats for
each of the nine specimen types. The following subsections summarize the experimental
observations for each specimen type and present the measured load-displacement relationships.

For further details, refer to Appendix C.

5.3.2.1 Specimen S-1a-1 and S-1a-2
Figure 5.1 shows the measured static load-displacement relationship for specimens S-la-1 and S-
[a-2. These specimens were manufactured from 6.35 mm thick angles with a leg length of 76.2

mm. The initial shape of the specimens, as well as the final deformed shape, are presented in Figure

5.2.
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Figure 5.1: Static measured load-displacement curve for specimens S-Ia-1 and S-Ia-2

(i1) Deformed Shape

Figure 5.2: Initial and deformed shape of specimens S-Ia-1 and S-Ia-2
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5.3.2.2 Specimen S-1b-1 and S-1b-2

Figure 5.3 presents the measured static load-displacement relationship for specimens S-Ib-1 and
S-Ib-2. Specimen type Ib consisted of angles with leg lengths of 50.8 mm instead of the 76.2 mm
leg lengths provided in specimen type Ia. The initial shape of the specimens, as well as the final

deformed shape, are presented in Figure 5.4. Similar results to specimen type Ia were observed.
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Figure 5.3: Static measured load-displacement curve for specimens S-Ib-1 and S-Ib-2
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(1) Initial Shape
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(i1) Deformed Shape

Figure 5.4: Initial and deformed shape of specimens S-Ib-1 and S-Ib-2
5.3.2.3 Specimen S-Ic-1 and S-Ic-2

Figure 5.5 shows the measured static load-displacement relationship for specimens S-Ic-1 and S-
Ic-2. Specimen type Ic consisted of angles with a thickness of 12.7 mm instead of the 6.35 mm of
specimen type la. Figure 5.6 shows the typical initial shape and deflected shape of the specimens.

Similar behaviour to specimen la and Ib was observed.

200

180 +
160 T
uo I v | v v v v v [

2
120 +

100 4 | | | | | 1 1 S

Load (kN)

s0 1 T | I ! —_—
60 + ,l-
40 T ’I

20 T

0 10 20 30 40 50 60 70 80 90
Displacement (mm)

Figure 5.5: Static measured load-displacement curve for specimens S-Ic-1 and S-Ic-2
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S-Ic-1 S-Ic-2

(i1) Deformed Shape

Figure 5.6: Initial and deformed shape of specimens S-Ic-1 and S-Ic-2

5.3.2.4 Specimens S-1d-1 and S-1d-2

Figure 5.7 shows the measured static load-displacement relationship for specimens S-Id-1 and S-
Id-2. Specimen type Ic was identical to specimen type Ia, but a centre weld was provided. A
significantly different behaviour compared to the previous specimens was observed for this

specimen. Figure 5.8 shows the typical initial shape and deflected shape of both specimens.
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Figure 5.7: Static measured load-displacement curve for specimens S-Id-1 and S-1d-2
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(i1) Deformed Shape

Figure 5.8: Initial and deformed shape of specimens S-Id-1 and S-1d-2
5.3.2.5 Specimens S-Ila-1 and S-1la-2

Figure 5.9 shows the measured static load-displacement relationship for specimens S-Ila-1 and S-
ITa-2. These specimens consisted of a circular HSS with an outer diameter of 88.9 mm. Figure 5.10
shows the initial and deformed shape of both specimens. A slight decrease in load following
yielding was observed, which was contrary to specimen types Ia, Ib, and Ic, but this drop was not

as significant as specimen type Id.
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Figure 5.9: Static measured load-displacement curve for specimens S-Ila-1 and S-Ila-2
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Figure 5.10: Initial and deformed shape of specimens S-Ila-1 and S-Ila-2
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5.3.2.6 Specimens S-1Ib-1 and S-11b-2

Figure 5.11 shows the measured static load-displacement relationship for specimens S-IIb-1 and
S-1Ib-2. This specimen type had a depth of 101.6 mm, in contrast with the 50.8 mm for all other
specimen types, and was otherwise identical to specimen type Ila. Figure 5.12 shows the initial

and deformed shape of these specimens. Similar behaviour to specimen type Ila was observed.
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Figure 5.11: Static measured load-displacement curve for specimens S-IIb-1 and S-IIb-2

Displacement (mm)

80

CHAPTER 5 — Experimental Results

(a) Initial Shape

78



(i1) Deformed Shape

Figure 5.12: Initial and deformed shape of specimens S-IIb-1 and S-11b-2

5.3.2.7 Specimens S-Ilc-1 and S-1lc-2

Figure 5.13 shows the measured static load-displacement relationship for specimens S-Ilc-1 and

S-Ilc-2. These specimens consisted of a circular HSS with an outer diameter of 127 mm instead of

the 88.9 mm of specimen type Ila and IIb. Figure 5.14 shows the initial and deformed shape of

both specimens. Similar behaviour to specimen types Ila and IIb was observed.
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Figure 5.13: Static measured load-displacement curve for specimens S-Ilc-1 and S-Ilc-2
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(i1) Deformed Shape
Figure 5.14: Initial and deformed shape of specimens S-Ilc-1 and S-IIc-2

5.3.2.8 Specimens S-11d-1 and S-11d-2
Figure 5.15 shows the measured static load-displacement relationship for both specimen S-11d-1
and S-IId-2. This specimen consisted of 90° arcs obtained from the circular HSS of 127 mm in
outer diameter. Figure 5.16 shows the initial and deformed shape of these specimens. A much
more significant drop in load following yielding was observed for this specimen than for specimen
types Ila, IIb, and Ilc. In fact, the behaviour is much more similar to the behaviour of specimen

type Id.
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Figure 5.15: Static measured load-displacement curve for specimens S-1Id-1 and S-11d-2

(i1) Deformed Shape

Figure 5.16: Initial and deformed shape of specimens S-I1d-1 and S-11d-2
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5.3.2.9 Specimens S-Ile-1 and S-1le-2

Figure 5.17 shows the measured static load-displacement relationship for both specimen S-Ile-1
and S-Ile-2. This specimen consisted of a circular HSS of identical size to the one used in specimen
ITa, however, for this specimen type an additional circular HSS with an outer diameter of 60.325
mm was provided. Figure 5.18 shows the initial and deformed shape of both specimens S-Ile-1
and S-Ile-2. It can be observed that multiple increase in the load were observed following yielding

and prior to densification. This behaviour was only observed with this specimen type.
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Figure 5.17: Static measured load-displacement curve for specimens S-Ile-1 and S-Ile-2

(a) Initial Shape
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(i1) Deformed Shape

Figure 5.18: Initial and deformed shape of specimens S-Ile-1 and S-Ile-2

5.4 Dynamic Test Results

A total of 18 static connection-level dynamic tests were conducted, which included two replicates
for each of the nine specimen types. Table 5.5 presents the maximum recorded average reflected
pressure and impulse measured during each test, and a typical pressure and impulse time-history
graph is presented in Figure 5.19. Additionally, a typical time-history graph for both measured
reaction loads and EAC displacement is presented in Figure 5.20. Time-history graphs for reflected
pressure, impulse, reaction load and EAC displacement of each specimen are presented in
Appendix C. The following sub-sections will summarize the experimental observations for each
specimen type and present the measured load-displacement relationships. The initial and deformed
shapes that are different from static testing will also be presented, and more pictures of the

specimens during testing can be found in Appendix C.
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Table 5.5: Maximum reflected pressure and impulse

Specimen Specimen Driver Pressure | Reflected Pressure - Prmax Reflected Impulse - Ir,max
Type Repeat (kPa) (kPa) (kPa-ms)
I la-D-1 270.3 37.3 386.9

la-D-2 275.1 33.7 3134
Ib Ib-D-1 279.9 42.5 264.2
Ib-D-2 268.9 40.7 379.2
Ie Ic-D-1 563.3 58.0 607.0
Ic-D-2 573.6 67.1 758.9
1d 1d-D-1 568.8 72.2 644.7
1d-D-2 569.5 66.5 701.4
Ia ITa-D-1 244.8 34.8 278.7
Ila-D-2 250.3 36.6 300.3
b 1Ib-D-1 413.0 44.1 519.6
1Ib-D-2 415.8 49.2 482.0
e [Ic-D-1 260.6 34.2 314.8
IIc-D-2 261.3 45.7 362.1
1d 11d-D-1 373.7 50.2 493.2
11d-D-2 376.5 44.3 391.8
e ITe-D-1 233.7 36.0 350.5
ITe-D-2 233.7 37.8 273.0

Reflected Pressure (kPa)

60 600
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Figure 5.19: Typical pressure and impulse time-history
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Figure 5.20: Typical time-history for reaction load and displacement

5.4.1 Specimens D-Ia-1 and D-Ia-2

Time (ms)

Figure 5.21 shows the measured dynamic load-displacement relationship for both specimen D-la-

1 and D-Ia-2. A deformed shape similar to static testing was observed in the dynamic testing, and

it can be found in Appendix C.
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Figure 5.21: Dynamic measured load-displacement curve for specimens D-la-1 and D-la-2
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5.4.2 Specimens D-Ib-1 and D-Ib-2
Figure 5.22 shows the measured dynamic load-displacement relationship for both specimen D-Ib-

1 and D-Ib-2. A deformed shape similar to static testing was observed with both specimens, it can

be found in Appendix C.
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Figure 5.22: Dynamic measured load-displacement curve for specimens D-Ib-1 and D-Ib-2
5.4.3 Specimens D-Ic-1 and D-Ic-2
Figure 5.23 shows the measured dynamic load-displacement relationship for both specimen Ib-D-

1 and Ib-D-2. A deformed shape similar to static testing was observed with specimen for both

specimens, and can be found in Appendix C.
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Figure 5.23: Dynamic measured load-displacement curve for specimens D-Ic-1 and D-Ic-2
5.4.4 Specimens D-Id-1 and D-1d-2
Figure 5.24 shows the measured dynamic load-displacement relationship for both specimen D-1d-

1 and D-1d-2. A deformed shape similar to static testing was observed also observed with these

specimens, they can be found in Appendix C.
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Figure 5.24: Dynamic measured load-displacement curve for specimens D-Id-1 and D-1d-2

5.4.5 Specimens D-IIa-1 and D-I1a-2

Figure 5.25 shows the measured dynamic load-displacement relationship for both specimen D-Ila-
1 and D-Ila-2. A deformed shape significantly different from static testing was observed (Figure
5.26). This was attributed to the different weld types in the specimens used for static and dynamic
testing during the specimen manufacturing. Also, a significantly different load-displacement
behaviour was observed, consisting of an increase in load and stiffness instead of a reduction prior

to densification.
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Figure 5.26: Initial and deformed shape of specimens D-Ila-1 and D-Ila-2
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5.4.6 Specimens D-I11b-1 and D-11b-2

Figure 5.27 shows the measured static load-displacement relationship for both specimen D-IIb-1

and D-IIb-2. A deformed shape similar to specimen type Ila was observed with this specimen, and

it can be found in Appendix C. The load-displacement behaviour was similar to the behaviour

observed with specimens D-Ila-1 and D-1la-2.
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Figure 5.27: Dynamic measured load-displacement curve for specimens D-IIb-1 and D-IIb-2

5.4.7 Specimens D-Ilc-1 and D-Il¢c-2

Figure 5.28 shows the measured dynamic load-displacement relationship for both specimen D-Ilc-

1 and D-Ilc-2. A deformed shape and load-displacement behaviour similar to specimen types Ila

and IIb tested dynamically was observed for these specimens.
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Figure 5.28: Dynamic measured load-displacement curve for specimens D-Ilc-1 and D-Ilc-2

5.4.8 Specimens D-11d-1 and D-11d-2

Figure 5.29 shows the measured dynamic load-displacement relationship for both specimen D-IId-
1 and D-IId-2. Specimen Ilc-D-1 and Ilc-D-2 had a deformed shape similar to the respective static
testing. However, the dynamic load-displacement behaviour was observed to be much more
unpredictable for both specimens than the other specimens tested dynamically presented

previously.
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Figure 5.29: Dynamic measured load-displacement curve for specimens D-1Id-1 and D-I1d-2

5.4.9 Specimens D-Ile-1 and D-1le-2

Figure 5.30 shows the measured dynamic load-displacement relationship for both specimen D-Ile-
1 and D-Ile-2. The deformed shape of both individual circular HSS was similar to the deformed
shape of the circular HSS of specimen types Ila, IIb, and Ilc. The overall deformed shape, which
can be found in Appendix C, was similar to the static deformed shape observed with specimens S-

IIe-1 and S-Ile-2.
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CHAPTER 6 - Analytical Modelling and Results
6.1 General

This chapter presents the analytical modelling methodology and results. Section 6.2 presents the
single degree of freedom (SDOF) analysis performed to model the time-history displacement
response of the EACs. Section 0 presents idealized load-displacement curves that are capable of
capturing the behaviour of the EAC connections observed during the experimental program.
Finally, section 6.4 presents a modified FEA model compared to that presented in Chapter 3, based

on actual (measured) mechanical properties of steel and improved modelling techniques.

6.2 SDOF Analysis

SDOF analysis was performed and compared to the experimentally measured dynamic
displacement-time histories. The main goal of this comparison is to investigate whether SDOF
analysis can sufficiently capture the dynamic behaviour of the EAC connections observed during

the experimental testing.

SDOF analysis consists of solving the equation of motion for a given system consisting of mass,
stiffness, and loading. An equivalent system, representative of the experimental conditions, was
selected and the equation of motion, shown in Equation 6.1, was solved for displacement time-

history with stiffness, mass, and loading lumped into a single point.

Kimmy + Ky = F(t) Equation 6.1
A blast analysis software, RCBlast® (Jacques 2014), was used to solve this equation. This software
has been used and validated by multiple researchers working on various structural components
types and materials (Jacques 2011; Lacroix and Doudak 2018b; Viau and Doudak 2016a). The
inputs for the SDOF model included the mass, loaded area, measured pressure time-history, and

resistance curve of the system. The inputs to the SDOF model are discussed next.

Since the equivalent equation of motion is used, the mass was lumped into a single point to satisfy
the equation’s requirements. The mass of the system included that of the load-transfer device
(LTD), loading arm and specimen. The average mass of the EAC specimens was measured to be
2.6 kg, while the LTD and loading arm masses were taken as 242.0 kg and 7.8 kg, respectively.

This resulted in a total mass of approximately 252 kg. Since all inertia forces will be transferred
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directly to the specimen at a single point, the total mass was assumed to be already lumped, and

thus a Kpm of 1.0 was used in the model.

