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ABSTRACT

In an age of global terrorism, structures designed with the inherent ability to protect critical
persons and assets within them are of key importance to both the private and public sectors. There is an
ever-present threat of accidental explosions in some industrial and resource sectors and deployed military
forces are living under the constant threat of enemy offensive action. In Canada, oil and gas facilities are
located in northern climates, where extreme cold temperatures are the norm during the winter months.
Cities in the Athabasca oil patch in northern Alberta, like Fort McMurray and Peace River, have outside
air temperatures of -40°C while the coldest design air temperature in Canada is Snag, Yukon with a
temperature of -53°C. The northernmost base occupied by the Canadian Armed Forces (CAF), CFS
Alert, has a January outside air temperature of -44°C. W.ith the Canadian government’s focus on
sovereignty of the Arctic, the CAF is focused on achieving this mandate by increasing the military
footprint in the Arctic and ensuring there are quick reaction forces in place in the event of an emergency.
Being an extremely cold climate during the winter months, building materials and equipment slated to be
used in the Arctic or in northern regions must be tested under those cold weather conditions to ensure they
are effective in these environments.

This project focuses on the design and testing of two types of armoured panels which could be
used in a spaceframe structure to provide a lightweight, modular force or infrastructure protection system.
This protection system could be constructed with basic tools, without the requirement for heavy
equipment. It would be adaptable to any austere environment, including the Arctic, and could be adapted
for use as a variety of infrastructure elements, such as a perimeter wall or to fortify existing structures.
The primary focus of this project is on the armoured panels. Two types of panels were cast and tested, a
steel fibre reinforced concrete (SFRC) panel strengthened with fibre reinforced polymer (FRP) straps, and
an ultra high performance fibre reinforced concrete (UHPFRC) panel. The two types of panels were
designed to have similar flexural strengths to compare their behaviour under dynamic loading conditions.

A pendulum-type impact hammer was used to investigate the extreme dynamic loading effects on
the panels to determine if they were suitable for use in Arctic conditions. Panels were tested at two
different temperatures, the ambient laboratory temperature of 20°C and a cold temperature of -55°C to
simulate an Arctic environment. The panels were cooled to the cold temperature using an industrial-sized
freezer of sufficient size to accommodate the specimens. Both types of panels had the same dimensions,
being 1040 mm long, 535 mm wide and 38 mm thick. The SFRC panels had two FRP straps which were
each 100 mm wide and 0.33 mm thick and wrapped around the entire panel. Quasi-static three-point
flexural bending tests were conducted on both types of panels to obtain their threshold failure energy
level. A total of eight quasi-static tests were completed, two of each type of panel at ambient
temperatures and two of each type of panel at cold temperatures. Dynamic tests were conducted using the
impact hammer with the impact energy being varied by altering the hammer drop height. Drop heights
were varied from 350 mm up to 1500 mm which corresponded to input energies ranging from 470 J to
2016 J. A total of sixteen impact tests were conducted and following each ambient temperature impact
test, the panel was tested for residual strength using the same three-point flexural bending test as the
baseline quasi-static testing. For the residual strength tests of the cold temperature panels, the panels
were returned to the freezer after impact testing and then transferred to the three-point flexural bending
test setup once they returned to the required temperature.

The testing program demonstrated that both types of panels could resist impact loads with
energies up to 1900 J without complete failure. Both types of panels were not adversely affected by the
extreme cold temperatures and in fact displayed increased effectiveness. The residual strength of
UHPFRC panels was easily predicted based on the permanent midspan deflection caused by the impact



test. The ambient temperature FRP strengthened SFRC panels had decreasing residual strengths as the
amount of permanent deflection increased, while the cold temperature panels had the same residual
strength despite having different amounts of permanent deflection. Both types of panels exhibited ductile
behaviour, with the UHPFRC panels reaching maximum deflections of 200 mm and the FRP strengthened
SFRC panels reaching maximum deflections of 120 mm.

A single-degree-of-freedom (SDOF) model was designed and validated with laboratory results to
predict panel behaviour based on various impact energies. Resistance functions were determined based
on the load-deflection curves produced using quasi-static flexural bending test results. The model is an
iterative numerical approach which uses constant acceleration throughout the time-steps to determine
midspan displacement throughout the time-history. The model provided accurate results which could be
used to predict peak displacement of panels based on forcing function data.



RESUME

A une époque ol le terrorisme prend de plus en plus d’ampleur, les structures ayant la capacité de
protéger le personnel et le matériel prennent une importance capitale dans les secteurs privé et public. Il
existe également une menace omniprésente d’explosions accidentelles dans certains secteurs industriels et
de plus, les forces militaires déployées vivent sous la menace constante d’une action offensive de
I’ennemi. Au Canada, les installations pétroliéres et gaziéres sont situées dans des secteurs nordiques ou
la température est extrémement froide pendant I’hiver. Les villes situées dans le secteur d’exploitation
pétroliére d’Athabasca dans le nord de I’ Alberta, comme Fort McMurray et Peace River, doivent intégrer
dans la conception une température de -40 °C. La base des Forces armées canadienne (FAC) positionnée
le plus au nord & Alert doit gérer une température de -44 °C alors que la plus basse température utilisée
pour la conception au Canada est de -53°C & Snag au Yukon. Afin d’assurer la souveraineté du territoire
canadien dans I’ Arctique, une des priorités du gouvernement canadien, les FAC jouent un réle primordial
dans ce mandat en augmentant I’empreinte militaire dans I’ Arctique et en assurant des forces de réaction
rapide en cas d’urgence. Compte tenu du climat extrémement froid, les matériaux de construction qui
pourraient étre utilisés dans I’ Arctique ou dans les régions du nord doivent étre mis a I’essai pour vérifier
leur efficacité dans de telles conditions.

Ce projet se concentre sur la conception et la mise a I’essai de deux types de panneaux blindés qui
pourraient étre utilisés dans une structure en treillis formant ainsi un systéme de protection léger et
modulaire. Ce systeme de protection pourrait étre construit avec des outils de base, sans machinerie
lourde. 1l serait adaptable a tout environnement austere, y compris I’ Arctique, et pourrait étre adapté a des
fins d’utilisation sur une variété d’éléments d’infrastructure, comme un mur périmétrique ou pour fortifier
une structure existante. Ce projet vise principalement les panneaux blindés. Deux types de panneaux ont
été fabriqués et testés, des panneaux en béton fibré enveloppé de bandes de polymere renforcé de fibres et
des panneaux de béton fibré a ultra haute performance. Les deux types de panneaux ont été congus afin
d’avoir des résistances a la flexion similaires pour comparer leur comportement dans des conditions de
charge dynamiques.

Un montage expérimental de type pendule a été utilisé pour étudier les effets de chargement
dynamique extrémes sur les panneaux et ainsi déterminer leur efficacité en conditions arctique. Les
panneaux ont été testés a deux températures différentes, a la température ambiante du laboratoire de 20 °C
et une température froide de -55 °C pour simuler un environnement arctique. Les panneaux devant étre
testés a -55 °C ont été placés dans un congélateur industriel de grande taille. Les deux types de panneaux
avaient les mémes dimensions, une longueur de 1040 mm, une largeur de 535 mm et une épaisseur de
38 mm. Les panneaux en béton renforcé de fibre étaient enveloppés de deux bandes de polymere renforcé
de fibres de 100 mm de largeur et de 0,33 mm d’épaisseur. Des essais de résistance a la flexion trois-
points quasi statiques ont été réalisés sur les deux types de panneaux afin de déterminer leur
comportement charge déflexion ainsi que leur capacité a dissiper I’énergie. Un total de huit essais quasi
statiques ont été réalisés, deux pour chaque types de panneaux a température ambiante et deux pour
chaque types de panneaux a des températures arctique. Des essais dynamiques ont été effectués a I’aide
du systeme de type pendule, I’énergie d’impact étant modifiée en variant la hauteur de chute du marteau.
Les hauteurs de chute varient de 350 mm a 1500 mm, ce qui correspond a des énergies initiales allant de
450 J a 1900 J. Un total de seize essais d’impact a été effectué. Suite aux essais d’impact a température
ambiante, les panneaux ont été testés en flexion trois-points afin de déterminer leur capacité résiduelle de
la méme fagon que pour les essais quasi statiques. Pour les essais de résistance résiduelle des panneaux a
température arctique, les panneaux ont été replacés au congélateur apres I’essai d’impact afin d’atteindre
a nouveau une température de -55 °C et ensuite testés en flexion trois-points.



Le programme expérimental a démontré que les deux types de panneaux pouvaient résister a des
charges d’impact correspondant & des niveaux d’énergies de pres de 1900 J sans rupture. La température
arctique n’a pas affecté la performance des deux types de panneaux, apportant méme une légere
amélioration de la résistance de certains panneaux. La résistance résiduelle des panneaux de béton fibré a
ultra haute performance a été facilement prédite en fonction de la déflexion permanente a mi-portée
causée par I’essai d’impact. Les panneaux en béton de fibré enveloppés de bandes de polymére renforcé
de fibres a température ambiante ont vu leurs résistances résiduelles diminuer et leur déflexion
permanente augmenter, tandis que les panneaux testés a température arctique ont gardé la méme
résistance résiduelle malgré des quantités différentes de déflexion permanente. Les deux types de
panneaux ont présenté un comportement ductile, les panneaux en béton fibré & ultra haute performance
ont atteint des déflexions maximales de 100 mm et les panneaux en béton de fibres enveloppé de bandes
de polymeére renforcé de fibre on atteint des déflexions maximales de 120 mm.

Un modele & un degré de liberté a été congu et validé afin de prédire le comportement des
panneaux en fonction de différents niveaux d’énergie d’impact. Des fonctions de résistances ont
également été determinées en utilisant les courbes charge-déflexion des essais quasi statiques. Le modéle
est basé sur une approche numérique itérative qui utilise une accélération constante pour chaque
incrément de temps pour déterminer le déplacement de la mi-portée dans le temps. Le modéle fournit des
résultats précis pouvant étre utilisés pour prédire le déplacement maximal des panneaux selon les données
de fonction de forces.
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1. INTRODUCTION

1.1 Project Background

Protective structures are used by the Canadian Armed Forces (CAF) during deployments to foreign
territories and within domestic borders to protect key pieces of infrastructure. The CAF, along with its
allies, primarily make use of earth filled gabions produced by the company Hesco®. These products
consist of a collapsible wire mesh frame with a heavy-duty fabric liner [1]. These gabions are stackable
which provides versatility and allows for perimeter walls, bunkers, and a variety of protective works to be
created. While the units themselves are lightweight and collapsible, once filled with earth they are no
longer reusable because the fabric often gets torn while being emptied, the wire mesh becomes twisted or
tangled, and they must be emptied by hand as opposed to using heavy equipment.

To transition away from these costly, single use gabions, the CAF is seeking alternatives that are
lightweight, modular, and reusable. The United States Army Corps of Engineers has created a system
that generally fits these requirements, and which was an inspiration for this project. The U.S. Army
Corps of Engineers system is called the Modular Protective System (MPS) and combines a lightweight
metal spaceframe with armoured panels, as seen in Figure 1-1 [2]. This system consists of a rapidly
erectable frame and armour panels which can be built in various configurations and optimized to protect
against direct and indirect-fire threats. The modules can be stacked or connected side by side to form
many different wall lengths and configurations. The components of the MPS are one or two-man portable
and can be assembled with no special tools.

Figure 1-1 - Modular Protective System designed by U.S. Army ERDC [2]

In addition to finding a force protection system that satisfies the aforementioned criteria, it must be
feasible and effective in all types of weather conditions, especially in cold temperature regions like
Canada’s Arctic. Since the publication of Canada’s Northern Strategy in 2008, sovereignty in Northern
Regions is one issue on which the Government of Canada is focused in order to advance its interests both
domestically and internationally [3]. As a result of climate change and the possibility of accessing
untapped natural resources, the Arctic region is becoming an area of geopolitical significance to not only
our country, but also our Arctic neighbours. The Canada First Defence Strategy provides direction to the
CAF that they must have the capacity to exercise control over and defend Canada’s sovereignty in the
Arctic [4]. The policy also directs that the military will play an increasingly vital role in demonstrating a



visible Canadian presence in this potentially resource-rich region. A modular protective system designed
or procured by the CAF must be effective in Arctic conditions so that it can be utilized to protect key
assets located at northern bases such as Canadian Forces Station (CFS) Alert.