The pressure-time history was taken as the reflected side pressure measured during testing and
represents the forcing function on the system. The effective area of the LTD (3.55 m?) was used
to convert the pressure-time history into the forcing function. Figure 6.1 shows the measured
reflected pressure-time history of specimen D-la-1, representative of typical pressure-time history.
It should be noted that only pressure up to the end of the initial positive region was considered in

the analysis.
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Figure 6.1: Pressure and impulse time histories for specimen D-la-1

Due to the non-linear nature observed in the EAC load-displacement response, a resistance curve,
representative of the dynamic load-displacement curve of the specimen measured experimentally,
was used in the analysis. The curve consisted of the measured dynamic reaction and measured
relative displacement of the specimen in relation to the reaction frame. Only the resistance of EAC
specimen was assumed to be representative of the system resistance, while the LTD and loading
beam were assumed to have a negligible contribution to the resistance and stiffness of the system.
Since the reaction load was measured experimentally during dynamic loading, the effects of
dynamic increase factors (DIFs) or strength increase factors (SIFs) were assumed to be already

incorporated in the resistance curve.
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Figure 6.2: Dynamic load-displacement curve of specimen D-la-1

6.2.1 SDOF Model Results and Comparison

Figure 6.3 shows the displacement-time histories obtained from the SDOF model and experimental
results for specimen D-Ia-1, which presents a representative result for most specimens. It can be
observed that reasonably good correlation between the SDOF model and experimental results is
obtained. An exception to this was observed with specimen D-Id-1, where good correlation for
maximum displacement and time to maximum displacement was observed but did not show a good
correlation prior to this point (refer to Appendix D). Displacement-time histories comparison

between experimental and SDOF for all specimens is presented in Appendix D.
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Figure 6.3: Displacement time-histories for specimen D-la-1

The maximum displacement and time-to-maximum displacement for each specimen were used to
compare the SDOF response with that measured experimentally. Table 6.1 shows the SDOF and
experimental maximum displacement and time to maximum displacement for each specimen,
while Table 6.2 presents the ratio of SDOF to experimental for both maximum displacement and
time to maximum displacement. The SDOF model predicts, on average, values of maximum
displacement and time to maximum displacement within 3% and 6% of their experimental
counterparts, respectively, with respective coefficients of variations of 4.3% and 8%. Based on the
presented results, it can be concluded that SDOF analysis was capable of predicting the connection

behaviour accurately.
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Table 6.1: Experimental and SDOF maximum displacement and time to maximum displacement

Experimental SDOF
Maximum Time to Maximum Time to
displacement | maximum displacement displacement | maximum displacement
Specimen (mm) (ms) (mm) (ms)
D-Ia-1 94 29.2 94 31.5
D-Ia-2 95.6 29 95.5 314
D-Ib-1 553 25.8 54.6 27.1
D-Ib-2 52.7 25 51.2 27.4
D-Ic-1 86.3 234 73.6 25.5
D-Ic-2 86 22.8 79.2 25.6
D-1d-1 514 28 514 26.7
D-1d-2 55.5 25 55.2 24.4
D-Ila-1 68.9 31.6 68.9 29.6
D-ITa-2 68.8 30 68.7 28.9
D-IIb-1 61.8 21.8 61.7 22.9
D-IIb-2 72.8 24.8 67.9 28
D-Ilc-1 110 39.6 109.9 38.8
D-Ilc-2 109.2 38.2 109.1 38.6
D-IId-1 49 23 49 254
D-I1d-2 90.4 30 81 38.8
D-Ile-1 58.9 28.2 58.1 31.6
D-Ile-2 60 31.8 57.6 31.7
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Table 6.2: Ratio of SDOF value to experimental value

Ratio of SDOF value to experimental value
Specimen Maximum Displacement Time to maximum displacement
D-Ja-1 1.00 1.08
D-Ia-2 1.00 1.08
D-Ib-1 0.99 1.05
D-Ib-2 0.97 1.10
D-Ic-1 0.85 1.09
D-Ic-2 0.92 1.12
D-Id-1 1.00 0.95
D-1d-2 0.99 0.98
D-Ila-1 1.00 0.94
D-Ila-2 1.00 0.96
D-IIb-1 1.00 1.05
D-IIb-2 0.93 1.13
D-Ilc-1 1.00 0.98
D-IIc-2 1.00 1.01
D-IId-1 1.00 1.10
D-I1d-2 0.90 1.29
D-Ile-1 0.99 1.12
D-Ile-2 0.96 1.00
Average 0.97 1.06
CoV (%) 4.3 8.0

6.3 Characterization of EAC Load-displacement Properties

6.3.1 Idealized and Experimental Load-displacement Parameters

The load-displacement behaviour of some of the EAC connections could be idealized into a tri-
linear curve which included the elastic stiffness (K¢), yield displacement (Ay), yield load (Py),
displacement at the onset of densification (Ap), maximum absorbed energy up to densification
(Wmn), and densification stiffness (Kp). Idealized parameters for all specimens, including static and
dynamic testing, were generated and presented in this section. Additionally, the following
parameters were used to generate the idealized parameters for comparison with the experimental
behaviour: load corresponding to Ap (Pp), average plateau load between Ay and Ap (Pp), maximum
load prior to Ap (Pmax), and displacement corresponding to Pmax (Apmax). Figure 6.4 shows an

example of the idealized curve with all parameters.
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Figure 6.4: Idealized load-displacement curve

The method used to generate the idealized parameters includes the following steps:

e The elastic stiffness (Ke) is determined by calculating the initial stiffness defined by the
line connecting the points corresponding to 10% and 40% of the peak load.

e The energy absorption for each displacement value (W) is calculated according to
Equation 2.7 (Gibson and Ashby 1999), with the load-displacement values measured
experimentally.

e The energy absorption efficiency (1) is calculated for all displacements measurements
according to Equation 2.4 (Wang et al. 2019).

e The displacement at the onset of densification (Ap) is calculated based on the energy
absorption efficiency methodology proposed by Wang et al. (2019). Ap is thus taken as
the displacement corresponding to the local maximum of 1 near the densification region,

as shown in Figure 6.5.
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e Similar to K., the densification stiffness (Kp) is determined based on a line connecting
the point corresponding to the onset of densification (i.e. Ap and Pp) to the last measured
point in the densification region. This method only provides an approximation of the
densification stiffness since the densification region is observed to have an exponentially
increasing stiffness with increased load.

e The maximum absorbed energy (Wm) is taken as the energy absorption (W) at a
displacement value equal to the displacement at the onset of densification (Ap).

e The yield load (Py) and yield displacement (Ay) were determined such that the maximum
energy absorbed by the EAC (W) and elastic stiffness (K¢) remain identical between the

experimental and idealized curves.
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Figure 6.5: Determination of displacement at the onset of densification

Table 6.3 and
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Table 6.4 show the idealized and experimental parameters for specimens tested statically and

dynamically, respectively. The idealized load-displacement curves for all specimens are presented

in Appendix D.

Table 6.3: Idealized and experimental parameters for specimens tested statically

Type | Duplicates Ay Py Ky Py ApPmax | Pmax Ap Pp Wn Kb
(mm) | (kN) | (kN/mm) | (kN) | (mm) | (kN) | (mm) | (kN) ) (KN/mm)

S-Ta-1 3.3 22.0 6.7 22.0 85.2 23.8 852 | 23.8 | 1839.1 12.0

Ia S-Ta-2 2.8 22.0 8.0 22.0 82.6 23.3 82.6 | 23.3 | 1788.6 8.2
Average 3.0 22.0 7.4 22.0 83.9 23.6 83.9 | 23.6 | 1813.9 10.1

CoV (%) 8.8 0.0 8.8 0.1 1.5 1.1 1.5 1.1 1.4 18.8

S-1b-1 2.4 40.5 16.6 40.6 | 51.3 46.1 51.3 | 46.1 | 2027.9 11.5

Ib S-1b-2 2.2 41.2 18.8 41.3 454 47.2 51.0 | 46.7 | 2055 13.9
Average 2.3 40.9 17.7 40.9 | 48.4 46.7 51.2 | 464 | 2041.5 12.7

CoV (%) 54 0.9 6.2 0.9 6.1 1.2 0.3 0.6 0.7 9.6

S-Tc-1 4.6 85.7 18.8 85.8 58.9 91.4 77.0 | 85.8 | 6403.3 28.6

Ie S-Ic-2 32 87.1 27.2 875 | 22.8 90.7 73.4 | 88.2 | 62549 16.7
Average 3.9 86.4 23.0 86.6 | 40.9 91.1 75.2 | 87.0 | 6329.1 22.7

CoV (%) 17.5 0.8 18.3 1.0 44.2 0.4 2.4 1.4 1.2 26.1

S-1d-1 - A 80.0 A 3.2 1529 | 419 | 31.6 | 2294 5.5

Id S-1d-2 - - 69.9 — 5.4 155.0 | 404 | 32.5 | 2665.2 9.3
Average - - 75.0 — 4.3 154.0 | 41.2 | 32.1 | 2479.6 7.4

CoV (%) 4 2 6.7 2 25.6 0.7 1.8 1.4 7.5 25.3

S-1Ta-1 2.1 40.4 19.0 40.4 5.0 49.0 64.0 | 38.1 | 2543.9 48.6

Ila S-11a-2 2.0 40.7 20.6 40.6 5.3 49.9 61.8 | 37.9 | 24724 40.1
Average 2.1 40.6 19.8 40.5 5.2 49.5 629 | 38.0 | 2508.2 44 .4

CoV (%) 3.7 0.4 4.0 0.3 2.9 0.9 1.7 0.3 1.4 9.6

S-1Tb-1 1.6 75.2 46.2 75.2 5.8 100.3 | 619 | 55.1 | 4596.9 354

b S-11b-2 2.4 81.4 334 814 | 51.5 106.4 | 66.5 | 953 | 5316.3 67.4
Average 2.0 78.3 39.8 78.3 28.7 | 103.4 | 64.2 | 75.2 | 4956.6 51.4

CoV (%) 19.9 4.0 16.1 3.9 79.8 3.0 3.6 26.7 7.3 31.2

S-1lc-1 1.9 25.0 13.2 25.0 6.8 29.3 989 | 24.2 | 2444.8 41.9

e S-TIc-2 3.2 24.9 7.9 24.9 7.8 29.4 99.7 | 23.3 | 24434 30.6
Average 2.5 25.0 10.6 24.9 7.3 29.4 99.3 | 23.8 | 2444.1 36.3

CoV (%) 24.9 0.2 25.1 0.1 6.8 0.2 0.4 1.9 0.0 15.7

S-11d-1 -2 = 47.2 = 2.0 65.7 66.7 | 22.5 | 2003.9 33.8

1d S-11d-2 4 - 40.9 - 2.0 69.1 63.3 | 21.7 | 18859 23.9
Average - — 44.1 — 2.0 67.4 65.0 | 22.1 | 19449 28.8
CoV (%) - — 7.2 — 0.0 2.5 2.6 1.8 3.0 17.0

S-1le-1 2.1 48.8 22.8 48.8 59.6 67.8 59.6 | 67.8 | 2857.6 17.2

e S-1le-2 1.6 46.3 29.0 46.3 24.2 50.8 54.8 | 444 | 2502 7.9
Average 1.9 47.6 25.9 47.6 | 41.9 59.3 57.2 | 56.1 | 2679.8 12.6

CoV (%) 14.6 2.6 12.0 2.7 42.2 14.3 4.2 20.9 6.6 36.9

*No clear plateau behaviour was observed; thus, these values were not calculated.
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Table 6.4: Idealized and experimental parameters for specimens tested dynamically

Type | Duplicates Ay Py Ky Py Apmax | Pmax Ap Po Wm Kb
(mm) | (kN) | (kN/mm) | (kN) | (mm) | (kN) | (mm) (kN) (€)) (kN/mm)
D-la-1 0.9 235 25.0 22.8 | 86.1 349 | 86.9 343 2028.9 16.6
I D-la-2 1.7 23.0 13.7 222 | 872 27.3 88.1 26.0 2003.5 27.0
Average 1.3 233 19.4 22.5 | 86.7 31.1 87.5 30.2 2016.2 21.8
CoV (%) 28.1 1.1 29.1 1.4 0.6 12.2 0.7 13.7 0.6 23.8
D-Ib-1 1.1 49.1 46.4 469 | 484 76.7 | 51.6 47.5 2506.3 37.6
Ih D-Ib-2 1.5 49.6 33.6 47.6 | 48.7 83.6 | 499 71.6 2437.9 14.4
Average 1.3 49.4 40.0 473 | 48.6 80.2 | 50.8 59.6 2472.1 26.0
CoV (%) 16.5 0.5 16.0 0.7 0.3 43 1.7 20.2 1.4 44.6
D-Ic-1 1.8 99.8 55.8 915 | 644 | 1565 | 71.2 147.6 7014.8 12.5
e D-Ic-2 3.1 89.7 28.7 85.6 | 54.6 | 116.5 | 64.2 84.0 5619.3 14.1
Average 2.5 94.8 4222 88.6 | 59.5 | 136.5 | 67.7 115.8 6317.0 133
CoV (%) 27.2 5.3 32.1 33 8.2 14.7 52 27.5 11.0 6.1
D-1d-1 = -2 251.9 -2 0.1 170.7 | 45.6 51.6 2897.0 6.1
" D-1d-2 - 2 319.0 2 0.5 1723 | 445 43.9 2926.8 54
Average = -2 285.5 -2 0.3 171.5 | 451 47.8 2911.9 5.8
CoV (%) -2 -2 11.8 -2 66.7 0.5 1.3 8.1 0.5 5.7
D-Ila-1 1.0 30.9 30.9 29.8 | 57.8 41.6 | 57.8 41.6 1772.1 2.4
D-Ila-2 1.2 32.7 26.3 31.7 | 59.5 48.5 59.5 48.5 1924.9 2.1
Ha Average 1.1 31.8 28.6 30.7 | 58.7 45.1 58.7 45.0 1848.5 2.2
CoV (%) 10.7 2.8 7.9 3.1 1.4 7.7 1.5 7.6 4.1 6.5
D-IIb-1 0.6 64.8 109.0 61.1 | 46.1 777 | 51.1 77.0 3294.2 4.7
b D-IIb-2 0.4 68.0 152.1 63.0 | 63.8 97.0 | 63.8 97.0 4324.8 6.3
Average 0.5 66.4 130.5 62.1 | 55.0 874 | 575 87.0 3809.5 5.5
CoV (%) 14.2 2.4 16.5 1.6 16.1 11.0 11.1 11.5 13.5 14.9
D-Ilc-1 1.1 20.3 18.8 19.9 | 73.7 27.3 80.1 25.3 1617.3 1.3
lle D-Ilc-2 1.0 21.0 21.2 19.6 | 80.9 289 | 853 27.8 1780.6 1.4
Average 1.0 20.7 20.0 19.8 | 77.3 28.1 82.7 26.6 1698.9 1.3
CoV (%) 4.5 1.7 6.2 0.7 4.7 2.8 3.1 4.7 4.8 4.4
D-I1d-1 - 2 130.0 2 49.0 | 106.6 | 56.9 46.6 3800.9 3.5
1d D-I1d-2 - -2 155.0 -2 0.4 93.1 55.4 49.0 2780.8 2.2
Average - = 142.5 = 24.7 99.9 | 56.2 47.8 3290.8 2.8
CoV (%) 2 2 8.8 -2 98.4 6.8 14 2.5 15.5 23.4
D-Ile-1 0.5 36.4 76.0 347 | 434 49.1 53.0 48.2 1917.5 3.2
lle D-Ile-2 0.6 38.1 66.9 29.5 | 50.0 48.9 | 50.0 48.9 1892.5 1.0
Average 0.5 37.3 71.5 32.1 | 46.7 49.0 | 51.5 48.5 1905.0 2.1
CoV (%) 8.6 2.3 6.4 8.1 7.1 0.2 2.9 0.8 0.7 52.5
*No clear plateau behaviour was observed; thus, these values were not calculated.
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6.3.2 Comparison of Idealized and Experimental Load-displacement Parameters and

Behaviour

For comparison of the idealized and experimental load-displacement behaviours, the idealized

yield load was compared to experimental loads, and the overall behaviour was compared

graphically. Table 6.5 shows the ratio of idealized yield load to experimental average plateau load

(Pp), maximum load prior to Ap (Pmax), and load corresponding to Ap (Pp). Cases where the ratio

of Py/P, are close to 1.0 indicate that the obtained plateau is well-defined and has little variation.

It can be noted that the specimens tested statically had ratios of Py/P, very close to unity indicating

that less variability is observed during that testing regime.

Table 6.5: Ratio of idealized to experimental values

Dynamic Static
Type Duplicate | Py/Py | Py/Pmax | Py/Pp | Duplicate | Py/Pyp | Py/Pmax | Py/Pp
I D-la-1 1.03 0.67 0.68 S-Ta-1 | 1.00 | 0.92 | 0.92
D-la-2 | 1.04 | 084 | 088 | SJa2 | 1.00 | 0.94 | 0.94
b D-Ib-1 1.05 0.64 1.03 S-Ib-1 | 1.00 | 0.88 | 0.88
D-Ib-2 | 1.04 | 0.59 0.69 | S-Ib-2 | 1.00 | 0.87 | 0.88
e D-le-1 | 1.09 | 0.64 | 0.68 | SJc-1 | 1.00 | 0.94 | 1.00
D-Ie-2 | 1.05 0.77 1.07 S-Ic-2 | 1.00 | 0.96 | 0.99
Average | 1.05 0.69 0.84 | Average | 1.00 | 0.92 | 0.94
CoV (%) | 1.9 12.4 19.7 | CoV (%) | 0.1 36 | 5.0
a D-lla-1 | 1.04 | 074 | 0.74 | S-Ila-1 | 1.00 | 0.82 | 1.06
D-lla-2 | 1.03 | 0.67 0.67 | S-Ma2 [ 1.00 | 0.82 | 1.07
b D-IIb-1 | 1.06 0.83 0.84 | SIb-1 | 1.00 | 0.75 | 1.36
D-lIb-2 | 1.08 | 070 | 0.70 | s-11b-2 [ 1.00 | 0.77 | 0.85
lle D-Tle-1 | 1.02 0.74 0.80 | S-Ic-1 | 1.00 | 0.85 | 1.03
D-llc-2 | 1.07 | 0.73 076 | S-1lc-2 | 1.00 | 0.85 | 1.07
lle D-Ile-1 | 1.05 | 074 | 076 | S-Ile-1 | 1.00 | 0.72 | 0.72
D-lle-2 | 129 | 0.78 078 | S-Ile-2 [ 1.00 | 091 | 1.04
Average | 1.08 0.74 0.76 | Average | 1.00 | 0.81 1.03
CoV (%) | 7.6 6.1 6.6 | CoV (%) | 0.1 72 | 17.0
d D-Id-1 - - - S-Id-1 - - -
D-Id-2 - - - S-1d-2 - - -
1d D-I1d-1 - - - S-11d-1 - - -
D-I1d-2 - - - S-11d-2 - - -
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Figure 6.6 shows the experimental static load-displacement behaviour and the corresponding
idealized behaviour for specimen S-Ia-1. This specimen had a well-defined plateau and thus
showed a typical idealized behaviour where a good correlation is achieved with the experimental
behaviour. It can be observed that for both dynamic and static testing, the experimental average
plateau load is very close to the idealized yield load. This behaviour was typical of specimens Ia,

Ib, and Ic in both static and dynamic testing.
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Figure 6.6: Experimental Static and Idealized Load-displacement Curve for Specimen S-Ia-1

Figure 6.7 shows the experimental and idealized curves for specimen S-Ila-1, typical of specimens
IIa, IIb, Ilc, and Ile tested statically and dynamically. In this case, the idealized behaviour had a
reduced correlation with the experimental behaviour. However, it can be observed that the overall

idealized behaviour provides a fair representation of the experimental behaviour.
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Figure 6.7: Experimental Static and Idealized Load-displacement Curve for Specimen S-Ila-1

Finally, for specimens Id and IId, the idealized behaviour based on the proposed methodology was
not able to capture the experimental behaviour, as shown in Figure 6.8. It can be observed that
although the absorbed energy up to densification is maintained in the idealized behaviour, the
idealized yield load is significantly different from the experimental yield and average plateau load.
Thus, no idealized values of yield load or yield displacement have been provided, and further

discussion about their applicability as EACs will be made in Chapter 7.
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Figure 6.8: Experimental Static and Idealized Load-displacement Curve for Specimen S-1d-1
6.4 Revised FEA Model
6.4.1 Limitations of Preliminary FEA Model and Introduction of the Revised FEA Model

The preliminary FEA model was not able to capture the static behaviour of specimens 1d, 1la, IIb,
IIc, IId, and Ile, and thus, a revised FEA model was developed with three major modifications.
First, since coupon testing resulted in average yield strength of 400 MPa instead of the initially
assumed 300 MPa, the yield strength used in the material properties was modified to capture the
actual material behaviour. Secondly, since lateral movement of the top plate was observed
experimentally, the symmetry boundary condition initially used to simplify the analysis was
removed to allow for this lateral movement. Some specimens also experienced rotation, which was
not captured in the model. The symmetry boundary condition was most likely preventing this
mechanism. Thus, the full EACs were modelled without any symmetry boundary conditions
(Figure 6.9) in the revised model. Finally, due to the fact that welds of the circular HSS for
specimen Ila were different in the static and dynamic tests, two types of welds, representative of
the actual configuration tested were investigated (Figure 6.10 and Figure 6.11). A sketch of the

modified boundary conditions is shown in Figure 6.12.
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Figure 6.9: Revised FEA mesh for specimen la

Figure 6.10: Revised FEA mesh for specimen Ila with weld type 1

Figure 6.11: Revised FEA mesh for specimen Ila with weld type 2
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Induced vertical displacement on top face

Fixed on bottom face

Figure 6.12: Boundary conditions of revised FEA model

6.4.2Mesh Sensitivity Analysis

Prior to performing the FEA analysis, a mesh sensitivity analysis was performed for specimen Ila

to determine the number of elements or nodes necessary to produce accurate results. The global

size parameter of Abaqus (Smith 2009) was varied from 1 to 5, which resulted in a varying number

of elements and nodes. Table 6.6 and Figure 6.13 shows the resulting number of elements and

nodes for varying values of global size. Figure 6.14 shows the initial mesh for a global size of 2

and 4, respectively, where the latter has a finer mesh.

Table 6.6: Number of elements and nodes for varying global size

Global size | Elements | Nodes
5 2740 4697
4 6695 9856
3 13294 18612
2 45075 56784
1.5 104890 125720
1 366639 413556
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Figure 6.13: Global size and resulting number of elements and nodes

Figure 6.14: Revised FEA model mesh for a global size of 4 (left) and 2 (right), respectively.

For each global size value, the FEA model was run to obtain the load-displacement curve and
failure mode, as shown in Figure 6.15. It can be observed that FEA results for global sizes less
than three result in mesh-independent load-displacement behaviour. Furthermore, a global size of
1 or less would be more time and computationally demanding. For this reason, a global size
between 1 and 3 was used for meshing and was deemed appropriate for all models. The global size
was also varied between 1 and 3 until the mesh seemed uniform and well distributed for each

model.
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Figure 6.15: Mesh sensitivity analysis of load-displacement FEA model results

6.4.3 Comparison of Revised FEA Model and Experimental Static Results

The revised FEA model results were compared with the experimental static results to validate the
revised FEA model. Figures 6.15 to 6.18 presents the experimental static, preliminary FEA model,
and revised FEA model results for each specimen type where considerable improvement was
achieved from the preliminary FEA model. It can be observed that the revised model is able to
capture the overall shape of the static load-displacement curve and offers improved accuracy when
compared with the initial FEA model. Also, the overall shape of the load-displacement curve for
specimen Ila with two different welds is able to capture the overall behaviour and deflected shape
for weld types 1 and 2 (Figure 6.20 and Figure 6.21). The revised model was also able to predict
the load reduction experienced following yielding by specimens Id and IId and simulate the
rotation of the centre steel section in the deformed shape. Further improvement could be achieved
by considering strain-hardening effects, investigating the effects of weld type, and investigating
the effect of meshing symmetry on the overall behaviour. More details on the revised FEA model

results can be found in Appendix D.
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Figure 6.17: Revised FEA model — I1a
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Figure 6.19: Revised FEA model — 11d
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CHAPTER 7 - Discussion

7.1 General

This chapter presents the discussion of the experimental and analytical results obtained in the
previous chapters. First, a comparison between the static and dynamic test results for specimens
of the same type is presented in Section 7.2. This is followed by a discussion of the effects of
geometry and weld type on the observed experimental load-displacement behaviour in Section 7.3.
Section 7.4 discusses the applicability of EAC for use in timber assemblies, the design process of
EAC in timber assemblies with examples, and the potential improvement in the performance of

timber assemblies and section 7.4.1 will discuss design considerations.

7.2 Comparison between Static and Dynamic Tests Results

Evaluation of the static and dynamic experimentally measured load-displacement curves showed
similar behaviour for specimens with the same manufacturing details, as shown in Figure 7.1. DIFs
for yield load and stiffness of 1.12 and 2.3, respectively, were observed for these specimens with
a CoV of 6.7% and 38.5%, respectively. This level of dynamic increase on the yield load is typical
of steel under high strain rate loading and is already well documented in the literature (i.e. Chen

2010; CSA 2012).
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Figure 7.1: Static and dynamic load-displacement curves for specimen type la
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It should be noted that this comparison is not valid for specimens Ila, IIb, IIc, and Ile since different
welds were provided during manufacturing for specimens tested statically and dynamically. Thus,
a DIF cannot be determined from the experimental results for these specimens. Further discussion

on the effect of welds will be presented in the following section.

7.3 Effect of Geometry and Weld Type on EAC Load-displacement Behaviour

7.3.1 EACs Manufactured from Angles

7.3.1.1 Effect of Angle Thickness and Leg Length

It can be observed from the static or dynamic results that the angular EACs with varying angle
thickness and leg length had similar behaviour. Specimen Ia was designed with leg lengths of 76.2
mm [3"] and a thickness of 6.35 mm [0.25"]. Specimen Ib and Ic were designed to be identical to
specimen la except for one geometrical variable in order to investigate if changing these variables
would affect the load-displacement behaviour. For specimen Ib, only the angle leg length was
reduced to 50.8 mm [2"], while for specimen Ic, only the angle thickness was increased to 12.7
mm [0.5"]. Figure 7.2 shows the static experimental load-displacement results for specimens Ia,
Ib, and Ic. As expected, it can be observed that changing the geometrical properties influenced the

experimental load-displacement behaviour.
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Figure 7.2: Comparison of the static load-displacement results for specimen types Ia, Ib, and Ic
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Table 7.1 shows the load-displacement properties and percent change for the changes in geometry
investigated in relation to specimen Ia, respectively. The values for yield load, elastic stiffness and

densification displacement are based on the idealized load-displacement properties presented in

Chapter 6.

Table 7.1: Geometry percent change in relation to specimen type Ia and corresponding property
percent change

Specimen Test Geometry Percent Change (%) | Corresponding Property Percent Change (%)

Types for Type Thickness Leg Length Yield Elastic Densification

Comparison Load Stiffness Displacement
la—1Ic Static 100 N.A 293 213 -10
la—1Ic Dynamic 100 N.A 308 118 -23
Average 300 166 -17
la—1b Static N.A -33.3 86 141 -39
la—1b Dynamic N.A -33.3 112 107 -42
Average 99 124 -41

*N.A. = Not Applicable

It can be observed that for an increase in thickness of 6.35 mm (100%), from specimen Ia to Ic,
the yield load and elastic stiffness increased by approximately 300% and 118%, respectively.
Similarly, a reduction in leg length of 25.4 mm (33.3%) from specimen Ia to Ib resulted in the
yield load being increased by approximately 99%, while the elastic stiffness increased by
approximately 124%. It can also be observed that a reduction in densification displacement is
present when the angle thickness increases or the leg length decreases. This reduction in
densification displacement is due to the distance between the plates being reduced by providing a

shorter EAC depth. This is achieved either through a different angle leg length or thickness.

7.3.1.2 Effect of Centre Weld

A significantly different behaviour was observed for specimen Id, where a reduction in load was
observed following yielding and prior to densification. This is contrary to the well-defined plateau
observed with specimens Ia, Ib, and Ic (Figure 7.4). Although this connection provided a
significantly higher strength, the post-peak behaviour was altered significantly by the weld type
alone. In terms of prediction of behaviour, this type of connection is less desirable in blast
mitigation strategies since it is difficult to control the post-peak behaviour compared to what was
observed in connection types Ia, Ib, or Ic. It can also be noted that a change in the weld type and

location for an otherwise identical geometry did cause a significant change in the behaviour.
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Although this connection may not be ideal for blast applications, the significant increase in load

and stiffness may be advantageous in design situations where inelastic energy dissipation is not

required.

200
' — . —5Ial
'
P — - sT2
180 + ! ! ! ! ! 1 ,' 1 ! —_ —5Id1
," - — —sId2
4
'
160 + ! , , , ! L
b !
J
‘ i ’
140 § ' 2
[ K
l 1 .
l \ ‘I 4'
120 + 4§ o
[
= '
Z 100 Tl Ly A
r
T o4 \N ‘
’
3 | \ .
g0 1 v S I I I n
| AN '
® i
' \\‘\ 1
60 --l T AN '
N !
SO '/ i
~ “e - " N
0] S~ N +
Il S~ ) : I
—— -
20 -+ — e ¢ e s, e T —— ———— I_.
_{ Pt " -
o F |
0 10 20 30 40 50 60 70 80 90 100

Displacement (mm)

Figure 7.4: Comparison of the static load-displacement results for specimen types la and Id

Table 7.2 shows the percent change for the properties of specimen Id in relation to specimen Ia for

both static and dynamic experimental results.
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Table 7.2: Property percent change due to addition of centre weld

Specimen Corresponding Property Percent Change (%)
Types for | Test Type | yield Elastic Densification
Comparison Load Stiffness Displacement
Static -
la—1d . 600 920 51
Dynamic 638 1374 -49
Average 619 1147 -50

When comparing the maximum load of specimen Id (which is close to the yield load) and the yield
load of specimen Ia, it can be observed that an increase of approximately 619% was achieved. A
more significant increase of 1147% was observed for the elastic stiffness. A reduction of 50% was
observed for densification displacement. Further research is recommended on the effect of weld

type for different EAC geometries.

7.3.2 Circular EACs
7.3.2.1 Effect of Weld Type on Load-displacement Behaviour

Different load-displacement behaviours were observed for the circular HSS EACs tested statically
and dynamically due to the different weld types provided. Table 7.2 shows the experimental static
and dynamic load-displacement behaviour for specimen Ila. It can be observed that the static
specimens where welds were provided at the sides of the circular HSS (i.e. weld type 2 presented
in Chapter 6) exhibited a reduction in load following the elastic region, up to densification.
However, for the specimens tested dynamically (i.e. weld type 1) where only a single weld was
provided at the centre, an increase in load was observed up to densification. The yield load is
observed to be dramatically affected by the weld types, with the static specimens with weld type

2 having a significantly larger yield load compared to the specimen tested dynamically with weld

type 1.
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Figure 7.5: Comparison of static (Weld Type 1) and dynamic (Weld Type 2) load-displacement
results for specimen type Ila

7.3.2.2 Effect of Circular HSS Diameter and EAC Depth

Circular EACs specimen Ila, IIb, and Ilc, had generally similar experimental load-displacement
behaviour. Specimen Ila was designed with a circular HSS diameter of 88.9 mm [3.5"] and depth
of 50.8 mm [2"]. Specimen IIb and IIc were designed to be identical to specimen Ila except for
geometrical variables intended to investigate their effect on the load-displacement behaviour. For
specimen IIb, only the depth was increased to 101.6 mm [4"], while for specimen Ilc, only the
circular HSS diameter was increased to 127.0 mm [5"]. Figure 7.6 shows the static experimental
load-displacement results for specimens Ila, IIb, and Ilc. It can be observed that changing the

geometrical properties influenced the experimental load-displacement behaviour.
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Figure 7.6: Comparison of the static load-displacement results for specimen types Ila, IIb, and
IIc

Table 7.3 presents the percent change and corresponding change in mechanical properties based

on the idealized experimental load-displacement curves.