1.2 Aim

The aim of this project was to design a lightweight, armour panel that could be utilized as part of a
modular protective system. Two panels were designed and research was conducted to determine the
response of these panels when subjected to dynamic loads caused by impact. The first type of panel is a
steel fibre reinforced concrete (SFRC) panel strengthened with fibre reinforced polymer (FRP) straps.
The second type is a panel made of ultra high performance fibre reinforced concrete (UHPFRC). The
FRP straps were added to the SFRC panel to give it a similar design strength to the UHPFRC panel’s
design strength. The panels were tested at ambient laboratory temperatures and extreme cold
temperatures to examine the differences in behaviour at the two different temperatures and to ensure the
panels are effective at cold temperatures.

1.3 Scope

The scope of this project was restricted to focus solely on the ability of the two types of armoured
panels to resist impact loads at ambient and cold temperatures. Although these panels would be installed
in a spaceframe-type structure to provide sufficient protection, the design and testing of this type of
structure was beyond the scope of this research.

Panels were cast and tested in the RMCC Structures Laboratory and were designed to be 1040 mm
in length, 535 mm wide and 38 mm thick. These dimensions were selected to ensure that overall panel
weight was kept under 100 Ibs which would allow them to be carried and installed by two individuals.
The FRP straps that were placed around the SFRC panels consisted of two layers of MBrace CF160 and
were 100 mm in width. Panel dimensions and FRP placement details are found in Figure 1-2.

38 mm 38 mm
at , 1
o 38 nl} 1040 mm B | i TS R
A s = T BB
ol |
T s +
195 mm. 535 mm 535 mm
[ + =
o]
T = +

(a) SFRC/FRP Panel (b) UHPFRC Panel

Figure 1-2 — Panel Dimensions

The experimental study in this thesis evaluated and compared the two types of panels. Two types
of testing were completed, testing the static and dynamic qualities of the panels. Quasi-static three-point
flexural bending tests were completed on untested panels to determine a baseline load-deflection
behaviour, using the set-up shown in Figure 1-3. The three-point flexural bending test was also used to
determine the residual strength of impact tested panels. The impact testing conducted as a part of this
research used a pendulum-type impact hammer, shown in Figure 1-4. By varying the drop height of the
impact hammer, the amount of impact energy could be altered. The initial impact energies were selected
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based on the baseline data provided by initial quasi-static testing, and subsequent impact energies were
chosen based on the results of previous impact tests.

Quasi-static testing was conducted using a MTS Model 322 machine. This machine was
displacement-controlled and the head was set to displace at a rate of 2 mm/min. Panels were supported
within the machine by triangular pins with bearing plates on top which would allow translation in the
horizontal direction and limited rotation. The load was applied to the panel at midspan to simulate the
same loading conditions as those found in the dynamic test.

Loading
Plate

Specimen
Q

6 Support ” VDT Support ﬁ

Figure 1-3 - Three-point flexural bending test set-up

Dynamic tests were conducted at varying hammer heights which altered the impact energy of the
system. The same impact energies were used for tests of each type of panel and at each temperature, to
have meaningful data. Once an impact test was completed, the residual strength of the panel was tested
by using the same three-point flexural bending test setup that was used for the quasi-static testing. For the
panels tested at cold temperatures, they were returned to the freezer following the impact test so they
could return to the proper temperature. Once the correct temperature was reached, approximately -70°C,
the panel was taken out of the freezer and installed in the flexural testing apparatus. By the time all the
instrumentation was set up and the test was ready to commence, the panels had reached the proper testing
temperature of -55°C.

Note: All heights in mm

Testing ®= Drop height level

Frame Specimen
Figure 1-4 - Impact Hammer Drop Heights

All experimental testing in this research was conducted on each type of panel, at both ambient and
extreme cold temperature. This was done to compare the behaviour of not only each type of panel, but to
see the behavioural difference between panels tested at ambient laboratory temperature and extreme cold



temperature. In total, 23 panels were tested during this research project. The testing schedule can be seen
in Table 1-1.

Table 1-1 - Testing Schedule

Panel Material Test Type Temperature # of
Specimens
Static Ambient 2
Cold 1
SFRC/FRP ﬁ ﬁ
Impact
—— Ambient 4
'; Cold 4
"
Static Ambient 2
Cold 2
0 0
UHPFRC
Impact
Ambient 4
; Cold 4
"

Numerical modeling for this research consists of single degree of freedom (SDOF) modeling,
which is frequently used as a predictive modelling tool for the design of concrete members to resist
impact loads. This model was validated using the experimental testing results and can predict panel
behaviour based on the impact load to which they are subjected.

1.4 Thesis Organization

This document was written in the article-based format as laid out in the Royal Military College of
Canada (RMCC) Thesis Preparation Guidelines [5] and has five chapters. Chapter 1 introduces the
research project, establishes the aim and outlines the scope of the research. Chapter 2 provides a review
of the current, relative literature that pertains to the topics discussed in this thesis. Chapter 3 consists of a
stand-alone article that will be submitted for publication in a relevant engineering journal. This article
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discusses the results and analysis of the experimental testing conducted on the FRP strengthened SFRC
panels. Chapter 4 presents the second stand-alone article that will also be submitted for publication. The
second article is presented in a similar manner to the first, but discusses the results and analysis of the
experimental testing conducted on the UHPFRC panels. Both articles discuss the differences in panel
behaviour when in ambient laboratory temperatures versus extreme cold temperatures. Chapter 5
concludes the research project by highlighting the key findings and providing recommendations for future
work. Appendices follow Chapter 5.

Because the document is prepared in manuscript format, the references for Chapter 3 and Chapter 4
are contained within the chapters and the numbering of the references is initiated at 1 in these chapters.
The references for Chapters 1, 2 and Appendix A are provided at the end of the document and are
numbered independently of the two manuscript chapters.

1.5 Description of Appendices

As this thesis document is written in the manuscript format, information that was pertinent and
essential to the individual papers was provided within those papers. The remainder of the information
that was gathered in this research project is provided in the appendices that are located at the end of this
document. The reader is highly encouraged to read Appendix A as it provides extensive information
regarding the procedures followed during this research project.

Appendix B provides the preliminary calculations that were completed during the design process of
these panels. The intent was to design panels from two different materials that had similar flexural
strengths to be able to compare the behaviours of these two materials. As seen in the calculations, both
types of panels were designed to have peak strengths of just over 12 kN but as testing showed, both
materials exceeded these predicted strengths.

Appendix C includes drawings of the forms that were used for casting both types of panels. The
SFRC panels were cast first and then once they were removed, the forms were used to cast the UHPFRC
panels. The forms were built using standard framing lumber and the panel dimensions were selected to
optimize the lumber sizes available.

Data collected from an impact test is provided in Appendix D. The time window where the impact
event took place is included but the remainder of the data was removed to minimize the length of the
appendix.

The moment-curvature model that was developed to predict the quasi-static flexural strength of the
panels is included in Appendix E. The model was created in Microsoft Excel and several screenshots are
found in the Appendix. This model is explained in Appendix A but is not referenced in either Chapter 3
or 4. Note that the spreadsheet has been condensed for proper formatting within the document.

The SDOF model was also created in Microsoft Excel and is found in Appendix F. The model was
used to predict the behaviour of each panel tested dynamically but only the calculations for panel UAI3
are found in the Appendix. The graphs for all other panels can be found in Appendix H or I. Note that
some of the data from the spreadsheet was cut out to enable printing.

Appendix G includes the conservation of energy spreadsheet that was used to make the conservation
of energy graphs found in the papers. This spreadsheet was developed using the formulas that were
included in the papers. The example spreadsheet that is found in the Appendix is for panel UAI3.



The final two appendices, H and 1, include all graphs created for each panel. Appendix H displays
graphs for the SFRC panels and the UHPFRC panel graphs are shown in Appendix I. The graphs for
each panel are in the same order, from left to right, top to bottom: SDOF model, quasi-static three-point
flexural bending, conservation of energy, and dynamic load-deflection.



2. LITERATURE REVIEW

2.1 General

This section will provide an in-depth review of current and relevant literature pertaining to the
subject of ultra high performance fibre reinforced concrete (UHPFRC). It will also provide the reader
with sufficient background knowledge of steel fibre reinforced concrete (SFRC), fibre-reinforced polymer
(FRP) strengthening, and dynamic impact loading to provide a basic understanding of the materials and
testing procedures used within this research. This literature review encompasses all topics covered in the
manuscripts included within this document, serving as a review for the entire project. Each individual
manuscript has its own brief literature review which summarizes the most important information from this
review to provide the manuscript reader the required, pertinent background knowledge. References for
this Chapter can be found after Chapter 5, while Chapters 3 and 4 have their own reference lists as they
are stand-alone papers.

2.2 Steel Fibre Reinforced Concrete

SFRC is simply defined as normal strength concrete which contains randomly distributed steel
fibres, such as those shown in Figure 2-1. These fibres are added to the mix prior to pouring and are
intended to reinforce concrete, which on its own, is brittle and lacks tensile strength and ductility [6].
Much research has been done in this field over the past few decades to determine the key material
properties and how it behaves within various structures.

Figure 2-1 - Random fibre orientation in SFRC [7]

There are many different types of steel fibres that can be used in this application, with variations in
length, width, and shape, as shown in Figure 2-2. The most common types of steel fibres are those cut
from sheets, slit sheet fibres, fibres extracted from steel melt, and mill cut fibres [6]. These fibres have a
random distribution in the mix which leads to an increase to both the ultimate strength and the toughness
or ductility of the concrete structural component [8]. These fibres increase the tensile capacity of the
member as they bridge the cracks that form in the tension regions of the member as loads increase. It is
recommended that the aspect ratio of the fibres, the ratio between fibre length and diameter, be less than



100 and it typically ranges from 20 to 100 [8]. If the aspect ratio is larger than 100, the fibres tend to
clump within the mix, reducing workability and preventing a uniform distribution within the mix.

Smooth surface (round, flat or of any shape)

Indented, etched, roughened surface

Round with end paddles

[== =]
Round with end buttons
O G
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. Crimped (round, fiat or of any section) )
e R R

Palygonal twisted (new)

Figure 2-2 - Typical profiles of commonly used steel fibres in concrete [9]

In addition to selecting a proper aspect ratio of fibre, the proper dosage must be used. Fibre dosage
is typically quantified as a percentage of the overall volume of the mix. The American Concrete Institute
(ACI) recommends a dosage rate between 0.5 and 1.5% by volume [10]. Like the negative affects of a
large fibre aspect ratio, having a fibre volume fraction greater than 1.5% can reduce the workability of the
mix and cause balling or matting of the fibres.

Due to the water to cement ratio of a concrete mix being one of the key characteristics, adding
water to improve workability is not feasible. Instead of adding water to the mix, an admixture known as
superplasticizer is added which increases the workability of the mix while reducing the water amount by
12-30% [11]. Dosage amounts of superplasticizer to reduce the water to cement ratio range from 5-20
litres per cubic meter of concrete. All dosage recommendations depend on the type of superplasticizer
used, with most manufacturers providing literature and instructions, but often several trial mix designs
must be batched to determine an ideal mix.

Steel fibres are typically used as secondary reinforcement in addition to reinforcing steel bars. In
many applications, fibres are used to control cracking caused by fatigue, impact, shrinkage, or thermal
stresses [8]. Steel fibres can be the sole source of reinforcement in members that do not require
continuous reinforcement for the structural integrity or safety that it provides. In thin sections that are not
required by code to have continuous reinforcement, such as non-structural blast wall panels, steel fibres
can be used to reduce the section depth but still provide improved toughness, flexural strength, and impact
and fatigue resistance.

Research done by Banthia [12] shows that the addition of steel fibres increases the ductility of the
concrete member both under static and dynamic loading conditions. He also found that hooked end steel
fibres were superior to straight polypropylene fibres. A dramatic increase in the peak loads and fracture
energies were also noted by adding steel fibres to the mix. The failure method noted was primarily steel
fibre pull-out, with increasing numbers of fractured fibres as impact energy was increased. The addition
of fibres reduced spalling and helped preserve the integrity of beams subjected to impact loads.
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2.3 Ultra High Performance Fibre Reinforced Concrete
2.3.1 Definition

Ultra high performance fibre reinforced concrete (UHPFRC) is a material that can be characterized
by the following ACI 239 definition, currently pending approval: “Ultra-High Performance Concrete
(UHPC) is a cementitious, concrete material that has a minimum specified compressive strength of 150
MPa with specified durability, tensile ductility and toughness requirements; fibres are generally included
to achieve specified requirements” [13]. The inclusion of steel fibres in some cases reduces the
requirement for passive reinforcement such as normal steel reinforcing bars. The purpose of UHPFRC is
to achieve high tensile strengths through the activation of the steel fibres within a matrix. This matrix still
provides tensile strength even after first cracking due to the bond between the fibres and the concrete [14].
As this material is still relatively new and there are no existing North American design codes, CSA
formed a working group in December of 2015 to develop a new annex on UHPC materials for their code,
A23.1[15].