Table 7.3: Geometry percent change in relation to specimen Ila and corresponding property
percent change

. Geometry Percent | Corresponding Property Percent Change
Specimen Change (%) (%)
Crgl);?[)ezrfizf)n Test Type Diameter | Depth Yield Elastic Densification
Load Stiffness Displacement
Ila - IIb Static N.A. 100 93.1 101.0 2.1
Dynamic N.A. 100 108.8 356.3 -2.0
Static 43 N.A. -38.5 -46.7 57.9
Ila - llc :
Dynamic 43 N.A. -35.1 -30.1 41.0

It can be observed with specimen Ila and IIb that increasing the depth by 100% caused an increase
in yield load of approximately 93% for weld type 2 (i.e. static) and 108% for weld type 1 (i.e.
dynamic). Larger increases were observed for elastic stiffness, with 101% and 356% for weld types
2 and 1, respectively. The goal of testing specimen IIb was to identify whether the load-
displacement results from specimen Ila would be scalable with the depth (i.e. multiplied by a factor
of 2 in this case). Since the increase in depth was accompanied by a proportional increase in yield

load and stiffness, scalability is thus confirmed experimentally for the range of dimensions tested.
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However, no evidence showed that the densification displacement varied with a change in depth,

which indicates that this value remains constant for changes in depth.

It can also be observed with specimen Ila and Ilc that increasing the diameter of the EAC from
88.9 mm to 127 mm (43% increase) reduced the idealized yield load and stiffness by 35-38% and
30-47%, respectively. However, this also caused an increase in densification displacement of at
least 41%. It is noted that this connection is most likely the most interesting of the circular
connections for EAC application since the plateau was much more clearly defined in comparison
to the other specimens. It also had a larger densification displacement, delaying the onset of
densification and allowing for more energy absorption. Although the yield load is lower, this

parameter could be adjusted by adjusting the depth until the desired yield load is achieved, as was

demonstrated in specimens Ila and IIb.

7.3.2.3 Effect of Circular HSS Arc
Specimen Ilc was manufactured with an arc circumventing 90° of a 127 mm [5"] circular HHS.

The goal of testing this specimen was to investigate other possible behaviours that could be used
to optimize energy dissipation. Although these connections achieved an increased yield load, it
was followed by a greater loss in capacity up to densification (Figure 7.7). As such, the change in
arc angle did not seem to maintain a sustained post-peak strength and was therefore not considered

an improvement in behaviour for the purpose of optimizing the energy absorption.

100

— - =5-lla-1
= S-lla-2
== =5-ld-1

——S-Ild-2

90 1

20 L

I

|

|

s0 f
I

|

I

60 +

s0 4+

Load (kN)

[
o1y
|

Figure 7.7: Comparison of the static load-displacement results for specimen type Ila and IId
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7.3.2.4 Effect of Multiple Circular HSS
Specimen IId was manufactured in an identical manner to specimen Ila, except for the additional

circular HSS with a diameter of 60.3 mm [2.375"], which was added to the centre. It is observed
from the experimental results that although the initial behaviour was very similar between the two
specimen types, following the contact with the secondary circular HSS, a secondary plateau and
even tertiary plateau (in the case of specimen S-Ile-1) was generated (Figure 7.8). For the EAC
application, this connection was very interesting and should possibly be investigated in more
depth. In terms of overall energy absorption, this connection type did not seem to provide any
additional advantages over a single circular HSS and the manufacturing was more demanding.
However, the interesting aspect of having multiple plateaus is that it could be used in assemblies
where multiple failure modes are present. A yielding failure mode could be allowed but other

brittle failure modes could be prevented at various displacement levels. This would require future

work and research.
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Figure 7.8: Comparison of the static load-displacement results for specimen types Ila and Ile

7.4 Application of EACs to Timber Assemblies and Design Considerations

It is well-established in the literature that wood is brittle when loaded in bending, has limited post-
peak behaviour and generally has low mass, which leads to poor performance under blast loading
(Lacroix 2017; Viau and Doudak 2016b). To improve the performance of wood elements,
connections are introduced to add ductility and energy absorption. Boundary connections such as

bolted connections or bearing angles connections can add ductility and energy absorption.
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However, this is highly dependent on the adequate design of the timber assembly. If, for example,
the connection is designed so that it is stronger than the main timber member, the connection may
not improve the system's behaviour (Viau 2020). Even if these connections are properly designed,
they often have limited potential to mitigate blast load effects on timber assembly since they do

not offer a large amount of added energy absorption potential.

On the other hand, some EACs can offer significant energy absorption potential prior to causing
ultimate failure in the main timber member. To illustrate this concept, the performance of a timber
assembly where EACs are present is investigated analytically in this section with the results from

the present study.

The conceptual timber assembly (Figure 7.9) consists of a spruce-pine 24f-ES, 80 mm wide and
228 mm deep, glulam member with a span of 3000 mm where an energy-absorbing connection is
attached at each support. Mechanical properties for the bending design of the glulam member as

reported by the manufacturer are shown in Table 7.4.

80
28mm el
(LTI

25m ) 25m - Idealized Boundary Condition or EAC -‘r

|
YTnbuta ry Area

T

UDL Blast Loadin
/—Gulam Member gx
3m 3m

Glulam Mem Der—-\.

0 — -

Figure 7.9: Conceptual Scenario
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Table 7.4: Manufacturer provided mechanical property for glulam 24f-ES (Nordic 2020)

Mechanical property Value
Bending moment strength, f, (MPa) 30.7
Longitudinal shear strength, f, (MPa) 2.5
Apparent modulus of elasticity, E (MPa) 12400
Density, p (kg/m?) 560

For this investigation, the average dynamic bending moment capacity of the glulam member was

determined according to clause 7.5.6.5 of CSA 086 (CSA 2019), as shown in Equation 7.1.

M; = bpf, (KpKyKspKr)SKy X min(Kzpg, K1)

Equation 7.1

Where ¢y, is the resistance factor for bending, fy, is the specified bending moment strength, Kp

is the load duration factor, Ky; is the system factor, Kgy, is the service condition factor, Ky is the

treatment factor, S is the section modulus, K, is the curvature factor, Kz, is the size factor in

bending for glulam, and Kj, is the lateral stability factor. The values for each parameter used in

the current investigation and the calculated bending moment capacity are presented in Table 7.5.

Table 7.5: Summary of bending moment capacity calculation

Parameter Value Comment

by 1.0 Rare event
fp 30.7 MPa See Table 7.4
Kp 1.15 Short term loading

Ky Ksp K 1.0 Single glulam member, dry and untreated
S 6.931x10° mm?® | 80 mm x 228 mm rectangular section
Ky 1.0 Member without curvature

Kzbg 1.294 Clause 7.5.6.5.1 of CSA 086 (CSA 2019)

K, 1.0 Clause 7.5.6.4 of CSA 086 (CSA 2019)
M, 31.67kN-m | Resulting bending moment capacity (Equation 7.1)

From the specified static bending moment capacity (M:) of 31.67 kNm, the average dynamic

bending moment capacity (M;,p) was determined by using a DIF and SIF, as shown in Equation

7.2 (CSA 2012).
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M;p = M; X SIF x DIF Equation 7.2
According to the Canadian blast design standard, CSA S850 (CSA 2012), a SIF of 1.2 and a DIF

of 1.4 is applicable to glulam. This resulted in an average dynamic bending moment capacity of
53.20 kNm, which coincides for uniformly distributed loading over the 3 m span of the member
to a dynamic ultimate failure capacity of 141.88 kN. The elastic stiffness of the glulam member
(K¢) was then calculated using Equation 7.3.
( _ 3E
¢ 5L3

Where L is the length, Es is the modulus of elasticity corrected by the service condition factor

Equation 7.3

(Ksg) and the treatment factor (Kr), and I is the moment of inertia. The values for each parameter

used in the current investigation and the elastic stiffness is presented in Table 7.6.

Table 7.6: Summary of elastic stiffness calculation

Parameter Value Comment
L 3m Length of the glulam member
E 12400 MPa Equal to E since Ksg and K are equal to 1.0. See Table 7.4.

I 7.902x10” mm* | 80 mm x 228 mm rectangular section

K. 2.78 kKN/mm | Resulting elastic stiffness (Equation 7.3)

Thus, the average resistance curve of the glulam member was defined by the dynamic ultimate
failure capacity and the elastic stiffness, as shown in Figure 7.10. The timber member was first
modelled with idealized boundary conditions using the blast analysis software RCBlast® (Jacques
2014), which utilizes Single-Degree of Freedom (SDOF) analysis. A timber member-EAC
assembly was then modelled with BlasTDOF (Viau 2020), a Two-Degree of Freedom (TDOF)
blast analysis software. The main goal of both analyses was to determine the minimum peak

positive pressure that would cause ultimate failure in the glulam member.
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Figure 7.10: Glulam member and EAC resistance curves

Based on the dimensions of the member, the mass of the member for modelling was taken as 25.6
kg based on the manufacturer's provided density shown in Table 7.4. To account for additional
mass provided by cladding or elements that are transferring the blast loading to the main timber
member, an additional mass equal to the member mass was added for a total of 51.2 kg. This mass
could vary; however, it is deemed that this assumption is appropriate since the same mass will be
used in all analyses. The loading was assumed to be uniformly distributed, which is typical of blast
design, and as such, a load-mass factor of 0.78 is deemed appropriate (Biggs 1964). The loaded
area on the cladding member was taken as 15 m? considering 2.5 m width on each side of the
member. The forcing function on the uniformly loaded area was idealized with a triangular
pressure-time history with a constant positive phase duration of 20 ms and an unknown peak
positive pressure. The unknown impulse corresponding to the positive peak pressure is thus
directly proportional to the positive phase duration. From this analysis, a minimum peak positive
pressure of 6.5 kPa, corresponding to an impulse of 65 kPa-ms, caused ultimate failure in the

glulam member with idealized boundary conditions.

The EACs selected for the analysis are specimens Ib and Ilc. Both specimens have a depth that has
been scaled so that the EAC yield load does not exceed the ultimate failure load of the glulam
member. This methodology relies on the overdesign factor for yielding, which provides an

indication of how much lower the connection yield load should be with respect to the wood
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member ultimate failure load for a required probability of failure Viau and Doudak (2021b). By
ensuring that the EAC yield load is lower than the main member ultimate failure load with a certain
margin, potential variations in the wood member properties (i.e. defects, moisture content
variations, etc.) or the connection manufacturing (i.e. errors, poor quality, etc.) are thus considered

in the design.

The idealized resistance curve taken for the EAC specimens selected for this investigation was
based on the dynamic load-displacement properties presented in Chapter 6, as shown in Figure
7.10 for two connections in parallel. The average values for elastic stiffness, yield load,
displacement at the onset of densification, and densification stiffness prior to scaling are presented
numerically, with their corresponding CoV, in Table 7.5. It is to be noted that although stiffness
values were scaled, the displacements at the onset of densification were not scaled since there was

no evidence that this value is affected by the depth, refer to Section 7.3.

Table 7.7: Unscaled and scaled properties for EAC specimens

Specimen Ib Specimen Ilc
Property
Average value CoV (%) Average value CoV (%)

Unscaled depth, d (mm) 50.8 N.A. 50.8 N.A.
Elastic stiffness, K. (kKN/mm) 40.0 16.0 20.0 6.2
Yield load, Fy (kN) 49.4 0.5 20.7 1.7
Displacement at onset of

50.8 1.7 82.7 3.1
densification, Ap (mm)
Densification stiffness, Kp

26.0 44.6 1.3 4.4
(kKN/mm)
Scaled depth (mm) 56.1 N.A. 130.9 N.A.
Scaled elastic stiffness

44.2 N.A. 51.5 N.A.
(kN/mm)
Scaled yield load (kN) 54.6 N.A. 53.3 N.A.
Scaled densification stiffness,

28.7 N.A. 33 N.A.
Kp (kN/mm) '

The two EACs were selected to compare the effect of varying displacement at the onset of
densification on the performance of the assembly when their depths are scaled so that they reach

a yield load that gives the same probability of exceedance. The improvement in performance was
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assessed by calculating the percent increase in minimum peak positive pressure causing ultimate
failure in the glulam member from the case where idealized boundary conditions are provided. For
the TDOF analysis, the same glulam member properties and loading assumptions were selected
for the member degree-of-freedom. For the second degree-of-freedom, representing the
connections, a mass of 2.6 kg was taken for each EACs, which was the average measured mass of
the EACs. Since an EAC would be required for each side of the member at the supports, the option
"two ends with connections" in the BlasTDOF software was selected. This option considers that
the two connections act in parallel. Thus, the resistance curves for both EACs are added together
to obtain a total connection resistance curve for the connection degree-of-freedom. No load-mass

factor was applied to the connection degree-of-freedom since they are lumped at the supports.

From the TDOF analysis, a minimum peak positive pressure of 8.6 kPa, corresponding to an
impulse of 86 kPa-ms, caused ultimate failure in the glulam member for specimen Ib. This
represents a 32.3% increase when compared with the glulam member with idealized boundary
conditions. For specimen Ilc, a minimum peak positive pressure of 9.5 kPa, corresponding to an
impulse of 95 kPa-ms, caused ultimate failure, which represents a 46.2% increase. This indicates
that both EACs are able to improve the performance of the timber assembly and that the connection
with the larger densification displacement (scaled Ilc) was able to absorb more energy and offer
better performance. The system displacement time-histories for the three cases analyzed in this
section are shown in Figure 7.11, while the individual degree-of-freedom (DOF) displacement
time-histories for the system with specimen Ilc is shown in Figure 7.12. It can be observed that
the EAC is only engaged once it yields, at which point the member displacement reduces while
the EAC deforms considerably. The EAC was thus able to delay ultimate failure in the glulam

member.
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Figure 7.11: System displacement time-histories
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Figure 7.12: Individual DOF displacement time-histories for system with specimen Ilc

For specimen Ilc, the depths at which optimal yield load is achieved were scaled once again by
50% to show the effects of overdesign of the EAC on the performance of the assembly. For the
case where the depth was overdesigned by 50% (i.e. 196.3 mm instead of 130.9 mm), a minimum
peak positive pressure of 6.5 kPa caused ultimate failure of the member. This is essentially the
same case as for a glulam member with idealized boundary conditions (i.e. no increase in the

performance).
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In order to investigate whether the EAC stiffness, relative to the stiffness of the timber member,
has an impact on the system performance, an additional model was analyzed with the properties
of specimen Ilc, while varying the EAC stiffness as 0.5, 1.0, or 2.0 times the timber member
stiffness. It was shown that the EAC stiffness had little impact on the performance of the assembly

containing EACs and glulam members, as shown in Figure 7.13.
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Figure 7.13: Displacement time-histories for EAC-to-wood stiffness ratio of 0.5, 1.0, and 2.0

7.4.1 Design Considerations

For EACs to be effective at mitigating blast loading in timber assemblies, it is crucial that they are
designed in such a way that yielding occurs prior to failure of the main member so that energy
absorption in the connection can take place. Ensuring that the EAC yield load is less than the
member failure load will ensure this for EACs with a well-defined yield plateau. Current practices
in the Canadian blast design standard (CSA 2012) requires that failure occurs in the main member
prior to connection yielding. This is a reasonable assumption for structural elements that behave
in an elastic-plastic manner, however, this is not the case for timber structural elements.
Considering the dynamic and strength increase factors on the timber elements, the design should
consider the yielding of the EACs at a lower load level than the dynamic strength of the timber

member. The influence of strain-hardening in the steel section should also be considered.
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It is important to re-emphasize the importance of the manufacturing techniques, especially as it
pertains to EAC's geometry and welding details. Although the current study identifies a specific
manufacturing process of welding simple structural steel sections together, other manufacturing
processes should be investigated. This could be done experimentally on the entire EAC connection
or by means of FEA modelling in conjunction with coupon testing results from the same material

used in manufacturing.