Due to the relatively new nature of this material, there are a wide variety of both commercially
available products and laboratory created mix-designs which claim to be ultra high performance
concretes. There are no standard specifications outlining the material properties that must be satisfied to
be classified as an UHPFRC with many manufactures and researchers focusing on achieving a high
compressive strength [16] [17]. The penultimate property of a UHPFRC material is not only a high
tensile strength, around 10 MPa, but that it exhibits strain hardening after reaching the ultimate strength
and post-cracking. As each type of UHPFRC is unique, they all behave in slightly different manners but
achieve the same basic properties.

2.3.2 Mix Design

There are many variations to the recipe or mix design for UHPFRC but all types are composed of
the following constituents: cement, additives (powders), hard fine particles, water, admixtures, and steel
fibres [18]. Each manufacturer or researcher alters the mix design in their own way to obtain specific
material properties such as a higher compressive strength, better tensile properties, or more ductility. A
standard UHPC mixture is list below in Table 2-1. Note that fibres are not included in this recipe, hence
why it is referred to as UHPC as opposed to UHPFRC.

Table 2-1 - UHPFRC Mix Design, adapted from [19]

Cement | GGBS™ | Silica fume | Silicasand | Superplasticizers | Water Steel fibre
2% volume

m
kg/m® 657 418 119 1051 40 185 157

! Ground granulated blast furnace slag (GGBS).

As with normal concrete mix designs, cement is the primary constituent with a dosage around
700-800 kg/m? for most UHPFRC mixes [16] [20] [21] [22]. The amount of water included depends on
the type of cement as each type has a different water demand. While the water to cement ratio of normal
concrete is around 0.50, with UHPFRC the ratio is closer to 0.10-0.30. The solid particle materials that
make up UHPFRC are all very fine particles, with no coarse aggregates. These particles allow a tight,
cohesive matrix to form and this matrix, and the bond between the matrix and the steel fibres, is what
gives UHPFRC its strength [14]. The ultra-fine particles such as silica fume and fine sands such as quartz
or silica sand fill the matrix between the larger cement particles and are dispersed evenly using
superplasticizers. Figure 2-3 shows the affect of superplasticizers on the concrete matrix, with a typical
cement paste (A), a cement paste that has achieved more uniform packing using a superplasticizer (B),
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and a concrete matrix that is formed with cement and ultrafine particles, such as silica fume, dispersed
evenly using superplasticizer (C). UHPFRC is a flowing, self-consolidating type of concrete due in part
to the addition of superplasticizers and the lack of coarse aggregates.

Cement

Ultrafine -
particles ——

Figure 2-3 - Superplasticizer effect on concrete matrix [23]

The addition of fibres is what makes UHPFRC such an effective and strong material. The concrete
material matrix can form a strong bond with the fibres that serves to solidify the overall strength of the
material. While providing a large increase in the tensile strength of the material, fibres also increase the
compressive strength of the material and prevent brittle failures and spalling [22]. The type of fibres
added to the concrete mix have as much of an effect on the overall material properties as the types of
cement and fines used [24]. There are a variety of different types of fibres used in UHPFRC applications,
with materials such as high carbon steel, polyvinyl alcohol (PVA), and glass used to manufacture them
[15]. The fibres are typically quite short, with those between 10-12 mm being the most commonly used.
Certain mix designs call for a combination of fibres, sometimes containing up to three different sizes. In
most dual-fibre mixes, there is a short fibre with a length less than 5 mm and a larger fibre with a length
less than 30 mm [25]. The purpose of the short fibres is to prevent shrinkage cracks while the longer
fibres provide the tensile strength, ductility, and toughness mandated of a UHPFRC. The majority of
UHPFRC mix designs call for one type of fibre, with the most common being the in the range of 10-12
mm in length.

The proper dosage and correct type of fibres for a mix design are not the only important factors in
producing a strong, ductile UHPFRC. The last critical step in producing effective UHPFRC members is
ensuring there is an effective fibre orientation. Fibre orientation refers to the direction the fibres are
oriented within the member. For a flexural beam for example, the fibres should be running in the same
direction as the length of the beam, so that they will bridge the flexural cracks the will be located at the
midspan. Since UHPFRC is a self-consolidating type of concrete, it flows well and requires no vibration
during casting. Vibration during casting causes the fibres to orient themselves around the vibrator,
leaving a fibreless area in the concrete. The fibres will orient themselves in the direction of flow so the
casting method and production process must be carefully thought out to ensure the fibres are oriented
properly for the required application [24].

2.3.3 Material Properties

Normal strength concretes are primarily categorized based on their compressive strength. While
the compressive strength of UHPFRC is impressive, normally greater than 150 MPa, current design
practices make it difficult to utilize this extremely high strength. In uniaxial compression, UHPFRC
behaves differently than normal concrete because of the addition of the fibres and the tightly bonded
matrix. There are six distinguishable phases of cracking in UHPFRC, as seen in Figure 2-4 and explained
below:
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elastic deformation between 0-40% of f°;
development of microcracks parallel to the load between 40-70% of f’;

development of microcracks perpendicular to the load between 79-90% of f’;
localization of a macrocrack perpendicular to the load between 90-100% of f°;
post-peak phase with the opening of the macrocrack;

complete rupture by lateral bursting.
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Figure 2-4 - Behaviour of UHPFRC under uniaxial compression [22]

The strain hardening behaviour of UHPFRC occurs due to the multiple cracks that form within the
cross-section, as opposed to normal fibre reinforced concrete which will usually just have one large crack.
The tensile response of UHPFRC is affected by the fibre properties such as their strength, stiffness,
geometry, etc. as well as the concrete material matrix properties and the fibre-matrix interface properties.
These variations in material properties, of both the steel fibres and the concrete material matrix, alter how
the specimen will behave in tension, with several characteristic tensile responses shown below in Figure

2-5 [24].
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Figure 2-5 — Characteristic stress-strain behaviour of UHPFRC materials in tension [24]

A comparison between the tensile behaviour of normal SFRC and UHPFRC can be seen below in
Figure 2-6. In this figure, the first region (1) is the elastic behaviour of the material up to point A. Point
A is where the first crack occurs and the section continues to crack from point A to point B, during the
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strain hardening phase. At point B, the primary crack opens and leads into a softening branch from point
B to point C. This behaviour is much different than normal SFRC which, as shown in the figure, lacks a
strain hardening phase after first cracking.
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Figure 2-6 - Typical stress elongation response of fibre reinforced cement composites [9]

While the standard tests used for determining the compressive strength of normal strength
concrete are suitable for finding the compressive strength and elastic modulus of UHPFRC, new testing
standards must be made for determining the tensile strength. Studies have shown that the split-cylinder
test (ASTM C496) and flexural test (ASTM C1609) do not accurately portray the tensile strength of
UHPFRC [24] [26] [27]. A practice of making a dog bone shaped specimen, clamping it at the ends and
placing a tension force on it has been found to be the most accurate test and is likely to be adopted as the
standard test for determining the tensile strength of UHPFRC [28]. An example of the dog bone
specimen tension test can be seen in Figure 2-7. The purpose of the smaller cross-section width at
midspan is to ensure that failure occurs at this location, allowing it to be accurately recorded. This test is
done to satisfy three important requirements for a pure tension test [29]:

e Application of load without eccentricity to the specimen, to achieve a pure tensile loading
condition;

o Sufficient rigidity in the testing apparatus so that the crack opens uniformly across the width; and

o Sufficient stiffness so that after fracture, the post-crack response can be recorded.
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Figure 2-7 — Direct tension test for UHPFRC using dog bone specimens

UHFPRC is an innovative new material with key properties like ductility and post-crack strength
which is giving designers the ability to create thinner structural components and is causing design codes
to be rewritten to maximize the benefits of this material. The ductility provided by thin UHPFRC
sections has attracted those who design structures which must be capable of surviving impact loading
events such as those caused by explosive blasts.

2.4 FRP Strengthening

FRPs used for the strengthening of concrete members are composite materials made up of polymer
matrices which are reinforced with fibres. The most common types of fibres used to reinforce the
polymer matrix are glass, aramid, and carbon. This review will primarily focus on carbon fibre-
reinforced polymer sheets. There are two design codes in Canada which deal with the use of FRPs in
both construction and as a strengthening technique, Canadian Standards Association (CSA) Standard
S806-12 [30] and CSA Standard S6-14 [31]. The advantage of using FRPs to strengthen existing
concrete members is that they possess excellent properties such as high tensile strength and stiffness, they
are lightweight, and they resist corrosion and chemicals [32].

Carbon FRPs (CFRPs) typically come in flexible, woven sheets but also exist as a cured material of
fibre and epoxy both in sheet and reinforcing bar form. The flexible sheets are the most commonly used
for external bonded strengthening because they are easily applied to a concrete member using a wet lay-
up method, as shown in Figure 2-8. This method entails applying an epoxy to the concrete surface and
laying the sheet over the epoxy. Once the sheet is flattened and smoothed against the concrete, an
additional layer of epoxy is applied over to the outside surface to completely bond the FRP sheet to the
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concrete member and to protect the fibres. Many studies have focused on the bond between the FRP
sheet and the concrete member [32] [33] [34] [35] [36]. The wet lay-up method can be used to strengthen
beams or columns in flexure or shear, and can help in confinement of concrete columns [37].

Figure 2-8 — FRP wet lay-up on concrete beam [38]

To strengthen a concrete member in flexure, strips of FRP are bonded to the tension face of the
member using epoxy. Because most FRPs are unidirectional (the fibres run in one direction only), they
can only provide strength in one direction. This means that the strips of FRP must be placed such that
their fibres are oriented in the proper direction. For a simply-supported flexural beam, this means that the
strips must run along the length of the bottom of the beam, as shown in Figure 2-9.

Figure 2-9 - FRP strips added to bottom of flexural beams [39]

Few studies have been done on the impact resistance of FRP strengthened members but research
by Bhatti et al. [40] showed that the impact resistance of reinforced concrete slabs was increased by
attaching an FRP sheet to the back surface of the slab, with the amount of strength added varying
depending on the strengthening volume of the FRP sheet. A study by Yoo et al. [41] conducted
experimental testing on normal strength concrete and SFRC slabs. Some slabs were strengthened with
FRP sheets while some were left bare. This study found that when slabs were strengthened with FRP, the
maximum deflections decreased by about 34% and the slabs could dissipate impact energies that were 2.3
- 2.7 times larger than normal RC and SFRC slabs.
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While there is a large amount of published literature on the topics of FRP strengthening of
reinforced concrete members, there is little research on the topic of FRP strengthening of SFRC members,
especially when exposed to dynamic loading. Combining the ductility and crack control of SFRC with
the tensile strength of FRP would likely lead to a very effective member.

2.5 Blast and Impact Loads

As defined by Cormie et al. [42], an explosion is a very fast chemical reaction producing transient air
pressure waves called blast waves. An explosive blast produces thermal radiation in the form of a fireball
and a large pressure and temperature gradient in the form of a blast wave front. This blast wave is a very
compressed layer of air that is in disequilibrium with the air surrounding it. This disequilibrium causes
the blast wave to expand outwards from the centre of the explosion towards the area of undisturbed air.
The pressure variant between the undisturbed air and the blast wave reduces the further that the blast
wave travels away from the centre of the explosion. The blast wave is propagated by the initial energy of
the explosion and is forced to over-expand, causing the pressure of the air behind the blast wave to be
lower than atmospheric conditions. This causes a negative phase to the blast, which results in a reversal
in flow and a suction effect on particles and debris, bringing them back towards the centre of the
explosion. The effects of the blast phases can be seen in Figure 2-10.