One key advantage to the proposed methodology for design and manufacturing is that, through the
validated scalability of experimental and analytical results, the depth can be varied to achieve any
connection yield load. This allows EACs with a well-defined plateau and large densification
displacement to be modified as required through a simple manufacturing process. Another design
consideration is that the plate thickness is larger than the thickness of the structural steel sections,

so deformation is concentrated in the structural steel sections.
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CHAPTER 8 - Conclusions

The following conclusions can be drawn from the current research study:

e Decreasing the leg length or increasing the thickness of the steel angles and reducing the
diameter of circular HSS cause an increase in yield load and elastic stiffness while reducing
the densification displacement.

e Connections with angles and a centre weld resulted in a drastic increase in yield load and
elastic stiffness compared to EACs without a centre weld. However, the suitability of those
connections for blast mitigation or design is questionable due to the loss in the post-yield
capacity.

e EACs manufactured from angles offer a well-defined plateau able to absorb a large quantity
of energy, making them particularly suitable for blast mitigation.

e Scalability of the EACs properties based on the depth of the connection is achievable both
experimentally and when FEA analysis is used.

e Connections manufactured from an arc of a circular HSS seemed to lose capacity following
yielding and were therefore not deemed suitable for the purpose of enhancing the
assembly's energy dissipation capabilities.

e EACs manufactured from multiple circular HSS can achieve multiple load-displacement
plateaus, and they present an interesting option for systems with multiple failure modes
occurring at different levels.

e It is crucial that the welding details used in the manufacturing are similar to those used in
testing or design since it was found that varying the weld types had a significant effect on
the load-displacement behaviour of EACs.

e SDOF analysis was able to predict the experimental dynamic displacement time-history of
the EACs.

e FEA analysis was capable of predicting the load-displacement behaviours of EACs,
especially when detailed material properties, based on component level testing, are used in

the model.
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8.1 Recommendations for Future Work

Based on the current study, the following research topics have been identified for future work:

e This work was limited to EACs at the component level, and only estimates of their effects
were investigated analytically. The interaction between EACs and timber members should
be investigated both experimentally and analytically before implementation.

e Research on the application of EACs with multiple circular HSS where several load
plateaus are achieved should be investigated. These connections could be capable of
targeting multiple failure modes, thus possibly improving the behaviour further.

e Further work should investigate the effect of variability of the load-displacement behaviour
for EAC of identical manufacturing in more detail since a limited quantity of specimens

were investigated in this study.
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Name | 2x2x0.25 Description | Angle between top and bottom plate

Cross-sectional dimensions

' 304.80 mm [12.000 in]

78.76 mm [3.101 in]

44.45 mm [1.750 in] 6.35 mm [0.250 in] 0

7.95 mm [0.313 1n] ]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.5 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 44.4 mm were onset of
densification occurs. The capacity of the connection at the onset of densification is roughly 0.38 kN/mm (19.0 kN

for 50 mm).
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Name | 2x2x0.125 Description | Angle between top and bottom plate

Cross-sectional dimensions

i 304.80 mm [12.000 in] i

83.25 mm [3.278 in]

47.63 mm [1.875 in] 3.18 mm [0.125 in] i

I
7.95mm [0.313 1n] ]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.9 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 57.1 mm were onset of
densification occurs. The capacity of the connection at the onset of densification is roughly 0.07 kN/mm (3.5 kN

for 50 mm).
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Name | 3x3x0.25 Description | Angle between top and bottom plate

Cross-sectional dimensions

k 304.80 mm [12.000 in] —‘

114.68 mm [4.515 in]

69.85 mm [2.750 in]

6.35 mm [0.250 in]

7.95 mm [0.313 in]
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 1.3 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 79.2 mm were onset of
densification occurs. The capacity of the connection at the onset of densification is roughly 0.20 kN/mm (10.0 kN

for 50 mm).
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Name | 3x3x0.188 Description | Angle between top and bottom plate

Cross-sectional dimensions

i 304.80 mm [12.000 in] i

116.91 mm [4.603 in]

71.42 mm [2.812 in] 4.78 mm [0.188 in]

1
7.95mm [0.313 in] ]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 1.5 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 85.7 mm were onset of
densification occurs. The capacity of the connection at the onset of densification is roughly 0.10 kN/mm (5.0 kN

for 50 mm).
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Name | 4x4x0.25 Description | Angle between top and bottom plate

Cross-sectional dimensions

ki 304.80 mm [12.000 in] 4ﬂ

95.25 mm [3.750 in] 150.60 mm [5.929 in]
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7.95mm [0.313in] ]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 1.9 mm.
A plateau is then experienced from the yield point up to a displacement of 112.9 mm were the analysis ended.

The capacity of the connection at the end of analysis was roughly 0.14 kN/mm (7.0 kN for 50 mm).
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Name | 2.375x0.125

Description | Circular HSS between top and bottom plate

Cross-sectional dimensions

76.23 mm [3.001 in]

Il

304.80 mm [12.000 in] i
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t
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Comments

kN/mm (0.8 kN for 10 mm).

A plateau is then experienced from the yield point up to a displacement of roughly 21.7 mm were Load starts

increasing rapidly with increasing displacement. The capacity of the connection at this point is roughly 0.08

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.6 mm.
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Name 2.375%0.125(90°) Description Arc of Circular HSS between top and bottom plate

Cross-sectional dimensions

‘ 304.80 mm [12.000 in] i

. ¥60.33 ?2.375 1
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.2 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 14.4 mm were Load increases
more rapdily with increased displacement. The capacity of the connection at the end of this plateau is roughly

0.41 kN/mm (4.1 kN for 10 mm).
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Name | 2.375x0.125(135°)

Description | Arc of Circular HSS between top and bottom plate

Cross-sectional dimensions

65.77 mm [2.589 in]
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¥60.33 mm [2.375 in]

K3
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Comments

kN/mm (1.9 kN for 10 mm).

A plateau is then experienced from the yield point up to a displacement of roughly 19.7 mm were Load starts

rapidly increasing with increased displacement. The capacity of the connection at this point is roughly 0.19

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.3 mm.
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Name | 3.5x0.25 Description | Circular HSS between top and bottom plate

Cross-sectional dimensions

i 304.80 mm [12.000 in] i

104.80 mm [4.126 in] 88.90 mm [3.500 in] 6.35 mm [0.250 in]
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Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 1.3 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 23.4 mm were Load starts
rapidly increasing with strength. The capacity of the connection at this point is roughly 0.23 kN/mm (11.5 kN for
50 mm).
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Name | 3.5x0.25(90°) Description | Arc of Circular HSS between top and bottom plate

Cross-sectional dimensions

i 304.80 mm [12.000 in] i

©88.90 mm [#3.500 in]
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.2 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 15.4 mm were Load starts
rapidly increasing with increased displacement. The capacity of the connection at this point is roughly 1.0 kN/mm

(10 kN for 10 mm).
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Name | 3.5x0.25(60°) Description | Arc of Circular HSS between top and bottom plate

Cross-sectional dimensions
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.1 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 17.1 mm were Load starts

rapidly increasing with increased displacement, with a notable jump in the Load. The capacity of the connection

at this point is roughly 1.8 kN/mm (90 kN for 50 mm).
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Name | 3.5x0.25(135°) | Description | Arc of Circular HSS between top and bottom plate

Cross-sectional dimensions

i 304.80 mm [12.000 in] }
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.3 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 26.0 mm were Load starts
rapidly increasing with increased displacement. The capacity of the connection at this point is roughly 0.61

kN/mm (6.1 kN for 10 mm).
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Name | 3.5x0.125 Description | Circular HSS between top and bottom plate

Cross-sectional dimensions

|— 304.80 mm [12.000 in] -
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 1.6 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 24.6 mm were Load starts
rapidly increasing with increased displacement, with a notable jump in the Load. The capacity of the connection

at this point is roughly 0.05 kN/mm (2.5 kN for 50 mm).
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Name 3.5%0.125(90°) Description Arc of Circular HSS between top and bottom plate

Cross-sectional dimensions

} 304.80 mm [12.000 in] }

©88.90 mm [©3.500 in]
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.3 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 22.6 mm were Load starts
increasing rapidly with increasing displacement. The capacity of the connection at this point is roughly 0.21

kN/mm (2.1 kN for 10 mm).
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Name | 3.5%0.125(135°) | Description Arc of Circular HSS between top and bottom plate

Cross-sectional dimensions

} 304.80 mm [12.000 in] }
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.6 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 30.6 mm were Load starts
increasing rapidly with increasing displacement. The capacity of the connection at this point is roughly 0.10

kN/mm (1.0 kN for 10 mm).
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Name | 5x0.25 Description Circular HSS between top and bottom plate

Cross-sectional dimensions

k— 304.80 mm [12.000 in] —ﬂ
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B
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 1.5 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 30.0 mm were Load starts
increasing rapidly with increasing displacement. The capacity of the connection at this point is roughly 0.13

kN/mm (6.5 kN for 50 mm).
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Name 5%0.25 (90°)

Description

Arc of Circular HSS between top and bottom plate

Cross-sectional dimensions

96.72 mm [3.808 in]

304.80 mm [12.000 in] i

80.82 mm [3.182 in]
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Comments

kN/mm (6.1 kN for 10 mm).

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.3 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 24.8 mm were Load starts

increasing rapidly with increasing displacement. The capacity of the connection at this point is roughly 0.61
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105.60 mm [4.157 in]

6.35 mm [0.250 in]

A

7.95 mm [0.313 in]

Name 5%0.25 (135°) Description Arc of Circular HSS between top and bottom plate
Cross-sectional dimensions
[ 304.80 mm [12.000 in] -

©127.00 mm [©5.000 in]
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Shape after analysis
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.6 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 30.0 mm were Load starts
increasing rapidly with increasing displacement. The capacity of the connection at this point is roughly 0.09

kN/mm (0.9 kN for 10 mm).
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Name 5%0.125 Description Circular HSS between top and bottom plate

Cross-sectional dimensions

|—— 304.80 mm [12.000 in] —.|

142.90 mm [5.626 in] 127.00 mm [5.000 in] 3.18 mm [0.125in]

7.95 mm [0.313 in]T

Initial shape Shape after analysis
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Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 3.6 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 28.8 mm were Load starts
increasing rapidly with increasing displacement. The capacity of the connection at this point is roughly 0.03

kN/mm (1.5 kN for 50 mm).
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Name 5%0.125 (90°) | Description Arc of Circular HSS between top and bottom plate

Cross-sectional dimensions

- 304.80 mm [12.000 in] -

?127.00 mm [@5.000 1n]

101.21 mm [3.985 in] 85.31 mm [3.359 in] 3.18 mm [0.125 in]

Nl

7.95 mm [0.313 in]T

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.6 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 35.2 mm were Load starts
increasing rapidly with increasing displacement. The capacity of the connection at this point is roughly 0.12

kN/mm (1.2 kN for 10 mm).
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Name 5%0.125 (135°) | Description Arc of Circular HSS between top and bottom plate

Cross-sectional dimensions

i 304.80 mm [12.000 in] i

©127.00 mm [@5.000 in]

127.37 mm [5.014 in] 111.47 mm [4.388 in] 3.18 mm [0.125 in]

I3

7.95 mm [0.313 in] ¥

Initial shape Shape after analysis
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Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 1.2 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 44.4 mm were Load starts
increasing rapidly with increasing displacement. The capacity of the connection at this point is roughly 0.05

kN/mm (0.5 kN for 10 mm).
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Name 2x2x0.25W Description | Angle welded at center between top and bottom plates

Cross-sectional dimensions

‘ 304.80 mm [12.000 in] |

12.70 mm [0.500 in]

78.76 mm [3.101 in]
[ 7.95 mm [0.313 in]

s

44.45 mm [1.750 in]

6.35 mm [0.250 in]

Initial shape Shape after analysis
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Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.3 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 42.3 mm were onset of
densification occurs. The capacity of the connection at the onset of densification is roughly 1.37 kN/mm (13.7 kN

for 10 mm).
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Name 2x2%0.125W Description | Angle welded at center between top and bottom plates

Cross-sectional dimensions

83.25 mm [3.278 in]

_[7.95 mm [0.313 in] 47.63 mm [1.875 in]

304.80 mm [12.000 in] }

12.70 mm [0.500 in]

Ak

3.18 mm [0.125 in]

Initial shape

Shape after analysis
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Load-displacement graph (per unit depth)
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Comments

for 10 mm).

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.3 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 47.2 mm were onset of

densification occurs. The capacity of the connection at the onset of densification is roughly 0.68 kN/mm (6.8 kN
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Name 3x3x0.25W Description Angle welded at center between top and bottom plates

Cross-sectional dimensions

i 304.80 mm [12.000 in] i

[12.70 mm [0.500 in]

T

6.35 mm [0.250 in]

114.68 mm [4.515 in]

£7-95 mm [0.313 in] 69.85 mm [2.750 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Displacement (mm)

Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.4 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 69.0 mm were onset of
densification occurs. The capacity of the connection at the onset of densification is roughly 1.37 kN/mm (68.5 kN

for 50 mm).
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Name 3x3x0.25W-2P Description Angle connected with center plate between top and bottom

plates

Cross-sectional dimensions

i 304.80 mm [12.000 in] i

£ 7.95 mm [0.313 in]

L
29.38 mm [1.156 in]

6.35 mm [0.250 in]

114.68 mm [4.515 in]

5 7.95mm[0313in] 9 85 mm [2.750 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.5 mm.

A plateau is then experienced from the yield point up to a displacement of roughly 33.3 mm were the analysis

eneded. The capacity of the connection is roughly 1.27 kN/mm (63.5 kN for 50 mm) at the end of the analysis.
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Name | 3x3x0.25W-4P | Description | Angle connected with center plate between top and bottom plates

Cross-sectional dimensions

i 304.80 mm [12.000 in] i

’———T 7938 mm [3.125 in]
Ki

114.68 mm [4.515 in]
7.95 mm [0.313 in] ]_

7.95 mm [0.313 in]
Ji 69.85 mm [2.750 in] 6.35 mm [0.250 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.6 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 73.3 mm were onset of
densification occurs. The capacity of the connection at the onset of densification is roughly 1.27 kN/mm (63.5 kN

for 50 mm).
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Name | 3x3x0.188W Description | Angle welded at center between top and bottom plates

Cross-sectional dimensions

116.91 mm [4.603 in]

k— 304.80 mm [12.000 in] i

ilmo mm [0.500 in]

T

4.78 mm [0.188 in]

L7.95 mm [0.313 in] 71.42 mm [2.812 in]

Initial shape

Shape after analysis
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Load-displacement graph (per unit depth)
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Comments

A plateau is then experienced from the yield point up to a displacement of roughly 73.8 mm were the analysis

ended. The capacity of the connection at the end of the analysis is roughly 1.03 kN/mm (51.5 kN for 50 mm).

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.4 mm.
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Name | 3x3x0.188W-2P | Description | Angle connected with center plate between top and bottom plates

Cross-sectional dimensions

i 304.80 mm [12.000 in] i

29.86 mm [1.176 in]
n 7.95 mm [0.313 in]

478 mm [0.188 in]

116.91 mm [4.603 in]

E 7.95 mm [0.313 in] 71.42 mm [2.812 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.5 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 75.9 mm were the analysis

ended. The capacity of the connection at the end of the analysis is roughly 1.04 kN/mm (52.0 kN for 50 mm).
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Name | 3x3x0.188W-4P | Description | Angle connected with center plate between top and bottom plates

Cross-sectional dimensions

i 304.80 mm [12.000 in] i

79.86 mm [3.144 in]

a
7.95 mm [0.313 in] 1

4.78 mm [0.188 in]

116.91 mm [4.603 in]

7.95 mm [0.313 in]
i 71.42 mm [2.812 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.6 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 73.6 mm were onset of

densification occured. The capacity of the connection at this point is roughly 1.02 kN/mm (51.0 kN for 50 mm).
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Name | 4x4x0.25W

Description | Angle welded at center between top and bottom plates

Cross-sectional dimensions

150.60 mm [5.929 in]

[7.95 mm [0.313 in]

%— 304.80 mm [12.000 in] }

0 12.70 mm [0.500 in]

T

95.25 mm [3.750 in]

6.35 mm [0.250 in]

Initial shape

Shape after analysis
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.5 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 95.6 mm were the analysis

ended. The capacity of the connection at the end of the analysis is roughly 1.34 kN/mm (13.4 kN for 10 mm).
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Name | 2(2x2x0.25) Description Two angle per side between top and bottom plates

Cross-sectional dimensions

‘ 304.80 mm [12.000 in] i

78.76 mm [3.101 in] 6.35 mm [0.250 in]

I 7.95mm [0.313in]  44.45 mm [1.750 in|

T | |=—12.70 mm [0.500 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.3 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 42.2 mm were onset of

densification occured. The capacity of the connection at this point is roughly 2.76 kN/mm (27.6 kN for 10 mm).
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Name 2(2x2x%0.125) Description Two angle per side between top and bottom plates

Cross-sectional dimensions

i 304.80 mm [12.000 in] }

83.25 mm [3.278 in] 3.18 mm [0.125 in]

I 7.95 mm [0.313 ] 47.63 mm [1.875 in]

1 —=| =~ 12.70 mm [0.500 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.3 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 47.9 mm were the analysis

ended. The capacity of the connection at the end of the analysis is roughly 1.37 kN/mm (13.7 kN for 10 mm).
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Name | 2(3x3x0.25) Description | Two angle per side between top and bottom plates

Cross-sectional dimensions

| 304.80 mm [12.000 in] |

114,68 mm [4.515 in]

7.95mm [0.313 in]
69.85 mm [2.750 in]

6.35 mm [0.250in]

$‘ Fu.’m mm [0.500 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.4 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 68.0 mm were onset of

densification occured. The capacity of the connection at this point is roughly 2.74 kN/mm (137 kN for 50 mm).
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Name 2(3%3%0.188) Description Two angle per side between top and bottom plates

Cross-sectional dimensions

i 304.80 mm [12.000 in] i

116.91 mm [4.603 in]

795 mm [0.313in]
71.42 mm [2.812 in]

T —{ |=—12.70 mm [0.500 in]

4.78 mm [0.188 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Displacement (mm)

Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.4 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 71.0 mm were the analysis

ended. The capacity of the connection at the end of the analysis is roughly 2.06 kN/mm (103 kN for 50 mm).
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Name | 2(4x4%0.25) Description | Two angle per side between top and bottom plates

Cross-sectional dimensions

i 304.80 mm [12.000 in] i

6.35 mm [0.250 in]

[ 7.95 mm [0.313 in

- { ——f |=—12.70 mm [0.500 in]

Initial shape Shape after analysis
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is observed up to a displacement of roughly 0.5 mm.
A plateau is then experienced from the yield point up to a displacement of roughly 92.5 mm were the analysis

ended. The capacity of the connection at the end of the analysis is roughly 2.70 kN/mm (27 kN for 10 mm).
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Name | 2x2x0.25+2.375%0.125 | Description | Angle plus circular HSS between top and bottom plates

Cross-sectional dimensions

i 304.80 mm [12.000 in] '

6.35 mm [0.250 1n] ©260.33 mm [©2.375 in]

78.76 mm [3.101 in]

I 7.95 mm [0.313 in] _E 3,18 mm [0.125 in]

T

44.45 mm [1.750 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is experienced up to a displacement of 0.6 mm.
Afterwards, a short plateau is experienced up to a displacement of 1.3 mm. A second elastic zone is experienced
up to a displacment of 1.6 mm, due to contact being made between the top and bottom plates and the central
circular HSS. Following the second elastic zone, the connection stiffness decreases and Load increases at a
mostly constant rate up to a displacement of 13.7 mm where the analysis was ended. The capacity at this point is

1.31 kN/mm (13.1 kN for 10 mm).
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Name | 2x2x0.125 +2.375%0.125 Description | Angle plus circular HSS between top and bottom plates

Cross-sectional dimensions

| 304.80 mm [12.000 in] }

83.25mm [3.278 in]
s 3.18 mm [0.125 in]

T

n 7.95 mm [0.313 in] 47.63 mm [1.875 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is experienced up to a displacement of 0.9 mm.
Afterwards, a short plateau is experienced up to a displacement of 3.4 mm. A second elastic zone is experienced
up to a displacment of 3.8 mm, due to contact being made between the top and bottom plates and the central
circular HSS. Following the second elastic zone, the connection stiffness decreases and Load increases at a
mostly constant rate up to a displacement of 16.2 mm where the analysis was ended. The capacity at this point is

1.08 kN/mm (10.8 kN for 10 mm).
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Name | 3x3x0.25+ 3.5%0.25

Description | Angle plus circular HSS between top and bottom plates

Cross-sectional dimensions

304.80 mm [12.000 in] |

114.68 mm [4.515 in]

L?.QS mm [0.313 in]

635 mm [0.250 in]
69.85 mm [2.750 in]

n
T

Initial shape

Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is experienced up to a displacement of 1.2 mm.
Afterwards, a short plateau is experienced up to a displacement of 5.0 mm. A second elastic zone is experienced
up to a displacment of 5.6 mm, due to contact being made between the top and bottom plates and the central
circular HSS. Following the second elastic zone, the connection stiffness decreases and Load increases at a

mostly constant rate up to a displacement of 30.6 mm where the analysis was ended. The capacity at this point is

2.27 kN/mm (113.5 kN for 50 mm).
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Name | 3x3x0.25+ 3.5%0.125 Description | Angle plus circular HSS between top and bottom plates

Cross-sectional dimensions

| 304.80 mm [12.000 in] |

©88.90 mm [©3.500 in]
6.35 mm [0.250 in]

114.68 mm [4.515 in]

j: 3.18 mm [0.125 in]

T

7.95 mm [0.313 in]
Ji 69.85 mm [2.750 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is experienced up to a displacement of 1.1 mm.
Afterwards, a short plateau is experienced up to a displacement of 6.0 mm. A second elastic zone is experienced
up to a displacment of 6.7 mm, due to contact being made between the top and bottom plates and the central
circular HSS. Following the second elastic zone, the connection stiffness decreases and Load increases at a

mostly constant rate up to a displacement of 39.8 mm where the analysis was ended. The capacity at this point is
2.43 kN/mm (24.3 kN for 10 mm).
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Name 3x3x0.188 +3.5x0.25 | Description | Angle plus circular HSS between top and bottom plates

Cross-sectional dimensions

} 304.80 mm [12.000 in] }

4.78 mm [0.188 in
: I 88.90 mm [©3.500 in]

116.91 mm [4.603 in]

£6.35 mm [0.250 in]

£7_95 mm [0.313 in]
T

71.42 mm [2.812 in]

Initial shape Shape after analysis
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Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is experienced up to a displacement of 1.1 mm.
Afterwards, a short plateau is experienced up to a displacement of 6.0 mm. A second elastic zone is experienced
up to a displacment of 6.7 mm, due to contact being made between the top and bottom plates and the central
circular HSS. Following the second elastic zone, the connection stiffness decreases and Load increases at a
mostly constant rate up to a displacement of 39.8 mm where the analysis was ended. The capacity at this point is

2.43 kN/mm (24.3 kN for 10 mm).
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Name | 3x3x0.188 +3.5x0.125

Description

Angle plus circular HSS between top and bottom plates

Cross-sectional dimensions

116.91 mm [4.603 in]

[7.95 mm [0.313 in]

304.80 mm [12.000 in]

71.42 mm [2.812 in]

4.78 mm [0.188 in]

©88.90 mm [@33.500 in]

[3.18 mm [0.125 in]

T

Initial shape

Shape after analysis

Load-displacement graph (per unit depth)
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Comments

0.54 kKN/mm (27 kN for 50 mm).

Depth used in analysis was 50 mm. Initial elastic behaviour is experienced up to a displacement of 1.4 mm.
Afterwards, a short plateau is experienced up to a displacement of 5.9 mm. A second elastic zone is experienced
up to a displacment of 6.9 mm, due to contact being made between the top and bottom plates and the central
circular HSS. Following the second elastic zone, the connection stiffness decreases and Load increases at a

mostly constant rate up to a displacement of 17.2 mm where the analysis was ended. The capacity at this point is
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Name | 4x4x0.25 + 5x0.25 Description

Angle plus circular HSS between top and bottom plates

Cross-sectional dimensions

6.35 mm [0.250 in]

150.60 mm [5.929 in]

_E7.95 mm [0.313 in]

i

9525 mm [3.750 in]

30480 mm [12.000 in] ————————]

T

©127.00 mm [5.000 in]

J: 6.35mm [0.250 in]

Initial shape

Shape after analysis

Y

OD8: Job-1008  AbAQUS/Standard B.14-1  FriJun 21 09,30:46 Easterm Davliguctlgett

Step: Step-1

Load-displacement graph (per unit depth)

Displacement (mm)

2.50
= --
& 200 "
= ~ d’—'
2 E 150 -
s E -~
L d
gé 1.00 JPtias
= f'-_‘
g 050 )
= =l
0.00 —t — —— {
0 10 20 30 40

50

Comments

2.11 kN/mm (21.1 kN for 10 mm).

Depth used in analysis was 10 mm. Initial elastic behaviour is experienced up to a displacement of 1.5 mm.
Afterwards, a short plateau is experienced up to a displacement of 4.0 mm. A second elastic zone is experienced
up to a displacment of 4.8 mm, due to contact being made between the top and bottom plates and the central
circular HSS. Following the second elastic zone, the connection stiffness decreases and Load increases at a

mostly constant rate up to a displacement of 45.6 mm where the analysis was ended. The capacity at this point is
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Name | 4x4x0.25+ 5%0.125 Description

Angle plus circular HSS between top and bottom plates

Cross-sectional dimensions

150.60 mm [5.929 in]

[7.95 mm [0.313 in]

ki 304.80 mm [12.000 in] 4,|

6.35mm [0.250 in]

©127.00 mm [@5.000 in]

9525 mm [3.750 in]

3.18 mm [0.125 in]
K
T

Initial shape

Shape after analysis

Load-displacement graph (per unit depth)

S © o o o
3] W N Wi N
() () (e} () ()

Load per unit depth (kN/mm)
(=}
o

10 15 20 25 30
Displacement (mm)

Comments

0.50 kN/mm (5.0 kN for 10 mm).

Depth used in analysis was 10 mm. Initial elastic behaviour is experienced up to a displacement of 2.4 mm.
Afterwards, a short plateau is experienced up to a displacement of 4.0 mm. A second elastic zone is experienced
up to a displacment of 5.5 mm, due to contact being made between the top and bottom plates and the central
circular HSS. Following the second elastic zone, the connection stiffness decreases and Load increases at a

mostly constant rate up to a displacement of 25.3 mm where the analysis was ended. The capacity at this point is
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Name | 2.375x0.125 + 3.5%0.125 | Description | Two nested circular HSS between top and bottom plate

Cross-sectional dimensions

' 304.80 mm [12.000 in] | _
| \£3.18 mm [0.125 in]

1 3.18 mm [0.125 in]

@188.90 mm [33.500 in]

104.80 mm [4.126 in] @60.33 mm [2.375 in]

L7.95 mm [0.313 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)

0.25 '
Cd
£ L4
2 020 .
S U4
e -
= E 015 -
SE e
i1 S
g% 010 |
=
E 005 § mmmmmmmm===oc
]
000 T
0 10 20 30 20 0

Displacement (mm)

Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is experienced up to a displacement of 1.5 mm.
Afterwards, a short plateau is experienced up to a displacement of 22.2 mm. A second elastic zone is experienced
up to a displacment of 23.7 mm, due to contact being made between the top and bottom plates and the central
circular HSS. Following the second elastic zone, Load increases at a mostly constant rate up to a displacement of

37.0 mm where onset of densification occurs. The capacity at this point is 0.17 kN/mm (8.5 kN for 50 mm).
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Name | 2.375x0.125 +3.5x0.25 | Description | Two nested circular HSS between top and bottom plate

Cross-sectional dimensions

‘ 304.80 mm [12.000 in] |
‘ 6.35 mm [0.250 1n]

T [ 3.18 mm [0.125 m]
T

+

+

©88.90 mm [33.500 in]

104.79 mm [4.126 in] ©@60.33 mm [©2.375 in]

£8.00 mm [0.315 in]

Initial shape Shape after analysis

Load-displacement graph (per unit depth)

0.90
0.80 ’
0.70 ’
0.60 Pid
0.50 7

0.40 e

0.30

-
pmm——r"

-l
020 Jpmmmmm==—-
0.10

000 +~-»r——o—"—""+0——""-"-""-"4—+——F——tt+-
0 10 20 30 40 50

Displacement (mm)

Load per unit depth (kN/mm)

Comments

Depth used in analysis was 50 mm. Initial elastic behaviour is experienced up to a displacement of 1.5 mm.
Afterwards, a short plateau is experienced up to a displacement of 22.2 mm. A second elastic zone is experienced
up to a displacment of 23.7 mm, due to contact being made between the top and bottom plates and the central
circular HSS. Following the second elastic zone, Load increases at a mostly constant rate up to a displacement of

37.0 mm where onset of densification occurs. The capacity at this point is 0.17 kN/mm (8.5 kN for 50 mm).
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Name

2.375%0.125 +3.5%0.25 + 5%0.25

Description Three nested circular HSS between top and

bottom plates

Cross-sectional dimensions

k-i 304.80 mm [12.000 in] 4..| 7
R —6.35 mm [0.250 in]
1

142.88 mm [5.625 in]

i
T

©127.00 mm [©5.000 in] F 6,35 mm [0.250 in]

088.90 mm [@3.500 in] —__ T — 3.18 mm [0.125 in]
i 1

t I

—
—

©60.33 mm [©2.375 in] —_

—+

7.95 mm [0.313 in]

Initial shape

Shape after analysis

Load-displacement graph (per unit depth)

Load per unit depth

0.40
0.35
0.30 ,r="

---

’_--—---------------

10

15 20
Displacement (mm)

25 30 35

Comments

Depth used in analysis was 10 mm. Initial elastic behaviour is experienced up to a displacement of 1.8 mm.
Afterwards, a short plateau is experienced up to a displacement of 25.3 mm. A second elastic zone is then
experienced shorlty, due to contact being made between the top and bottom plates and the central circular HSS.
Following the second elastic zone, a secondary plateau is experienced up to a displacement of 31.9 mm where
the analysis ended. The capacity of the connection at that point is 0.34 kN/mm (3.4 kN for 10 mm). The smaller

circular HSS did not make contact with the other sections before the end of the analysis.
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Name | 2.375x0.125 +3.5x0.125 + 5x0.125 | Description | Three nested circular HSS between top and

bottom plates

Cross-sectional dimensions

}7 304.80 mm [12.000 in] 4ﬁ

3.18 mm [0.125 in]

| i
©127.00 mm [@5.000 in] TE 3.18 mm [0.125 in]
©88.90 mm [©93.500 in] i 3.18 mm [0.125 in]
142.90 mm [5.626 in]
. +
@60.33 mm [@2.375 in] +
I 7.95 mm [0.313 in]
[

f

Initial shape Shape after analysis

¥

0O08: Job-Lodb  Abaqus/Standard 8,14-1 Sun Jun 23 20: 13,20 Eastem Daybght Time 2019