Figure 2-10 - Variations of blast effects associated with positive and negative phase pressures with time [42]
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2.5.1 Blast Phases and Parameters

There are three phases to a blast which correspond to differences in pressure. The first phase is
when the environment is in equilibrium and the air pressure is atmospheric. This phase is taking place
until the blast occurs and leads all the way up until the blast wave arrives at the location in question. The
time from detonation until the blast wave impacts the structure is known as the arrival time (ta). When
the blast wave contacts the structure, there is an immediate peak in pressure, the peak incident pressure
(Pso), and the positive phase commences. The pressure begins to decay as soon as the blast wave passes
and the duration of this pressure above atmospheric pressure is known as the positive phase duration (t,).
As the pressure continues to decay below atmospheric conditions, the negative pressure phase begins and
continues until such time that the pressure returns to atmospheric (t,-). All phases of the blast can be seen
in Figure 2-11 which is a typical pressure-time history. In addition to these parameters, the specific
impulse (is), and negative specific impulse (is-) are also important in blast analysis calculations. These
values are simply the area under the incident pressure curve for both the positive and negative phase
respectively [43].
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Figure 2-11 - Typical pressure-time history [43]

When designing a structural component to resist blast loads, the blast wave is simplified to be a
triangular pressure load which idealizes the positive phase. The damage that is caused by an explosive
blast occurs during the positive phase and is due to the punching characteristics of the peak positive
pressure and impulse. To idealize the positive phase, which decays exponentially, the peak positive
pressure is maintained but the positive phase duration is changed in order to maintain the same positive
impulse. An idealized blast wave pressure-time history is shown in Figure 2-12.
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Figure 2-12 - Idealized pressure-time history

This triangular load represents the positive pressure phase can generally be replicated within a
laboratory setting using an impact testing apparatus. Because of the impactor-specimen interaction the
actual loading of an impact test may be more complex than this simplified representation.

2.5.2 Laboratory Impact Tests

Conducting explosive blast testing in the field is a very expensive and time-consuming process,
and as such, other methods are required to simulate blast load conditions [44]. Concrete displays stress-
rate sensitivity under compression, tension, and flexural loading conditions, which implies that the
material properties determined through static laboratory testing cannot be used to predict the behaviour of
concrete when it is subjected to high stress-rate loading conditions such as blast, impact or seismic events
[45]. There is no generally accepted technique or practice to conduct impact load testing within a
laboratory with various researchers using different testing set-ups. Researchers have typically used drop-
weight impact machines, the Split Hopkinson bar, or a shock-tube apparatuses to simulate blast loads
through impact events which have similar behaviour to a blast pressure wave [40] [46] [47] [48].

There are two basic types of impact loads which can be represented in a laboratory: single point
impact loads, such as those caused by the impact of a projectile, and distributed impact loads, such as
those caused by an explosive blast [12]. There are various set-ups that can be used to simulate distributed
impact loads with many of them being used in the past at the Royal Military College of Canada.
Pendulum-type impact hammers have been used in previous research investigating the effects of impact
loads on RC columns, concrete sandwich panels, and GFRP panels [37] [49] [50]. An impact hammer
was also used to test FRP sandwich panels that had a FRP catcher system, but in this case the hammer
was designed to impact an inflated airbag to apply a distributed pressure load across the panel [51]. A
vertical drop-weight hammer is an alternate arrangement for delivering an impact load to a structural
specimen [40].
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2.5.2.1 Effects of Testing Apparatus

Pendulum impact hammers and drop-weight impact devices are both adjustable by means of
varying the amount of energy they can deliver. The amount of impact energy can be varied by altering
either the drop height, or the mass, or both. The impact energy is governed by the following equation:

E, = Mghq =1/, Mv;? (2-1)

Where E, is the maximum available energy, M is the mass of the impact hammer, g is the gravitational
constant, hy is the drop height of the hammer and v; is the impact velocity. The drop height of the
hammer is difference between the point of impact and the height at which the hammer is dropped from, as
shown in Figure 2-13.

Testing
Frame Specimen

Figure 2-13 - Drop height of pendulum-type hammer
2.5.2.2 Transfer of Energy

Because of the inertial effects of the section’s mass, some of the kinetic energy is lost when the
impact device contacts the section. Very small amounts of energy are absorbed in forms of friction and
heat loss while the remainder is absorbed by the section in the form of deformational energy or bending
[49]. The inertial effects that prevent the full impact energy from being transferred to the section as
deformational energy can be explained by D’Alembert’s principle of dynamic equilibrium. This inertial
force is a distributed load applied in the direction opposite of positive displacement, and is equal to the
product of the section’s mass and acceleration along its length, as shown in Figure 2-14. Per Banthia et
al. [45], this distributed inertial load should be replaced with a generalized point inertial load (P;(t)),
which can then be subtracted from the tup impact load to obtain a generalized bending load (Py(t)):

Py (t) = Pe(t) = P;(t) (2-2)
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Figure 2-14 - Idealized inertial load, after [45]

Another method that can be used to compensate for the inertial loading effects of the specimen,
which was used in this study, is to monitor the support reactions. By monitoring the support reactions,
instead of just the hammer impact load, the load that is applied directly to the specimen can be measured
directly, without the need for subtracting the inertial load.

2.5.3 Instrumentation of Impact Testing

The main parts of the testing apparatus which must be instrumented are the impacting face of the
hammer, the support reactions, and the test specimen. The part of the hammer which contacts the
specimen, the tup, can be instrumented with strain gauges or a force transducer to register the
compressive force of the impact [45]. Strain gauges or force transducers can also be used to determine
the reactions at the supports while a linear variable differential transducer (LVDT) is often used to ensure
there is no deflection of the supports. Depending on the testing apparatus, the support reactions can be
monitored solely on one side and then doubled to obtain the total reaction force, or they can be monitored
from both sides. Accelerometers are typically placed on the impacting hammer to determine the impact
velocity as well as on the specimen to determine deflection of the specimen. The specimen is also
outfitted with strain gauges placed in areas of interest and a LVDT or similar measurement devices, such
as a laser, to measure displacement at key locations, in most cases at the midspan.

2.5.4 Previous Experimental Impact Research

Studies have shown that both SFRC and UHPFRC have inherent material properties that make
them ideal for use in blast loaded structural members. The increased ductility and tensile properties of
both materials make them much more effective than normal reinforced concrete. Adding FRP to the
external face of concrete members can also increase the impact resistance by providing additional flexural
strength.

FRPs have been used to strengthen structural members to be able to resist blast or impact loads,
and to strengthen structural members that have already sustained blast or impact loads. Research by
Malvar et al. [52] showed that composites are effective for retrofitting key structural components such as
columns, beams, and walls subjected to blast loading. Research done by Arndt [37] demonstrated that
FRPs can effectively strengthen a concrete column that has been exposed to an explosive blast, and a
study by Qasrawi et al. [53] showed that casting concrete columns in GFRP tubes increased their energy
absorption when exposed to impact loads.

The impact resistance of concrete slabs has also been the subject of several studies. Research by

Bhatti et al. [40] showed that the impact resistance of reinforced concrete slabs was increased by
attaching an FRP sheet to the back surface of the slab, with the amount of strength added varying

19



depending on the strengthening volume of the FRP sheet. A study by Yoo et al. [41] conducted
experimental testing on normal strength concrete and SFRC slabs. Some slabs were strengthened with
FRP sheets while some were left bare. This study found that when slabs were strengthened with FRP, the
maximum deflections decreased by about 34% and the slabs were able to dissipate impact energies that
were 2.3 - 2.7 times larger than normal RC and SFRC slabs.

A number of research papers have investigated the qualities of ultra high performance fibre
reinforced concrete (UHPFRC) to resist dynamic loading caused by explosive blasts and the
fragmentation associated with these events. Xu et al. [54] conducted research on the behaviour of
UHPFRC columns subjected to blast loading, concluding that they can effectively resist these types of
load while reducing the maximum and residual displacements when compared to high strength reinforced
concrete. In another study, Yi et al. [55] found that deflection, strain, and acceleration measurements
during blast testing revealed that ultra-high strength concrete specimens have higher blast-resistant
capacities than normal strength concrete. A study into the response of UHPFRC panels to blast loading
by Ellis et al. [56] demonstrated that panels made of UHPFRC generated little debris and fragmentation.
The ability of UHPFRC members to produce less fragmentation was also noted by Melancon et al. [57],
who also found that during blast testing of columns, using UHPFRC enhanced the damage tolerance,
increased the column capacity and reduced blast-induced deflections.

2.6 Cold Temperature Effects

The effects of cold temperatures on the blast and impact behaviour of normal reinforced concrete
and the bond between reinforced concrete and FRP materials has had limited published literature [58]
[59]. Unfortunately, there has been little, if any research done on the effects of cold temperatures on
UHPFRC. The only relevant studies are on the effects of freeze-thaw cycles and de-icing chemicals, and
the co-efficient of thermal expansion of UHPFRC [21] [60]. Numerous studies have looked at the effect
of low temperatures on the curing of concrete and the evolution of concrete strength, but few have looked
at the effect cold temperatures have on the impact resistance of concrete.

Green et al. [59] examined the effects of freeze-thaw cycling on the behaviour of reinforced
concrete beams strengthened with FRP sheets in flexure. This study found that there are no significant
adverse effects because of freeze-thaw cycling on RC beams strengthened with FRP sheets. While this
study looked at the effects of freeze-thaw cycling, testing was conducted once the beams returned to
ambient laboratory conditions and it did not investigate the behaviour of the beams when loaded under
cold temperature conditions. A study by El-Hacha et al. [61] investigated concrete beams that were
strengthened with prestressed CFRP sheets and were tested statically at room and low temperatures. This
study concluded that cold temperatures did not negatively affect the behaviour of the CFRP strengthened
beams.

An additional study by Green et al. [58] on the behaviour of FRP confined concrete columns
demonstrated the effects that cold temperatures have on the behaviour of RC members strengthened with
externally bonded FRP sheets. This study confirms two basic effects which occur when FRP materials
are exposed to cold temperatures. The first effect is thermal incompatibility, which is related to the
differences in the coefficients of thermal expansion between different materials, such as concrete and
FRP. These differences cause internal stresses to develop between the concrete and FRP which can
reduce the bond strength between the two materials. The second effect is polymer embrittlement which
explains that while the polymer gains strength and stiffness at lower temperatures, the failure mode
becomes more brittle because the increased stiffness reduces the ability of the matrix to transfer stresses
between fibres.
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2.7 Single Degree of Freedom Modeling

There are many numerical modeling techniques that can be used to analyze and predict the
behaviour of structural members when exposed to blast or impact loads. The most common types of
modeling used in literature and industry are computational fluid dynamics (CFD), finite element models
(FEM) and single degree of freedom (SDOF) modeling. SDOF modeling may seem simplistic compared
to the other methods of dynamic analysis, but it is common in the practice for the blast assessment of
structural components due to its simplicity and validity [62]. Equivalent SDOF analysis simplifies the
conditions within the environment and allows for structural elements such as beams, columns, and walls
to be modelled as a simple spring-mass element, as shown in Figure 2-15. A typical SDOF system
includes a forcing function, a mass, and a spring which resists the acceleration caused by the forcing
function [63]. The forcing function is the blast pressure and the mass is the equivalent mass of the
element in question. The resistance function for the element is determined based on its mass and stiffness
and can include elastic, plastic, and elastoplastic regions. It is unique to each structural member and
considers the cross-sectional dimensions, the amount and type of reinforcement, and the dynamic material
properties. The parameters for the SDOF system are determined such that the maximum deflection within
the system is equal to the maximum deflection that would occur within the actual structural member.
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Figure 2-15 - Structures idealized as spring-mass systems [63]

In the case of impact loading, the inertial force must also be included as a force opposite to the
forcing function, in addition to the mass and stiffness. A dynamic SDOF model is shown in Figure 2-16,
where the forcing function, F(t), is the impact load applied to the system by the hammer, which causes the
mass, m, to move in the positive x-direction. The resisting function to this forcing function is made up of
the stiffness of the structure, k, multiplied by the displacement, added to the inertial force which is equal
to the product of the mass multiplied by the acceleration, x(t). The governing equation for this SDOF
model is:

F(t) = M¥ + kx (2-3)

Research by Biggs [63] developed modification factors which allow the mass and stiffness of a
specimen to be represented as a single element. The equation shown in 2-3 is modified using the
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equivalent mass and stiffness determined by using the modification factors from Biggs to give equation 2-
4, which is then modified using a load-mass factor to give the final governing equation shown in 2-5.
This equation is valid while the specimen is exhibiting elastic behaviour and the second term, kx, is
replaced with the ultimate resistance, Ry, once the elastic limit has been reached. A typical resistance
function can be found in Figure 2-17.

F,(t) = M X + kox (2-4)
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Figure 2-16 - Dynamic single degree of freedom model, adapted from [63]
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Figure 2-17 - Typical resistance function, adapted from [43]

The attractiveness of using SDOF modeling instead of CFD or FEM is the ability for these
models to be done using a spreadsheet such as Microsoft Excel, or they can even be done by hand in some
cases. More complex methods require specific computer programs that use a significant amount of
computational power and can take a long time to run each iteration. A simple SDOF can be quickly built
and run for different testing variations, while still providing accurate results. For those that require more
accurate results, more complex programs may be preferred but in the realm of blast design, there are so
many parameters and uncertainties that the increased accuracy of a complex program would likely be
unwarranted.
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2.8 Summary

There is a wide range of published literature available on the topics covered within this literature
review. This review was intended to give a broad overview on the various elements that constitute this
study and show that there is a gap in published research on the topic of the effect of cold temperatures on
the blast and impact resistance of ultra high performance fibre reinforced concrete as well as FRP
strengthened fibre reinforced concrete. Additional literature reviews are found at the beginning of each
article within this document to provide specific, relevant details to the readers of those papers, allowing
them to be sole-standing documents.
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3. MANUSCRIPT #1: “COLD TEMPERATURE EFFECTS ON THE
IMPACT RESISTANCE OF SFRC PANELS STRENGTHENED WITH
FRP STRAPS”

3.1 Abstract

In this study, lightweight armour panels were designed using steel fibre reinforced concrete
(SFRC) strengthened with fibre reinforced polymer (FRP) straps and experimental testing was conducted.
Normal SFRC with a compressive strength of 40 MPa and a fibre dosage of 1% by volume was used.
Fibres were Bekaert Dramix hooked-end fibres with a length of 60mm.  Panels were cast with the
dimensions of 1040 mm x 535 mm x 38 mm to limit their mass to approximately 50 kg and allow them to
be carried by two individuals. These panels were designed to be a part of a modular protective system
which could be used to protect key infrastructure and assets that may be exposed to extreme loading.
Experimental quasi-static tests were conducted to determine a baseline loading capacity of the panels
using three-point flexural bending. Dynamic testing was conducted using a pendulum-type impact
hammer which could vary the amount of impact energy by altering the drop height of the hammer.
Residual panel strength was determined after the panel was tested dynamically by using the same three-
point flexural bending test that was used for quasi-static testing. All tests were conducted with panels at
ambient laboratory temperatures and extreme cold temperatures to simulate Arctic conditions. Panels
were tested at Arctic temperatures to determine their feasibility protecting critical infrastructure in
Canada’s Arctic. The testing demonstrated that the FRP strengthened SFRC panels could resist impact
loads with energies up to 2016 J without complete failure. Panels were not adversely affected by the
extreme cold temperatures and in fact displayed increased effectiveness. Single degree of freedom
(SDOF) modelling was used to estimate panel deflections based on various impact energies. The
developed model appears to accurately predict peak displacements based on impact loading data.

3.2 Introduction
3.2.1 Protective Structures in Austere Environments

In an age of global terrorism, structures designed with the inherent ability to protect critical
personnel and assets are of key importance to both the private and public sectors. There is an ever-
present threat of accidental explosions in the oil and gas industry and deployed military forces are living
under the constant threat of enemy offensive action. In Canada, the majority of the oil and gas industry is
located in northern climates and the Canadian Armed Forces has several installations in Arctic regions
where extreme cold temperatures are typical during the winter months. Being an extremely cold climate
in the winter months, building materials and equipment intended for use in the Arctic must be tested
under those cold weather conditions to ensure they are effective in the Arctic environment. Not only must
these materials and equipment be functional at extreme cold temperatures, but they must also be effective
during the summer months where temperatures are much warmer. While there has been research
conducted in the fields of FRP strengthening of reinforced concrete (RC) structural components in cold
temperatures [1] [2] and blast [3], there is a dearth of published literature on the topic of FRP
strengthened SFRC exposed to the combined effects of blast or impact loads in extreme cold temperature
environments.
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3.2.2 Impact Resistant Properties of SFRC

Steel fibre reinforced concrete (SFRC) is simply defined as normal strength concrete that contains
randomly distributed steel fibres. These fibres are added to the mix prior to pouring and are intended to
reinforce concrete, which on its own, is brittle and lacks tensile strength and ductility [4]. There are many
different types of steel fibres that can be used in this application, with variations in length, width, and
shape. These fibres have a random distribution in the mix which leads to an increase to both the ultimate
strength, toughness and the ductility of the concrete member [5]. These fibres increase the tensile
capacity of the member as they bridge the cracks that form in the tension regions of the member as loads
increase. Steel fibres can be the sole source of reinforcement in members that do not require continuous
reinforcement for the structural integrity or safety that it provides. In thin sections that are not required
by code to have continuous reinforcement, such as non-structural blast wall panels, steel fibres can be
used to reduce the section depth but still provide improved toughness, flexural strength, and impact and
fatigue resistance. Research done by Banthia [6] showed that the addition of steel fibres increases the
ductility of the concrete member both under static and dynamic loading conditions. He also found that
hooked end steel fibres were superior to straight polypropylene fibres. A dramatic increase in the peak
loads and fracture energies were also noted by adding steel fibres to the mix. The failure method noted
was primarily steel fibre pull-out, with increasing numbers of fractured fibres as impact energy was
increased. The addition of fibres reduced spalling and helped preserve the integrity of beams subjected to
impact loads.

3.2.3 FRP Strengthening

Fibre-reinforced polymers (FRPs) used in strengthening of concrete members are a composite
material made up of a polymer matrix which is reinforced with fibres, typically fibres from glass, aramid,
or carbon. The advantage of using FRPs to strengthen existing concrete members is that they possess
excellent properties such as high tensile strength and stiffness, they are lightweight, and can resist
corrosion and chemicals [7]. To strengthen a concrete member in flexure, strips of FRP are bonded to the
tension face of the member using epoxy. Although externally bonded FRP strips do not enhance the
ability of a member to carry its dead load, it has been shown that the application of FRP strips to a
concrete beam or slab can significantly increase the live load capacity of that structural member [2] [8].
There have not been a lot of studies done on the impact resistance of FRP strengthened members but
research by Bhatti et al. [9] showed that the impact resistance of reinforced concrete slabs was increased
by attaching an FRP sheet to the back surface of the slab, with the amount of strength added varying
depending on the strengthening volume of the FRP sheet. A study by Yoo et al. [10] conducted
experimental testing on normal strength concrete and SFRC slabs. Some slabs were strengthened with
FRP sheets while some were left bare. This study found that when slabs were strengthened with FRP, the
maximum deflections decreased by about 34% and the slabs could dissipate impact energies that were 2.3
- 2.7 times larger than normal RC and SFRC slabs.

3.2.4 Pendulum-Type Impact Hammer Testing

Previous research has investigated the effects of blast loading on various types of structural
components. As blast testing is an expensive and time-consuming endeavour, there have been numerous
studies in literature that attempt to simulate blast loading in a laboratory setting. Researchers have
typically used drop-weight impact machines, the Split Hopkinson bar, or a shock-tube apparatus to
simulate blast loads through impact events which have similar behaviour to a blast pressure wave [11]
[12] [13]. Several studies have been conducted using a pendulum-type impact hammer. This type of
impact hammer provides the researcher with the ability to alter the amount of impact energy and the type
of loading, either impulsive or dynamic, by changing the mass of the hammer and the drop height.
Pendulum impact hammers as well as drop impact hammers have been used in a number of cases to
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effectively apply severe, rapidly applied loading conditions within a laboratory setting with characteristics
similar to projectile or blast loading conditions [14] [15].

3.3 Research Objectives and Scope

This research paper is part of a larger research project which focused on the ability of two types of
armour panels to resist impact loads at ambient and cold temperatures. Although these panels would be
installed in a spaceframe-type structure to provide sufficient protection, the design and testing of this type
of structure is beyond the scope of this research.

The experimental study in this paper evaluated the armour panels made of SFRC that are
strengthened with FRP straps. Two types of tests were conducted, testing the static and dynamic qualities
of the panels. Quasi-static three-point flexural bending tests were completed on untested panels to
determine a baseline load-deflection behaviour. The three-point flexural bending test was also used to
determine the residual strength of impact tested panels. The impact testing conducted as a part of this
research used a pendulum-type impact hammer. By varying the drop height of the impact hammer, the
amount of impact energy could be altered. The initial impact energies were selected based on the baseline
data provided by initial quasi-static testing, and subsequent impact energies were chosen based on the
results of previous impact tests. All experimental testing in this research was conducted on panels at both
ambient and extreme cold temperature. This was done to see the behavioural difference between panels
tested at ambient laboratory temperature and extreme cold temperature.

Modeling for this research consisted of single degree of freedom (SDOF) modeling. This model
was validated using the experimental testing results and can predict panel behaviour based on the impact
load to which they are subjected.

3.4 Experimental Program
3.4.1 Specimens

A total of eleven specimens were tested in this experimental program. Four of those specimens
were tested in a quasi-static manner using three-point flexural bending to determine baseline behavioural
properties, and the remaining eight specimens were tested dynamically using a pendulum-type impact
hammer. Panel dimensions can be found in Figure 3-1 and specimens were cast in plywood forms,
following the recommended curing process outlined by the material supplier. All specimens have the
same external dimensions; 1040 mm in length, 535 mm wide, and 38 mm thick. Panel dimensions were
selected to keep the total panel mass around 50 kg, which would allow them to be carried by two persons.
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Figure 3-1 - Panel dimensions
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Because this study is a part of a larger research project, a four-part specimen designation is used,
with all test parameters shown in Table 3-1. The first letter refers to the type of material used with S
referring to SFRC. The other panels used in this research project but not covered in this paper were made
of ultra high performance fibre reinforced concrete, UHPFRC, and those panels are designated by the
letter U. The second letter indicates whether the panel was tested at either ambient laboratory conditions,
A, or cold temperature, C. The type of test is designated by the third term, with S referring to static
testing and | indicating impact testing. Finally, the last term is the drop height level for the impact

hammer.

Table 3-1 — Specimen Description and Test Parameters

Specimen Panel Material Temperature Test Type Hammer drop
Identification height (mm)

SAS1 SFRC Ambient Static -

SAS2 SFRC Ambient Static -

SCS1 SFRC Cold Static -

SAIl SFRC Ambient Impact 500
SAI2 SFRC Ambient Impact 750
SAI3 SFRC Ambient Impact 1000
SAl4 SFRC Ambient Impact 1500
SCI1 SFRC Cold Impact 500
SCI2 SFRC Cold Impact 750
SCI3 SFRC Cold Impact 1000
SCl4 SFRC Cold Impact 1500
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3.4.2 Materials

Ready mix air-entrained concrete with a steel fibre content of 1% by volume was used in this
study. The fibres used in the study were Bekaert Dramix RC-65/60-BN fibres. These fibres are 60 mm in
length with a 0.55 mm diameter and have a tensile strength of 1345 MPa [16]. Compression tests were
carried out using cylinders with a 100 mm diameter and 200 mm height, and were conducted according to
ASTM C39 [17]. Testing showed that the concrete provided had an average compressive strength of 40
MPa and an average modulus of elasticity of 22 GPa.

3.4.3 Test Setup, Instrumentation, Procedures

Quasi-static testing was conducted using a three-point flexural bending test on a MTS Model 322
machine. This machine was displacement-controlled and the head was set to displace at a rate of 2
mm/min. Panels were supported within the machine by triangular pins with bearing plates on top which
would allow translation in the horizontal direction and limited rotation. The load was applied to the panel
at midspan to simulate the same loading conditions as those found in the dynamic test. The loading set-
up can be seen in Figure 3-2. Midspan displacement was monitored by a 300 mm LVDT.