Load-displacement graph (per unit depth)

e e
) )
S G
\
\

<
Ju—
(9]

0.10

0.05 ]

’-----------—‘

4
0.00 F+H————r—"——1—"t-r—r——""—+-r—r—r—"m+-r—r—"r—"+r———""++——+
0 10 20 30 40 50 60 70

Displacement (mm)

Load per unit depth (kN/mm)

Comments

Depth used in analysis was 10 mm. The behaviour of this connection consists of three subsequent elastic zone
followed by plateaus explained by the contact of each nested circles with another steel section. The first, second
and third plateau are experienced from displacements of 4.0 mm to 31.3 mm, 34.4 mm to 52.9 mm, and 54.4 mm
to 63.0 mm, respecitvely. The stiffness of the elastic zones and plateaus increase in respect to their previous
elastic zones and plateau. The capacity of the connection at the end of the analysis is 0.21 kN/mm (2.1 kN for 10

mm)
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APPENDIX B — Drawings of Specimens
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Specimen Type la

50.800 [2.000] +——{
Hot Rolled 44\W/300W Flat Bar
= 0375"x 9"/ 9.525 mm x 228 6 mm

A 2"/ 50.8 mm Deep

+ Hot Rolled 44W/300W 90 deg Angle
3"x3"x0.25" / 76.2 mm x 76.2 mm x 6.35 mm
2"/ 50.8 mm Deep
FRONT VIEW SIDE VIEW

Specimen Type Ib

Hot Rolled 44VW/300W Flat Bar 50.800[2.000] +—’l

0.375" x 9"/ 9.525 mm x 203.2 mm

> 2"[50.8 mm Deep

+ Hot Rolled 44\W/300W 90 deg Angle
2"x2"x0.25" / 50.8 mm x 50.8 mm x 6.35 mm

B ~ 7 2"/50.8 mm Deep
|

FRONT VIEW SIDE VIEW

Specimen Type Ic

50.800 [2.000] H
Hot Rolled 44WW/300W Flat Bar

[ 0.375"x 9"/ 9.5256 mm x 228.6 mm

. 2"/ 50.8 mm Deep

+ Hot Rolled 44W/300W 90 deg Angle
3"x3"x0.50"/ 76.2 mm x 76.2 mm x 12.7 mm
2"/ 50.8 mm Deep
FRONT VIEW SIDE VIEW
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Specimen Type Id

50.800 [2.000] — = -

Hot Rolled 44W/300W Flat Bar

r‘ﬁ 0.375"x 9"/ 9.525 mm x 203.2 mm

2"/ 50.8 mm Deep

Hot Rolled 44W/300W 90 deg Angle
3"x3"x0.25"/ 76.2 mm X 76.2 mm x 6.35 mm

2" 150.8 mm Deep

FRONT VIEW SIDE VIEW

Specimen Type lla

50.800 [2.000] — | -
Hot Rolled 44W/300W Flat Bar

| = 0.375"x9"/9.525 mm x 203.2 mm

T - 2"150.8 mm Deep

Hot Rolled 1018 Round Tube 44W
3.5"x 0.25"/ 88.9mm x 6.35mm
2" [ 50.8 mm Deep

| |
FRONT VIEW SIDE VIEW

Specimen Type lib

| 101.600 [4.000] — =]

Hot Rolled 44\W/300W Flat Bar
[ 0.375" x 9"/ 9.525 mm x 203.2 mm

- W 4" [101.6 mm Deep

Hot Rolled 1018 Round Tube 44W
3.5"x0.25"/88.9 mm x 6.35 mm
4" [101.6 mm Deep

| |
FRONT VIEW
SIDE VIEW
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Specimen Type lic
50.800 [2.000]

Hot Rolled 44W/300W Flat Bar

{ = 0.375'x9"/9.525 mm x 2032 mm

- - 2"/50.8 mm Deep

Hot Rolled 1018 Round Tube 44W
5"x 0.25"/127.0 mm x 6.35 mm
2"/ 50.8 mm Deep

l |
FRONT VIEW SIDE VIEW

Specimen Type Ild

50.800 [2.000]
Hot Rolled 44W/300W Flat Bar
0.375" x 9"/ 9.525 mm x 2032 mm

| o
7 N 2"/ 50.8 mm Deep
One quarter arc (90 deg) of:
Hot Rolled 1018 Round Tube 44W
+ 5"x 0.25" /127 mm x6.35 mm

2"/ 50.8 mm Deep
\ |
4{ F 25.400 [1.000] SIDE VIEW

FRONT VIEW

Note: Cut circle in 4 to have four fourth. Use two of the fourth
per connections.

Specimen Type lle

50.800 [2.000] — == -

Hot Rolled 44W/300W Flat Bar
| r‘ﬁ 0.375"x 9"/9.525 mm x 203.2 mm
2"/ 50.8 mm Deep

Hot Rolled 1018 Round Tube 44W
3.5"x 0.25"/88.9 mm x 6.35 mm
2"/ 50.8 mm Deep

Hot Rolled 1018 Round Tube 44W
2.375" x 0.125"/ 60.325 mm x 3.175 mm

_ e - 2"/ 50.8 mm Deep
| N\ |
WELD AT THE

FRONT VIEW END OF PIPE SIDE VIEW
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APPENDIX C - Static and Dynamic Connection Level Test Results
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Specimen

S-lIa-1

Description

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm

Load-displacement graph

50

45

40 +

35

30 T

Load (kN)

20 T

257

s S-Ta-1

(d)
(b) |

(@

10 20

30 40 50 60 70 80 90 100
Displacement (mm)

(a) Initial

(b) Plateau, prior to contact

Comments

Minimal deformation occurred during the initial elastic region, however, following yielding, large deformation

occurred at the point of initial contact between an angle and plate occurred (picture c). Once further contact

between the angle and the plate occurred (picture d), a significant increase in stiffness was observed.

occurred at almost constant load. Typical deformation shape is shown in picture (picture b). An increase in load

APPENDIX C

198



Specimen | S-Ia-2 Description Angles with leg lengths of 76.2 mm and thickness of 6.35 mm

Load-displacement graph

50

S -Ta-2

45
40
35 4

30 T

a5 1 | | | (b)

Load (kN)

0 10 20 30 40 50 60 70 80 90 100
Displacement (mm)

(b) Plateau, prior to contact

Comments

Minimal deformation occurred during the initial elastic region, however, following yielding, large deformation
occurred at almost constant load. Typical deformation shape is shown in picture (picture b). An increase in load
occurred at the point of initial contact between an angle and plate occurred (picture c). Once further contact

between the angle and the plate occurred (picture d), a significant increase in stiffness was observed.
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Specimen | S-Ib-1

Description

Angles with leg lengths of 50.8 mm and thickness of 6.35 mm
Load-displacement graph

100

—sIb-1
9 | I I |

Load (kN)

20

30 40

50
Displacement (mm)

(b) Plateau, prior to contact

(c) Contact of right angle with top plate and left angle (d) Contact of left angle with top plate
with bottom plate

Comments

Unequal deformation of the angles during the plateau (i.e.

picture ¢) caused a dip in the load measured until
further contact was achieved.
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Specimen | S-Ib-2 Description Angles with leg lengths of 50.8 mm and thickness of 6.35 mm

Load-displacement graph

120
—s b2

Load (kN)

0 10 20 30 40 50 60
Displacement (mum)

(b) Plateau, prior to contact

Comments
Unequal deformation of the angles during the plateau (i.e. picture ¢) caused a dip in the load measured until

further contact was achieved.
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Specimen | S-Ic-1 Description Angles with leg lengths of 76.2 mm and thickness of 12.7 mm

Load-displacement graph

200

180 +
160 +
140 +
120 +

100 +

Load (kN)

80 1

40t

0 10 20 30 40 50 60 70 80 90
Displacement (mm)

(a) Initial (b) Plateau, prior to contact

(c) Contact of left angle with top plate and right
ang

Comments

Unequal deformation of the angles during the plateau (i.e. picture c) caused a dip in the load measured until

further contact was achieved.
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Angles with leg lengths of 76.2 mm and thickness of 12.7 mm

Specimen | S-Ic-2 Description

Load-displacement graph

180
—_—se2

Load (kN)

o 10 20 30 40 50 60 70 80
Displacement (mm)

(a) Initial (b) Plateau, prior to contact

(c) Contact of right angle with top plate and left angle (d) Further contact between angles and plates
with bottom

Comments
The angles deformed more symetrically than specimen S-Ic-1, and no significant dip in the load was observed.
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Specimen S-1d-1 Description

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm.

Additional centre weld.

Load-displacement graph

200

180 T
wi (b)
140 +

120 T

Load (kN)
g

—S-Id-1

20 25 30 35 40 45
Displacement (mm)

(a) Initial

(b) Post-yield, prior to contact

l"":'" e i

Comments

A significant drop in the load was observed following yielding.
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Angles with leg lengths of 76.2 mm and thickness of 6.35 mm.
Specimen | S-1d-2 Description
Additional centre weld.

Load-displacement graph

200

—51d-2

180 1

160 1

140 1

120 1

100 1

Load (kN)

40 1

(©)

+ t + + + + +
0 10 20 30 40 50 60 70 80
Displacement (mm)

(b) Post-yield, prior to contact

Comments

A significant drop in the load was observed following yielding.
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Circular HSS with outer diameter of 88.9 mm and thickness of
Specimen S-1la-1 Description
6.35 mm
Load-displacement graph
0
60
(b)

20 30 40 50 60 70
Displacement (mm)

(b) Plateau, prior to contact

(d) Further contact

Comments

A slight drop in load following yielding was observed.

APPENDIX C

206



Specimen | S-Ila-2 Description | Circular HSS with outer diameter of 88.9 mm and thickness of 6.35 mm

Load-displacement graph

80
—-11a-2

70 +

(b)

Load (kN)
&

30 1

20 T

] 10 20 30 40 50 60 70
Displacement (mm)

(b) Plateau, prior to contact

Comments

A slight drop in load following yielding was observed.
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Circular HSS with outer diameter of 88.9 mm and thickness of
Specimen S-1Ib-1 Description 6.35 mm

Depth of 101.6 mm

Load-displacement graph

160

140 T

120 T

100 +

Load (kN)
8

40 +

20

0 10 20 30 40 50 60 70
Displacement (mm)

(b) Plateau, prior to contact

Comments

A slight drop in load following yielding was observed.
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Specimen

S-11b-2

Description

Circular HSS with outer diameter of 88.9 mm and thickness of 6.35 mm

Depth of 101.6 mm

Load-displacement graph

Load (kN)

160

140 +
120 +
80 T
60 T

10 T

——S-ITb-2

30 40 50 60 70 80
Displacement (mm)

(b) Plateau, prior to contact

Comments

A slight drop in load following yielding was observed. Deformation of the circular HSS was much more non uniform.

Specimen

S-1lc-1

Description

Circular HSS with outer diameter of 127 mm and thickness of 6.35

mm
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Load-displacement graph

Load (kN)

70

60 T

50 T

40

(b)

S-Ilc-1

20

40

60
Displacement (mm)

80 100

120

(a) Initial

(b) Plateau, prior to contact

Comments

A slight drop in load following yielding was observed.

Specimen

S-1lc-2

Description

Circular HSS with outer diameter of 127 mm and thickness of 6.35

mm
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Load-displacement graph

Load (kN)

70

60 T

50 T+

40 T

(b)

—5-lc-2

20

40 60 80 100 120
Displacement (mum)

(a) Initial

(b) Plateau, prior to contact

Comments

A slight drop in load following yielding was observed.

Specimen

S-1Id-1

Description

Arcs from circular HSS of outer diameter of 127 mm and thickness of 6.35

mm.
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Load-displacement graph

140

——S-d-1

Load (kN)

0 10 20 30 40 50 60 70 80
Displacement (mm)

(b) Post-yield, prior to contact

Comments

A substantial drop in load following yielding was observed.

Arcs from circular HSS of outer diameter of 127 mm and thickness of 6.35
Specimen | S-IId-2 Description

mm.
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Load-displacement graph

140

120 1

100 +

Load (kN)

—S-11d-2

20 30 40 50 60 70
Displacement (min)

80

(b) Post-yield, prior to contact

Comments

A substantial drop in load following yielding was observed.

Specimen

S-1le-1

Description

Circular HSS with outer diameter of 88.9 mm and thickness of 6.35

mm
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Circular HSS with outer diameter of 60.325 mm and thickness of 3.175

mm

Load-displacement graph

140
—5-0d-1

Load (kN)

0 t u t u 1
30 40 50
Displacement (mm)

(b) Plateau, prior to contact

Comments
Multiple increases and decreases in load were observed during deformation.
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Circular HSS with outer diameter of 88.9 mm and thickness of 6.35 mm
Specimen | S-Ile-2 Description Circular HSS with outer diameter of 60.325 mm and thickness of 3.175

mm

Load-displacement graph

100
—S-1d-2

% T
80 T
70 1
60 T

50 +

Load (kN)

40 1

30 T

20 T

(@
0 10 20 30 40 50 60 70
Displacement (mm)

(a) Initial (b) Plateau, prior to contact

Comments

Multiple increases and decreases in load were observed during deformation.
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Specimen | D-la-1

Description

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm

Pressure and impulse time-histories

60 600
Pressure
- — —Impulse
50 4 + 500
40 1 400
= z
§ g
&
‘g 30 1 + 300 @,
z 9
4 e
& B
= =
2 =]
8 20 A -+ 200 2
= 3
& 5
~
10 4 + 100
0 - +0
-10 + + + + + + + -100
-10 -5 0 5 10 15 20 25 30
Time (ms)
Experimental displacement and reaction loading time-histories
170
Experimental Displacement
— —Reaction Load
150 +
130 +
E 0+
g
g
z
2. 90 +
5
3
Z
= 70 +
=
5
=]
|
Z
S 50+
5
"~
30 +
10 T
-10 t + t t t + + t
-10 -5 0 5 10 15 20 25 30 35
Time (ms)
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Load-displacement graph

80

Load (kN)

10 4

(b)

(@)

—D-la-1

(d)

(©)

40

50 60 70 80 90 100
Displacement (min)

(a) Initial

(b) Plateau, prior to contact

(c) Contact with plates

(d) Further contact with plates

Comments

Similar behaviour to the static specimens was observed. The driver pressure was 270.3 kPa which resulted in a

maximum reflected pressure of 37.3 kPa and impulse of 386.9 kPa-ms.
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Specimen | D-la-2

Description

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm

Pressure and impulse time-histories

50

Reflected Pressure (kPa)

500
—— Side Pressure
= = =Impulse
T 400
T 300

Reflected Impulse (kPa-ms)

T 200
+ 100
1o
-10 4 4 ! } } } } -100
-10 -5 0 5 10 15 20 25 30
Time (ms)
Experimental displacement and reaction loading time-histories
250
— —Reaction Load
/
200 +

150 +

100 +

Reaction Load (kN) or Displacement (mm)

Experimental Displacement

-5

Time (ms)

35
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Load-displacement graph

80

70 +
60 +

50 T

Load (kN)

10 A1

—D-la-2

(d)

50 60 70 80 90 100
Displacement (mm)

(a) Initial

(b) Plateau, prior to contact

-

(c) Contact with plates

(d) Further contact with plates

Comments

Similar behaviour to the static specimens was observed. The driver pressure was 275.1 kPa which resulted in a

maximum reflected pressure of 33.7 kPa and impulse of 313.4 kPa-ms.
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Specimen | D-Ib-1 Description