Loading
Plate

|“7 455 mm ——f«~— 455 mm 4"
Specimen
L]

GSupport ﬂ VDT Support ﬁ

Figure 3-2 — Quasi-static three-point bending testing apparatus

Dynamic tests were conducted at varying hammer heights which altered the impact energy of the
system. The same impact energies were used for tests of each type of panel and at each temperature, in
order to have readily comparable data. An outline of the testing apparatus and testing schedule can be
found in Table 3-2. The impact energy is calculated using the potential energy of the impact hammer
which is based on the mass of the hammer, the drop height, and an acceleration of the gravitational
constant, 9.81 m/s®>. The drop height is calculated as the difference between the raised centre of gravity
(CoG) and the at-rest CoG. Panels were secured to the testing frame using bolts which connected the
panel through a steel rod to the reaction points on the test frame, as shown in Figure 3-3. The bolts were
attached in such a manner to permit unrestrained rotation and limited translation of the tested specimen.
Once an impact test was completed, the residual strength of the panel was tested by using the same three-
point flexural bending test setup that was used for the quasi-static testing. For the panels tested at cold
temperatures, they were returned to the freezer following the impact test so they could return to the proper
temperature. Once the correct temperature was reached, approximately -70°C, the panel was taken out of
the freezer and installed in the flexural testing apparatus. By the time all the instrumentation was set up
and the test was ready to commence, the panels had reached a temperature of -60°C. Due to the duration
of the test, the panels warmed to a temperature of -50°C by the end of the test.
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Table 3-2 — Hammer Drop Heights

Drop Hammer Impact Note: All heights in mm
Height  drop height  Energy
Specimen Level (mm) )
SAIl 1 500 672
SAI2 2 750 1008 ;
SAI3 3 1000 1344 . : |
P . o 2018 ( / ) : 1000 1500
sci1 1 500 ;2 T 0
SCl2 2 750 1008 i
SCI3 3 1000 1344 K
SCl4 4 1500 2016

. ®= Drop height level
Testing

Frame Specimen

Figure 3-3 - Bolted connection of specimen to testing frame

Strain gauges were installed on all panels, whether they were to be tested quasi-statically or
dynamically. Gauges were applied to the FRP straps on the bottom face of the quasi-static panels and the
back face of the dynamic panels, as shown in Figure 3-1. A type T thermocouple was applied to the
surface of each cold temperature panel which provided constant temperature measurement throughout
both the quasi-static and dynamic tests. Dynamic tests were highly instrumented to capture all relevant
data. In addition to strain gauges, dynamic panels also had an accelerometer installed on the back of the
panel at the midspan. Once the panels were installed in the impact testing frame, a laser was used to
measure midspan displacement and an LVDT was placed at one support to monitor support deflections.
The testing frame had three force transducers to measure loading data during the impact event. One force
transducer was installed between the hammer arm and the hammer tup to measure the hammer force, and
the other two force transducers were placed on the reaction points, one on the top left and one on the
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bottom right, to determine the reactionary force. When using the reaction load for energy calculations,
the data collected from each reaction point force transducer was doubled and then combined to obtain a
complete reaction load. All testing frame instrumentation can be seen in Figure 3-4 and the test set-up
can be seen in Figure 3-5.

Force Transducers

Force Transducers

Laser LVDT

Hammer

Laser LVDT Support LVDT

Specimen

(a) Top View (b) Side View

Figure 3-4 - Impact hammer instrumentation

Hammer Frame

Testing Frame

Figure 3-5 - Impact hammer test set-up
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3.5 Test Results

Panel specimens were tested after at least 28 days of curing time. A summary of test results for
guasi-static testing are found in Table 3-3, while the results from dynamic testing are presented in Table
3-4. Quasi-static results include the maximum load measured by the load cell in the MTS machine, By,
, the corresponding peak mid-span deflection measured by a LVDT, A,,,, and the residual mid-span
deflection A,zsiquar, Mmeasured once the load had been removed from the specimen. In addition to values
of maximum load, peak and residual deflections, the dynamic testing results also include hammer
potential energy, Kj, total work done by the hammer, W , and the amount of energy absorbed by the
specimen, E,. The maximum load for the dynamic tests is measured by the force transducer located on
the hammer.

Table 3-3 - Summary of Quasi-Static Test Results

Specimen Maximum Load Peak Deflection Residual Deflection
Pmax (kN) Amax (mm) Aresirhml (mm)

SAS?1? 18.0 39.7 --

SAS2 18.9 100.6 26.9

SCS1 15.8 122.0 25.8

¥Panel was not taken to maximum deflection before loading was removed. No data was obtained during
re-loading.

Table 3-4 - Summary of Dynamic Test Results

Peak Residual ~ Hammer Energy

Drop  Maximum deflection deflection kinetic ~ Work done  absorbed by

height load Apnax Avesiauar  €N€rgy by hammer specimen
Specimen  (MmM) P4y (KN) (mm) (mm) Ky, (3) w (J) E,(J)
SAI1 500 45.2 40.8 14 672.0 482.8 420.5
SAI2 750 73.8 42.2 3.9 1007.8 687.1 642.8
SAI3 1000 82.8 45.2 7.2 1344.0 911.8 877.4
SAl4 1500 96.1 67.0 6.8 2016.0 2082.6 1309.8
SCI1 500 62.3 35.5 5.3 672.0 676.9 284.3
SCI2 750 76.6 44.6 6.0 1008.0 724.5 540.6
SCI3 1000 89.8 56.8 8.0 1344.0 1071.5 896.3
SCl4 1500 86.8 120.0 35.1 2015.9 3249.4 2866.9

%Panel was hit 3 times. Data only acquired for 3" hit.

A SFRC panel without FRP straps was the first panel to be tested quasi-statically to observe the
effect that the steel fibres had on the strength and ductility of the panels. Three FRP strengthened panels
were then tested. All tests were conducted in the same manner, with the ambient temperature panels
being placed into the testing frame and the instrumentation hooked up and verified. Cold temperature
panels were removed from the freezer at a temperature of -70°C and quickly placed into the testing
apparatus. Testing was commenced as quickly as possible, so the temperature of the panel did not
increase higher than -50°C by the end of the test. Cold temperature panels had their temperature range
from -60°C at the beginning of the test to -50°C at the end of the test.
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Dynamic testing began with a drop height of 500 mm for panel SAI1 and was increased to a
height of 750 mm for panel SAI2 to study panel behaviour at various input energies. Upon seeing the
results of those drop heights, it was decided that subsequent tests would be conducted at 1000 mm and
1500 mm to provide impact energies ranging from 672 J to 2016 J. Panel SAI1 was hit three separate
times, with data being recorded the third time. Minor cracking occurred on the first two hits but the
integrity of the FRP straps was not compromised.

3.5.1 General Behaviour

Three panels were tested quasi-statically using three-point flexural bending. Two ambient
temperature panels and one cold temperature panel were tested. The ambient temperature panels
displayed similar behaviour and data was only collected for one cold temperature test. All panels
behaved in the same manner, with the FRP straps debonding and fracturing on the tension face of the
panel before debonding on the compression face of the panel just before failure.

Eight panels were tested under impact loading, four panels were tested at ambient temperature
and four panels were tested at extreme cold temperature. Each panel was subjected to impact loading
from a different hammer drop height, ranging from 500mm to 1500mm. Cold temperature panels were
tested at a temperature range of -50°C to -60°C, while ambient panels were tested at a temperature of
approximately 20°C. Regardless of the drop height, all panels were very quick to crack due to the low
strength of the concrete and the lack of standard steel reinforcement. At the lowest drop height, 500 mm,
the FRP straps remained bonded to the concrete but as the drop height increased, the FRP straps began to
debond. At the highest drop height, 1500 mm, the FRP straps completely debonded on the cold
temperature panel but remained effective for the ambient temperature panel.

A typical impact event is shown in Figure 3-6 with photos captured from high-speed camera
footage. As seen in the images, the hammer impacts the panel at midspan, immediately opening a crack
which propagates from the back of the panel towards the front. In addition to the main crack, secondary
cracks form and there is spalling of concrete from the back of the panel. The FRP straps on this panel, a
1500 mm drop height, debonded from the rear of the panel but remain bonded on the front. Once the
impact event was over, the regions of FRP that remain bonded rebounded the panel back close to its
original position, with a small residual deflection. All panels behaved in this way, with more debonding
of FRP straps and larger residual deflections as the drop height was increased. Only panel SCI4 had
complete debonding of the FRP, which resulted in a large residual deflection that was over four times
larger than the previous largest residual deflection value.
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(a) Hammer is about to impact panel. (b) Hammer impacts panel and crack
begins to form at midspan.

(c) Hammer and panel reach energy (d) Hammer rebounds fully and panel
equilibrium, crack is fully formed. rebounds partially with a permanent

deflection, debonding of FRP and spalling
of concrete.

Figure 3-6 - Typical impact event captured by highspeed camera
3.5.2 Load-deflection behaviour and ductility

The load-deflection curves of the quasi-statically tested panels are shown in Figure 3-7. Each
ambient temperature panel exhibited similar behaviour, with a distinct change in slope at first cracking of
concrete and then a peak load of approximately 18 kN reached at a deflection of about 20 mm. Once the
peak load was reached, the FRP straps began to debond at different locations on the panel, leading to
drastic reductions in load-carrying capacity. After these rapid drops in capacity, the tension was
redistributed to other parts of the FRP straps which allowed the load to increase again. Panel SAS2 was
taken to its full deflection capacity and matched the behaviour of panel SAS1. For the cold temperature
panels, panel SCS1 displayed a slightly different behaviour than those tested at ambient temperature, but
still reached a similar plateau and had a higher maximum deflection. While the cold temperature panel
also experienced drops in load-carrying capacity, these drops were not as significant as those experienced
by the ambient temperature panels. The increased tensile strength of the SFRC at cold temperatures may
allow the tension to be redistributed to other parts of the FRP straps quicker than the ambient temperature
panels. It is assumed that all cold temperature panels will exhibit load-deflection behaviour like that of
panel SCS1, depicted in Figure 3-7, but has not been verified experimentally.
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Figure 3-7 — Load-deflection behaviour of quasi-static panels

The load-deflection curves of the ambient temperature dynamic panels are shown in Figure 3-8.
For each respective curve, the solid line represents an impact test, each graph designates which panel is
represented, and the dashed line shows a comparison to a quasi-static load-deflection test. The loading
data is sourced from the force transducers located on the reaction points of the panel. As seen in the
graphs, there is an increase in deflection before there is a positive load recorded by the force transducers.
This is due to the attachment of the panels to the testing frame and the fact that as the panel displaces at
the midspan, the panel initially pries away from the supports which leads to a negative initial reaction
load before it registers as a positive reaction load. The oscillations in the loading can be accredited to the
oscillations of the panel after impact from the hammer and multiple impacts from the hammer. High-
speed video shows the hammer impacting the panel, rebounding slightly and then continuing to impact
the panel due to the kinetic energy of the hammer and is consistent with the multiple load peaks observed
in Figure 3-8. Ambient temperature panels all displayed similar behaviour with similar peak loads from
the hammer and increased maximum displacements as the drop height increased. The initial delay of load
in the dynamic loaded panels is because the panel must deflect significantly and the inertia of the panel
must be overcome before the reactions read a detectable load in the direction of the hammer’s movement.
The panels neither reached their maximum displacement as defined by the quasi-static tests nor
completely failed.
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Figure 3-8 - Load-deflection behaviour of ambient temperature dynamic panels

The load-deflection curves of the cold temperature dynamic panels are shown in Figure 3-9. Cold
temperature panels displayed similar behaviour to the ambient temperature panels, with similar panel
oscillations, but the differences between adjacent peak loads and trough loads were lower than the room
temperature tests. The lower loads differences are likely due to the increased tensile strength of the SFRC
at cold temperatures. Cold temperature causes the concrete to have higher tensile strength, controlling
and limiting the extent of debonding of the FRP. Furthermore, cold temperatures may cause the concrete
to have increased bond strength on the steel fibres, increasing the tensile strength. This may cause cracks
to be more effectively controlled, avoiding the greater intermittent losses observed in the room
temperature panels. This effect was also noted in static tests where the drops in the load-deflection curve
were less significant for the cold temperature panel than were noted for the room temperature tests. Panel
SCI4 reached its maximum displacement and failed while all other panels had residual strength.
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Figure 3-9 - Load-deflection behaviour of cold temperature dynamic panels

Although the general behaviour and shape of the load-deflection curves for impact tested ambient
and cold temperature panels are similar, there are several differences in their behaviour. In addition to the
differences in peak and trough loads, cold temperature panels generally experienced lower peak loads
while reaching the same or greater maximum midspan displacements with the exception of the highest
energy level at cold temperatures where the loads are highest at large deformations in panel SCl4. Again,
this may be explained by the increased effectiveness of the concrete to bond both the FRP and steel fibre
and to control the opening of cracks. There are slight differences in the load-deflection curves between
ambient and cold temperature panels tested at the same drop heights which can be partially attributed to
the panel’s abilities to absorb energy, but it may be noted that there are uncertainties associated with the
testing. If the same test was conducted multiple times, it is very likely that each load-deflection curve
would be slightly different due to variables such as small differences in panel composition, installation of
the panel in the testing frame, and the inconsistencies in the concrete-FRP bond.

36



3.5.3 Residual Strength of Dynamic Panels

Once dynamic testing of a panel was completed, the ambient temperature panels were
immediately tested using the three-point flexural bending test used in quasi-static testing. The cold
temperature panels were returned to the freezer until they once again reached at temperature of -70°C
before being tested for residual strength. The load-deflection behaviour of the dynamically tested panels
can be found in Figure 3-10. As shown in the graphs, each dynamic panel starts from the residual
deflection caused by the impact test and then displays similar behaviour to the quasi-static panels, with
peaks and valleys caused by fracturing and debonding of FRP. Table 3-5 lists the residual strengths of all
panels that were tested dynamically. The cold temperature panels display more predictability than the
ambient temperature panels, with all panels, regardless of their impact testing drop height, achieving a
residual strength of 15 kN and reaching a displacement of 100mm - 200 mm. This may again be
attributed to the higher concrete tensile and bond strength which better controlled the debonding of FRP
and the pull-out of steel fibres. The ambient temperature panels display a much less predictable load-
deflection behaviour, with a general observation that panels with a higher permanent deflection typically
had lower residual strength.
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Figure 3-10 - Load-deflection behaviour of residual strength of FRP/SFRC panels
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Table 3-5 - Residual strength of FRP/SFRC panels

Drop height Residual deflection Residual Strength

Specimen (mm) Aposiduar (MmM) (KN)

SAIl 500 1.4 15.0

SAI2 750 3.9 13.4

SAI3 1000 7.2 14.8

SAl4 1500 6.8 12.0

SCI1 500 5.3 15.1

SCI2 750 6.0 15.1

SCI3 1000 8.0 15.7

SCI4? 1500 35.1 -

*Complete debonding of FRP straps and large cracking/spalling of concrete, no residual strength. Figure
3-11).

3.5.4 Failure Modes

All panels failed in the same manner, displaying a progression of failure. At lower impact
energies, a crack would form at the midspan on the tension face (rear) of the panel. As the fibre dosage of
the SFRC mix was quite low, few fibres bridged cracks and so spalling was an issue. As the impact
energy increased, FRP fibres began to fracture and the FRP debonded from the concrete, causing the load
to be redistributed. In all panels except for SCI4, some or all the FRP remained bonded to the concrete
and had effective residual strength. Panel SCI4 had a complete failure and all FRP debonded from the
back of the panel, leaving it with no residual strength, as shown in Figure 3-11.

Figure 3-11 — Panel SCI4 post-impact. Complete debonding of FRP straps and cracking and spalling of concrete. No
residual strength.

All panels, regardless of impact energy, displayed observable cracking and permanent, post-
impact residual deflection. Panels tested at hammer drop heights of 500 mm and 750 mm exhibited
behaviour such as that shown in Figure 3-12. These panels had noticeable cracking at the midspan but
little fracturing and debonding of the FRP straps. Once the loading was complete, a small residual
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deflection was observed. Panels impacted at higher drop heights, greater than 1000 mm, exhibited much
more significant midspan cracking and had large portions of the FRP straps fracture and debond. These
panels, like panel SCI4 shown in Figure 3-13, had larger permanent deflections due to the lack of FRP
remaining bonded to the rear face of the panel post-impact.

(a) Prior to impact (b) Post-impact with small permanent deflection
and closed midspan crack

Figure 3-12 - Panel SCI2 pre- and post-impact

(a) Prior to impact (b) Post-impact with large permanent
deflection and large, open midspan crack

Figure 3-13 — Panel SCI14 pre- and post-impact

When tested for residual strength using the quasi-static testing apparatus, all panels failed in the
same manner with a progression of the FRP straps debonding and fracturing on the tension face,
debonding of FRP straps on the compression face, and finally complete fracturing of the tension face FRP
straps. A typical post-residual testing panel is shown in Figure 3-14.
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Figure 3-14 — Panel SAI2 post-residual strength testing. Fracture and debonding of one FRP strap, large cracks and
spalling of concrete.

3.5.,5 Conservation of Energy

Energy distribution is a key criterion in assessing the impact resistance of a structural element. In
a closed system, such as the one in this study, the energy dissipated or absorbed by the system should
equal the amount of energy that was introduced. In this study, the input energy is the kinetic energy lost
by the impact hammer, which is calculated using the following equation [18]:

2
1 1
Kh(ti)=§'Mh' 2'ah'hh_<\/2'ah'hh_M_h'I(ti)> (3-1)

Where M, is the mass of the hammer, a; is the hammer acceleration which could be measured but for
this experiment the gravitational constant of 9.81 m/s® was used, hy, is the drop height of the hammer
which is measured as the difference between the at-rest centre of gravity of the hammer and the raised
centre of gravity, as was shown in Table 3-2. The final value used in the kinetic energy of the hammer
equation is the impulse of the hammer, I, which is obtained based on integrating the hammer tup load.

The energy that is input into the system is transferred into kinetic and strain energy within the
panel. The summation of these two energies is the amount of energy absorbed by the panel, which should
be equal to the work done by the hammer. The kinetic energy of the panel is calculated using an
equivalent mass and the midspan velocity of the panel (calculated from displacement data) while the
strain energy of the panel is calculated by using the area under the reaction load-midspan deflection curve
of the impact event. The work done by the hammer is calculated from the area under the load-
displacement curve generated by the impact event and can be calculated using the following equation:
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Pe(ti—1) + P(t;) (3-2)

W) =W(ti-,) + > u(ty) — u(ti-1)]

Where W, is the work done, P; is the load measured from the hammer tup force transducer, and u is the
midspan panel displacement at that time step.

For most of the panels in this study, the work done by the hammer is slightly less than the
potential energy of the hammer, as seen in Table 3-4. For panel SCI4, the panel that failed completely,
the work done by the hammer was higher than the potential energy of the hammer. The discrepancies
between the potential energy and the work done by the hammer can be attributed to losses in the system
due to elastic strains and vibrations and the manner in which the panels were secured to the testing frame.

Similar amounts of energy were absorbed by ambient and cold temperature panels impacted at the
same hammer drop height, except for panel SCI4 which could absorb much more energy than the ambient
temperature panel tested at a 1500 mm hammer drop height. This increase in panel energy absorption can
be attributed to the FRP straps being pushed to failure and the increased bonding between the FRP strap
and the concrete due to the higher tensile strength of the cold concrete.

An energy conservation graph for panel SAI1 is shown in Figure 3-15 which shows the relation
between the work done by the hammer and the amount of energy absorbed by the panel. In this case, the
correlation between the input and output energy from the system is very close but the same does not hold
true for panels that are exposed to larger impact events, such as panel SAl4, shown in Figure 3-16. The
amount of energy absorbed by panel SAIL is nearly equivalent to the work done by the hammer but the
energy absorbed by panel SAI4 is about 1000 J less than the work done by the hammer. This is because
the energy absorption capacity of panel SAI4 was reached but panel SAIL did not fully reach its energy
absorption potential.
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Figure 3-15 — Energy Conservation of Panel SAI1
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Figure 3-16 — Energy Conservation of Panel SAl4

3.6 SDOF Modelling

Single degree of freedom (SDOF) modelling is widely used in the practice of blast assessment of
structural components due to its simplicity and validity [19]. Equivalent SDOF analysis simplifies the
conditions within the environment and allows for structural elements such as beams, columns, and walls
to be modelled as a simple spring-mass element. A typical SDOF system includes a forcing function, a
mass, and a spring which resists the acceleration caused by the forcing function [20]. The forcing
function is the blast pressure, or in this case it is the impact of the hammer, and the mass is the equivalent
mass of the element in question. The resistance function for the element is determined based on its mass
and stiffness and can include elastic, plastic, and elastoplastic regions. It is unique to each structural
member and considers the cross-sectional dimensions, the amount and type of reinforcement, and the
dynamic material properties. The parameters for the SDOF system are determined such that the
maximum deflection within the system is equal to the maximum deflection that would occur within the
actual structural member.

In this study, the resistance function for the FRP strengthened SFRC panels was determined based
on idealizing the load-deflection curve found through quasi-static testing. A multi-linear load-deflection
curve, shown in Figure 3-17, was created which could be used in the SDOF model to predict flexural
behaviour.

The forcing function used in the model was provided by the force transducer that was located on
the hammer tup. This transducer provided a forcing function, like the one found in Figure 3-18, that is
similar in nature to the pressure-time history of an explosive blast. A different forcing function
determined experimentally was used for each specimen as the impact load changed depending on the
hammer drop height.
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Figure 3-18 - Forcing Function (from hammer force transducer data of panel SAI1)

The SDOF model used in this study was based on the Predictor Method, established by Smith and
Hetherington [21]. This method is based on constant acceleration throughout the time step and allows for
accelerations, velocities, and displacements to be determined based upon a forcing function and resistance
function. With the displacement and velocity set to zero at the beginning of the calculation, the initial
acceleration can be determined by rearranging the equation of motion found below:

Mi + R(x) = F(t) (3-3)
Where R(x) is the resistance function for the specimen, shown in Figure 3-17, F(t) is the forcing function,

such as the one shown in Figure 3-18, M is the mass of the specimen and X is the acceleration.
Rearranging the equation of motion to determine the initial acceleration, the equation below is obtained:

i = F(0) ;/IR(xo) (3-4)
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Once the initial acceleration is known, since it remains constant throughout the time step, it can be used to
find the velocity at the end of the time step using the equation below:

561 = .7?,'0 + ont (3‘5)

Where x is the velocity of the specimen and At is the duration of the time step. The displacement is then
given by:

1
Xy = %o + XAt + ch'oAtz (3-6)

Where x is the displacement and is based upon the velocity and acceleration at the previous time step.
With the displacement known, the associated resistance value can be found from the resistance function
and then the process can be continued until the complete displacement response is found, as shown in
Figure 3-19. The figure shows plots of the resistance function, the displacement found by the SDOF
model, and the actual displacement of panel SAIL as measured by the laser. As seen in the figure, there is
good correlation between the predicted displacement using the SDOF model and the actual measured
displacement.
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Figure 3-19 — SDOF Model for panel SAI1

Table 3-6 shows the results of the model for each panel and compares those results to the actual
measured displacements from laboratory tests. As seen by the percent error, the model could accurately
predict the panel midspan displacement for some specimens, particularly the ones tested with lower
impact energies, but was off by as much as 42% for others. Panel SAI1 was hit three times from a 500
mm drop height due to data acquisition errors. While there was minimal visible cracking and damage to
the FRP straps, the strength of this panel would have been reduced by the first two hits, reducing the
strength for the final hit. This reduction in strength led to an increased peak deflection, making the SDOF
prediction inaccurate. The predicted peak deflection from the SDOF model for panel SCI4 was off
because the panel completely failed. The model did not predict complete failure, causing the deflection to
be off by close to 40%.

The unpredictable behaviour of the FRP straps on the SFRC panels leads to the difficulty in
predicting their behaviour. It is unknown at what load or deflection the FRP will begin to debond, and as
such, predicting the peak deflection using a SDOF model is difficult. Utilizing a resistance function with
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a flat plateau does not fully represent the actual behaviour of these types of panels. Although the flat
plateau is an average of the panel strength throughout that deflection range, the load will instead fluctuate.
The same resistance function was used for both ambient and cold temperature panels, which could also
affect the accuracy of the model.

Table 3-6 - SDOF model comparison to actual data

Drop height Peak deflection SDOF Peak
Specimen (mm) (mm) deflection (mm) % Error
SAIL® 500 40.8 23.5 42.4
SAI2 750 42.2 335 20.6
SAI3 1000 45.2 45.3 0.2
SAl4 1500 67.0 65.0 3.0
SCI1 500 35.5 40.9 13.2
SCI2 750 44.6 47.6 6.3
SCI3 1000 56.8 57.1 0.5
SCl4 1500 120.0 73.0 39.2

*Panel was hit 3 times. Data acquisition only worked for 3" hit.

3.7 Conclusions

The experimental program outlined in this paper was created to design and test a lightweight,
armour panel made of SFRC that was strengthened with FRP straps. These panels could be utilized as
part of a modular protective system by military forces to form protective works which can withstand the
effects of projectiles or an explosive blast.

1. Extreme cold temperatures do not appear to negatively affect the behaviour of SFRC panels
strengthened with FRP straps. In particular, cold temperatures did not appear to reduce the energy
absorption capacities of the panels.

2. Impact-tested cold temperature panels that did not reach ultimate failure, i.e. complete debonding of
FRP straps, all had similar residual strength (15 kN) despite having absorbed various levels of impact
energy.

3. Ambient temperature panels tested using the impact hammer had decreasing residual strength based on
the amount of residual deflection. Those panels tested at higher impact energies displayed higher residual
deflections and lower residual strength.

4. The presence of fibres may reduce the amount of spalling and cracking in the panels but unlikely
provided any significant additional strength because the overall capacity of the panels is controlled by the
FRP straps.