Angles with leg lengths of 50.8 mm and thickness of 6.35 mm

Pressure and impulse time-histories

60 600
Pressure
= = = Impulse
50 1 1 500
40 4 + 400
% 301 4300 §
g ] 1200 B
E g
o~
10 1 1 100
0 1 10
-10 + + : t + -100
-10 5 10 15 20 25 30
Time (ms)
Experimental displacement and reaction loading time-histories
225
— —Reaction Load
Experimental
Displacement .
175 T |
|
|
7 !
g |
I
g 125 + |
2
2 1l
g {
5 |
) |
3 |
3 75T |
g |
g
[
25 T+
-25 + + t + + + +
-10 -5 0 5 10 15 20 25 30
Time (ms)
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Load-displacement graph

Load (kN)

0

200 T
180
160 |
140
120
100
80
60
40

20 1

——D-Ib-1

(d)

! (a)

10

20

30
Displacement (mm)

40 50 60

(a) Initial

(b) Plateau, prior to contact

(¢) Contact with plates

(d) Further contact with plates

Comments

Similar behaviour to the static specimens was observed. The driver pressure was 279.9 kPa which resulted in a

maximum reflected pressure of 42.5 kPa and impulse of 264.2 kPa-ms.
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Specimen | D-Ib-2

Description

Angles with leg lengths of 50.8 mm and thickness of 6.35 mm

Pressure and impulse time-histories

50

40 T

]
=3
+

Reflected Pressure (kPa)

-10

Pressure

— — —Impulse

500

T 400

T 300

T 200

T 100

-10

10 15
Time (ms)

-100
30

Reflected Impulse (kPa-ms)

Experimental displacement and reaction loading time-histories

130

Reaction Load (kN) or Displacement (mm)

Experimental Displacement

— —Reaction Load

-10

Time (ms)

30
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Load-displacement graph

120

Load (kN)

(@)

—D-Ia-2

20

30
Displacement (mm)

40 50 60

(a) Initial

(b) Plateau, prior to contact

(c) Contact with plates

(d) Further contact with plates

Comments

Similar behaviour to the static specimens was observed. The driver pressure was 268.9 kPa which resulted in a

maximum reflected pressure of 40.7 kPa and impulse of 379.2 kPa-ms.
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Specimen

D-Ic-1

Description

Angles with leg lengths of 76.2 mm and thickness of 12.7 mm

Pressure and impulse time-histories

20 900
Pressure
- - —Impulse

80 + + 800

70 + -+ 700

60 + + 600
£s0l Tso0 %
= [
1 =
3 g
2 a0 4 T 400 £
a g
-] =
2 =
o S
= 3
530 + 300 ,::

20 + + 200

10 + + 100

0t J +0

-10 + t + + t + + -100

-10 -5 0 5 10 15 20 25 30

Time (ms)
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Load-displacement graph
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Comments

kPa-ms.

The right angle was not deformed, however, this did not seem to affect the load-displacement behaviour. The

driver pressure was 563.3 kPa which resulted in a maximum reflected pressure of 58.0 kPa and impulse of 607.0
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Specimen D-Ic-2 Description

Angles with leg lengths of 76.2 mm and thickness of 12.7 mm

Pressure and impulse time-histories
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Load-displacement graph
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Load (kN)
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(a) Initial (b) Plateau, prior to contact

(c) Contact with plates (d) Further contact with plates

Comments

Similar behaviour to the static specimens was observed. The driver pressure was 573.6 kPa which resulted in a

maximum reflected pressure of 67.1 kPa and impulse of 758.9 kPa-ms.
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Specimen

D-1d-1 Description

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm.

Additional centre weld.

Pressure and impulse time-histories

Reaction Load (kN) or Displacement (mm)
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Load-displacement graph
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(a) Initial (b) Plateau, prior to contact

(c) Contact with plates (d) Further contact with plates

Comments

Similar behaviour to the static specimens was observed. The driver pressure was 568.8 kPa which resulted in a

maximum reflected pressure of 72.2 kPa and impulse of 644.7 kPa-m:s.

APPENDIX C 229



Specimen

D-1d-2

Description

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm.

Additional centre weld.

Pressure and impulse time-histories

Reflected Pressure (kPa)
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Load-displacement graph
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Comments

Similar behaviour to the static specimens was observed. The driver pressure was 569.5 kPa which resulted in a

maximum reflected pressure of 66.5 kPa and impulse of 701.4 kPa-m:s.
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Specimen

D-Ila-1

Description

Circular HSS with outer diameter of 88.9 mm and thickness of

6.35 mm

Pressure and impulse time-histories
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Load-displacement graph
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¢) Further contact with plates

Comments

The behaviour was not similar to the static specimen, this is attributed to the different welds provided. The driver
pressure was 244.8 kPa which resulted in a maximum reflected pressure of 34.8 kPa and impulse of 278.7 kPa-

ms.
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Specimen

D-IIa-2

Description

Circular HSS with outer diameter of 88.9 mm and thickness

of 6.35 mm

Pressure and impulse time-histories
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Load-displacement graph
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¢) Further contact with plates

Comments

The behaviour was not similar to the static specimen, this is attributed to the different welds provided. The driver
pressure was 250.3 kPa which resulted in a maximum reflected pressure of 36.6 kPa and impulse of 300.3 kPa-

ms.
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Specimen | D-1Ib-1

Description

Circular HSS with outer diameter of 88.9 mm and thickness of 6.35 mm

Depth of 101.6 mm

Pressure and impulse time-histories
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Load-displacement graph
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(a) Initial (b) Plateau, prior to contact

¢) Further contact with plates

Comments

The behaviour was not similar to the static specimen, this is attributed to the different welds provided. The driver

pressure was 413.0 kPa which resulted in a maximum reflected pressure of 44.1 kPa and impulse of 519.6 kPa-

ms.
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Circular HSS with outer diameter of 88.9 mm and thickness of 6.35 mm
Specimen | D-IIb-2 | Description

Depth of 101.6 mm
Pressure and impulse time-histories
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Load-displacement graph
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(a) Initial (b) Plateau, prior to contact

¢) Further contact with plates

Comments

The behaviour was not similar to the static specimen, this is attributed to the different welds provided. The driver

pressure was 415.8 kPa which resulted in a maximum reflected pressure of 49.2 kPa and impulse of 482.0 kPa-

ms.
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Specimen | D-Ilc-1 Description

mm

Circular HSS with outer diameter of 127 mm and thickness of 6.35

Pressure and impulse time-histories
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Load-displacement graph
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Comments

ms.

The behaviour was not similar to the static specimen, this is attributed to the different welds provided. The driver

pressure was 260.6 kPa which resulted in a maximum reflected pressure of 34.2 kPa and impulse of 314.8 kPa-
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Specimen | D-Ilc-2

Description

Circular HSS with outer diameter of 127 mm and thickness of 6.35 mm

Pressure and impulse time-histories
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Load-displacement graph
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¢) Further contact with plates

Comments

The behaviour was not similar to the static specimen, this is attributed to the different welds provided. The driver
pressure was 261.3 kPa which resulted in a maximum reflected pressure of 45.7 kPa and impulse of 362.1 kPa-

ms.
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Specimen D-11d-1

Description

Arcs from circular HSS of outer diameter of 127 mm and

thickness of 6.35 mm.

Pressure and impulse time-histories
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Load-displacement graph
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(a) Initial (b) Plateau, prior to contact

(c) Contact with plates (d) Further contact with plates

Comments

The deflected shape was similar to the static specimen. The driver pressure was 373.7 kPa which resulted in a

maximum reflected pressure of 50.2 kPa and impulse of 493.2 kPa-ms.
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Specimen | D-11d-2

Description

Arcs from circular HSS of outer diameter of 127 mm and thickness of

6.35 mm.

Pressure and impulse time-histories
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Load-displacement graph
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Comments

The deflected shape was similar to the static specimen. The driver pressure was 376.5 kPa which resulted in a

maximum reflected pressure of 44.3 kPa and impulse of 391.8 kPa-ms.
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Circular HSS with outer diameter of 88.9 mm and thickness of
6.35 mm
Specimen | D-lIle-1 Description . ) ) )
Circular HSS with outer diameter of 60.325 mm and thickness of
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Load-displacement graph
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p

(c) Contact between both circular HSS (d) Contact with plates

Comments

The dynamic behaviour was significantly different from the static behaviour, this is attributed to the different
welds provided. The driver pressure was 233.7 kPa which resulted in a maximum reflected pressure of 36.0 kPa

and impulse of 350.5 kPa-ms.
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Specimen | D-Ile-2 | Description

mm

Circular HSS with outer diameter of 88.9 mm and thickness of 6.35 mm

Circular HSS with outer diameter of 60.325 mm and thickness of 3.175

Pressure and impulse time-histories
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Load-displacement graph
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Comments

The dynamic behaviour was significantly different from the static behaviour, this is attributed to the different
welds provided. The driver pressure was 233.7 kPa which resulted in a maximum reflected pressure of 37.8 kPa

and impulse of 273.0 kPa-ms.
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APPENDIX D — Analytical Results
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Specimen

S-Ia-1

Description

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm

Energy absorption efficiency, and experimental and idealized load-displacement relationships
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Specimen

S-Ia-2

Description

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm

Energy absorption efficiency, and experimental and idealized load-displacement relationships
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Specimen | S-Ib-1

Description

Angles with leg lengths of 50.8 mm and thickness of 6.35 mm

Energy absorption efficiency, and experimental and idealized load-displacement relationships
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Specimen | S-Ib-2 Description

Angles with leg lengths of 50.8 mm and thickness of 6.35 mm

Energy absorption efficiency, and experimental and idealized load-displacement relationships
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Specimen

S-Ic-1

Description

Angles with leg lengths of 76.2 mm and thickness of 12.7 mm

Energy absorption efficiency, and experimental and idealized load-displacement relationships
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Specimen | S-Ic-2 Description Angles with leg lengths of 76.2 mm and thickness of 12.7 mm

Energy absorption efficiency, and experimental and idealized load-displacement relationships
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Specimen | S-Id-1

Description

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm.

Additional centre weld.

Energy absorption efficiency and experimental load-displacement relationships
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Specimen | S-Id-2

Description

Additional centre weld.

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm.

Energy absorption efficiency, and experimental and idealized load-displacement relationships

Displacement (mm)
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Specimen

S-11a-1

Description

Circular HSS with outer diameter of 88.9 mm and thickness of 6.35

mm

Energy absorption efficiency, and experimental and idealized load-displacement relationships
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Specimen

S-11a-2

Description

Circular HSS with outer diameter of 88.9 mm and thickness of 6.35

mm

Energy absorption efficiency, and experimental and idealized load-displacement relationships
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Specimen | S-IIb-1

Description

Circular HSS with outer diameter of 88.9 mm and thickness of 6.35

mm

Depth of 101.6 mm

Energy absorption efficiency, and experimental and idealized load-displacement relationships
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Specimen | S-I1Ib-2

Description

Circular HSS with outer diameter of 88.9 mm and thickness of 6.35

mm

Depth of 101.6 mm

Energy absorption efficiency, and experimental and idealized load-displacement relationships
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Specimen | S-Ilc-1

Circular HSS with outer diameter of 127 mm and thickness of 6.35 mm

Load (kN)

Description
Energy absorption efficiency, and experimental and idealized load-displacement relationships
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Specimen | S-Ilc-2 Description Circular HSS with outer diameter of 127 mm and thickness of 6.35 mm

Energy absorption efficiency, and experimental and idealized load-displacement relationships
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Arcs from circular HSS of outer diameter of 127 mm and thickness of

Specimen | S-11d-1 Description
6.35 mm.

Energy absorption efficiency and experimental load-displacement relationships
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Specimen | S-11d-2 Description

Arcs from circular HSS of outer diameter of 127 mm and thickness of

6.35 mm.

Energy absorption efficiency, and experimental and idealized load-displacement relationships

Displacement (mm)
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Specimen | S-Ile-1

Description

Circular HSS with outer diameter of 88.9 mm and thickness of 6.35

mm
Circular HSS with outer diameter of 60.325 mm and thickness of 3.175

mm

Energy absorption efficiency, and experimental and idealized load-displacement relationships

140 100
- =S-Tle-1
= = Idealized-IId-1
0
120 Energy Absorption Efficiency
71
0 50
o
l
100 + [] 70
] 7
/ -
80 1 J 4
g - g
) ] =
3 A 50 g
= - E
£
60 T ’.’ f b
. ’l w0 g
=== =-=-- s e Pl B Al g
o= / TTee L 4 30
w01y — -
2
| 20
20 I
| 10
0 0
0 10 20 30 40 50 60 70

Displacement (mm)

Experimental load-displacement, preliminary FEA model, and revised FEA model

140

120 +

100 ¢+

80 1

Load (kN)

— - =S-Ile-1

----- Initial FEA Model - Ile

—Revised FEA Model - IIe Weld Type 2
|
|
[

30 40 50
Displacement (mm)

20

APPENDIX D

269



Circular HSS with outer diameter of 88.9 mm and thickness of 6.35
mm

Specimen | S-Ile-2 Description
Circular HSS with outer diameter of 60.325 mm and thickness of 3.175

mm

Energy absorption efficiency, and experimental and idealized load-displacement relationships
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Specimen

D-lIa-1

Description

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm

SDOF and experimental displacement time-histories
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Specimen

D-la-2

Description

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm

SDOF and experimental displacement time-histories
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Angles with leg lengths of 50.8 mm and thickness of 6.35 mm

Specimen | D-Ib-1 Description
SDOF and experimental displacement time-histories
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Specimen | D-Ib-2

Description

Angles with leg lengths of 50.8 mm and thickness of 6.35 mm

SDOF and experimental displacement time-histories
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Specimen | D-Ic-1 Description Angles with leg lengths of 76.2 mm and thickness of 12.7 mm

SDOF and experimental displacement time-histories
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Specimen | D-Ic-2 Description

Angles with leg lengths of 76.2 mm and thickness of 12.7 mm

SDOF and experimental displacement time-histories
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Specimen

D-Id-1

Description

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm.

Additional centre weld.

SDOF and experimental displacement time-histories
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Specimen

D-1d-2

Description

Angles with leg lengths of 76.2 mm and thickness of 6.35 mm.

Additional centre weld.

SDOF and experimental displacement time-histories
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Specimen | D-Ila-1 Description

mm

Circular HSS with outer diameter of 88.9 mm and thickness of 6.35

SDOF and experimental displacement time-histories
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Specimen

D-ITa-2

Description

Circular HSS with outer diameter of 88.9 mm and thickness of 6.35

mm

SDOF and experimental displacement time-histories
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Specimen | D-IIb-1 | Description mm

Depth of 101.6 mm

Circular HSS with outer diameter of 88.9 mm and thickness of 6.35

SDOF and experimental displacement time-histories
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Specimen | D-11b-2

Description

Circular HSS with outer diameter of 88.9 mm and thickness of 6.35
mm

Depth of 101.6 mm

SDOF and experimental displacement time-histories
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Specimen

D-Ilc-1

Description

Circular HSS with outer diameter of 127 mm and thickness of 6.35 mm

SDOF and experimental displacement time-histories
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Specimen

D-IIc-2 Description

Circular HSS with outer diameter of 127 mm and thickness of 6.35 mm

SDOF and experimental displacement time-histories
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Specimen | D-IId-1 | Description

Arcs from circular HSS of outer diameter of 127 mm and thickness of

6.35 mm.

SDOF and experimental displacement time-histories
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Specimen | D-1Id-2 | Description

6.35 mm.

Arcs from circular HSS of outer diameter of 127 mm and thickness of

SDOF and experimental displacement time-histories
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Circular HSS with outer diameter of 88.9 mm and thickness of 6.35
mm
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Specimen
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