5. The strength of these panels is attributed to the FRP straps which were applied using a wet lay-up
procedure. Despite the best efforts, inconsistencies between each panel were inevitable with varying
levels of concrete panel smoothness and different amounts of epoxy used for each strap.

6. The SDOF model developed for these panels did a reasonable job representing the behaviour of the
panels. It had an error of up to 42% for some panels, likely due to the unpredictable nature of the FRP
straps. Developing an accurate resistance function is difficult to achieve due to the inconsistencies in
FRP bonding. The model was most accurate at a drop height of 1000 mm and least accurate at a drop
height of 500 mm. The inaccuracy of the model at a drop height of 500 mm can be accredited to a
weakened SAI2 panel and is not indicative of the overall accuracy of the SDOF model. It did not predict
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the failure of panel SCI4 but the predicted displacement of panel SAI4, also impacted from a drop height
of 1500 mm, was only off by 2 mm from the actual displacement.
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4. MANUSCRIPT #2: “COLD TEMPERATURE EFFECTS ON THE
IMPACT RESISTANCE OF THIN, LIGHTWEIGHT UHPFRC
PANELS.”

4.1 Abstract

In this study, lightweight armoured panels were designed using ultra high performance fibre
reinforced concrete (UHPFRC) and experimental testing was conducted. Panels were cast with the
dimensions of 1040 mm x 535 mm x 38 mm to limit their mass to approximately 50 kg and allow them to
be carried by two individuals. These panels were designed to be a part of a modular protective system
which could be used to protect key infrastructure and assets in a deployed military environment.
Experimental quasi-static and dynamic tests were conducted. Quasi-static tests were done to determine a
baseline loading capacity of the panels using three-point flexural bending. Dynamic testing was
conducted using a pendulum-type impact hammer which could vary the amount of impact energy by
altering the drop height of the hammer. Residual panel strength was determined after each panel was
tested dynamically by using the same three-point flexural bending test that was used for quasi-static
testing. All tests were conducted with panels at ambient laboratory temperatures and extreme cold
temperatures to simulate Arctic conditions. Panels were tested at Arctic temperatures to determine their
feasibility protecting critical infrastructure in Canada’s Arctic. The testing demonstrated that the
UHPFRC panels could resist impact loads with energies up to 2000 J without complete failure. Panels
were not adversely affected by the extreme cold temperatures and in fact displayed increased
effectiveness at cold temperatures. Single degree of freedom (SDOF) modelling was used to predict
panel deflections based on various impact energies. The model developed can accurately predict peak
displacements based on impact loading data.

4.2 Introduction
4.2.1 Protective Works for Civilian and Military Applications

The threat of terrorism is currently a global issue, with numerous attacks in major metropolitan
areas during the past three decades. The ability of terrorists to use improvised explosive devices to cause
destruction to achieve some form of political or cultural gain is a very serious and real threat to military
forces throughout the world. In addition, there is an ever-present threat of accidental explosions in the oil
and gas industries. Protective structures have been used throughout the world to protect critical
infrastructure from these types of attacks and accidental explosions and force protection measures, such
as perimeter fencing, checkpoints, etc. provide standoff distance between a key asset and a vulnerable
position. Modern military forces face a rapidly changing operational environment with a multitude of
threats from a variety of hostile forces. Militaries are focusing on expeditionary forces that do not rely on
a large logistical support framework but instead are mostly self sufficient with little reliance on assets
such as heavy equipment to construct force protection barriers. To facilitate this, new types of barriers
and protective structures, such as the U.S. Army Corps of Engineers Modular Protective Structure system,
must be created to provide these deployed units the safety and security they require while conducting
operations [1]. These structures consist of lightweight armoured panels installed within a spaceframe
structure that is modular and allows the installation to be tailored to operational environment and security
requirements. The Canadian Armed Forces (CAF) are focused on sovereignty operations, particularly in
Arctic regions, as noted in the Canada First Defence Strategy [2]. In Canada, much of the oil and gas
industries are located in northern climates, where extreme cold temperatures are typical during the winter
months. Operating in the Arctic calls for the equipment and protective works to be effective in that
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environment and at present, there is a lack of research into the subject of the blast resistance of UHPFRC
in extreme cold temperatures.

4.2.2 Impact Resistant Properties of UHPFRC

A number of research papers have investigated the qualities of ultra high performance fibre
reinforced concrete (UHPFRC) to resist dynamic loading caused by explosive blasts and the
fragmentation associated with these events. Xu et al. [3] conducted research on the behaviour of
UHPFRC columns subjected to blast loading, concluding that they can effectively resist these types of
load while reducing the maximum and residual displacements when compared to high strength reinforced
concrete. In another study, Yi et al. [4] found that deflection, strain, and acceleration measurements
during blast testing revealed that ultra-high strength concrete specimens have higher blast-resistant
capacities than normal strength concrete. A study into the response of UHPFRC panels to blast loading
by Ellis et al. [5] demonstrated that panels made of UHPFRC generated little debris and fragmentation.
The ability of UHPFRC members to produce less fragmentation was also noted by Melancon et al. [57],
who also found that during blast testing of columns, using UHPFRC enhanced the damage tolerance,
increased the column capacity and reduced blast-induced deflections.

4.2.3 Pendulum-Type Impact Hammer Testing

Previous research has investigated the effects of blast loading on various types of structural
components. Because blast testing is an expensive and time-consuming endeavour, there have been
numerous studies in literature that attempt to simulate blast loading in a laboratory setting. Researchers
have typically used drop-weight impact machines, the Split Hopkinson bar, or a shock-tube apparatus to
simulate blast loads through impact events which have similar behaviour to a blast pressure wave [7] [8]
[9]. Research has also been conducted using a pendulum-type impact hammer which provides the
researcher with the ability to alter the amount of impact energy and the type of loading, either impulsive
or dynamic, by changing the mass of the hammer and the drop height. Pendulum impact hammers as well
as drop impact hammers have been used in a number of cases to effectively apply severe, rapidly applied
loading conditions within a laboratory setting with characteristics similar to projectile or blast loading
conditions [10] [11].

4.2.4 Background Test Series

The experimental program described in this paper was designed based on the results found in the
study outlined in Chapter 3 which examined the abilities of steel fibre reinforced concrete (SFRC) panels
strengthened with fibre reinforced polymer (FRP) straps to resist impact loading. The panels in the
previous study had the same dimensions and similar testing procedures were followed in both studies.
This study was conducted in order to compare the two materials and provide recommendations on further
research.

4.3 Research Objectives and Scope

This research paper is part of a larger research project which focused on the design and testing of
two types of lightweight, armoured panels that could be utilized as part of a modular protective system for
critical infrastructure protection or by military forces to form protective works which can withstand the
effects of an explosive blast. The present paper addresses the ability of UHPFRC panels to resist impact
loading when subjected to midspan loading and simply supported boundary conditions. Although these
panels would be installed in a spaceframe-type structure to provide sufficient protection, the design and
testing of this supporting structure is beyond the scope of this research.
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The experimental study presented in this paper evaluated panels made of UHPFRC through quasi-
static and impact testing. Quasi-static three-point flexural bending tests were completed on untested
panels to determine a baseline load-deflection behaviour. The three-point flexural bending test was also
used to determine the residual strength of impact tested panels. The impact testing conducted as a part of
this research used a pendulum-type impact hammer. By varying the drop height of the impact hammer,
the amount of impact energy could be altered. The initial impact energies were selected based on the
baseline data provided by initial quasi-static testing, and subsequent impact energies were chosen based
on the results of previous impact tests. All experimental testing in this research was conducted on panels
at both ambient and extreme cold temperature. This was done to compare the behavioural difference
between panels tested at ambient laboratory temperature and extreme cold temperature.

Modeling for this research consisted of single degree of freedom (SDOF) modeling. This model
was validated using the experimental testing results and had the ability to predict panel behaviour based
on the impact load to which they were subjected.

4.4 Experimental Program
4.4.1 Specimens

A total of twelve specimens were tested in this experimental program. Four of those specimens
were tested in a quasi-static manner using three-point flexural bending to determine baseline behavioural
properties, and the remaining eight specimens were tested dynamically using a pendulum-type impact
hammer. Panel dimensions can be found in Figure 4-1 and specimens were cast in plywood forms,
following the recommended curing process outlined by the material supplier. All specimens have the
same external dimensions; 1040 mm in length, 535 mm wide, and 38 mm thick. There is no additional
reinforcement within the panels, only the steel fibres which make up the UHPFRC mix. Panel
dimensions were selected to keep the total panel mass around 50 kg, which would allow them to be
carried by two persons.

38 mml

ﬂ "38 i | 1040 mm

(R

Figure 4-1 - Panel dimensions

As this study is a part of a larger research project, a four-part specimen designation is used, with
all test parameters shown in Table 4-1. The first letter refers to the type of material used with U referring
to UHPFRC. The second letter indicates whether the panel was tested at either ambient laboratory
conditions, A, or cold temperature, C. The type of test is designated by the third term, with S referring to
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static testing and | indicating impact testing. Finally, the last term is the test number for that type of test,
with each number corresponding to a different drop height for the impact hammer.

Table 4-1 - Specimen Description and Test Parameters

Specimen Panel Material Temperature Test Type Hammer drop
Identification height (mm)
UAS1 UHPFRC Ambient Static -
UAS2 UHPFRC Ambient Static -
UCS1 UHPFRC Cold Static -
UCS2 UHPFRC Cold Static -
UAIL UHPFRC Ambient Impact 350
UAI2 UHPFRC Ambient Impact 500
UAI3 UHPFRC Ambient Impact 1000
UAI4 UHPFRC Ambient Impact 1500
ucClili UHPFRC Cold Impact 350
ucCi2 UHPFRC Cold Impact 500
UCI3 UHPFRC Cold Impact 1000
ucCl4 UHPFRC Cold Impact 1500

442 Materials

The UHPFRC mix was provided by the King Construction Products branch of KPM Industries
and is their UP-F4 Poly product [12]. This mix was developed by Ecole Polytechnique of Montreal [13]
and is made of locally available materials, less the steel fibres. King’s UP-F4 consists of a bagged premix
which consists of the cement, silica fume, and sand, as well as a super plasticizer, steel fibres, and water.
The F4 designation in the name refers to the percent by volume of fibres, with 4% being used in this
study. The steel fibres used in this mix are Bekaert Dramix fibres which are 10 mm in length with a
diameter of 0.2 mm, and have a tensile strength of 2750 MPa. Material properties obtained by laboratory
testing are listed in Table 4-2 along with the properties provided by the manufacturer [12]. Compression
tests were carried out using cylinders with a 100 mm diameter and 200 mm height, and were conducted
according to ASTM C39 [14].

Table 4-2 - Average Material Properties of UP-F4 Poly Mix

Mixture properties Laboratory value  Manufacturer value
Compressive strength (MPa) 125 120

Elastic modulus (GPa) 27 37

Fibre volume (%) 4 4

Tensile strength (MPa) - 11

Mass density (kg/m?) - 2450

4.4.3 Test Setup, Instrumentation, Procedures

Quasi-static testing was conducted using a three-point flexural bending test on a MTS Model 322
machine. This machine was displacement-controlled and the head was set to displace at a rate of 2
mm/min. Panels were supported within the machine by triangular pins with bearing plates on top which
would allow translation in the horizontal direction and limited rotation. The load was applied to the panel
at midspan to simulate the same loading conditions as those found in the dynamic test. The loading set-
up can be seen in Figure 4-2. Midspan displacement was monitored by a 300 mm LVDT.
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Figure 4-2 - Quasi-static three-point bending testing apparatus

Dynamic tests were conducted at varying hammer heights which altered the impact energy of the
system. The same impact energies were used for tests of each type of panel and at each temperature. An
outline of the testing apparatus and testing schedule can be found in Table 4-3. The impact energy is
calculated using the potential energy of the impact hammer which is based on the mass of the hammer,
the drop height, and an acceleration of the gravitational constant, 9.81 m/s®>. The drop height is calculated
as the difference between the raised centre of gravity (CoG) and the at-rest CoG. Panels were secured to
the testing frame using bolts which connected the panel through a steel rod to the reaction points on the
test frame, as shown in Figure 4-3. The bolts were attached in such a manner to permit unrestrained
rotation and limited translation of the tested specimen. Once an impact test was completed, the residual
strength of the panel was tested by using the same three-point flexural bending test setup that was used for
the quasi-static testing. For the panels tested at cold temperatures, they were returned to the freezer
following the impact test so they could return to the proper temperature. Once the correct temperature
was reached, approximately -70°C, the panel was taken out of the freezer and installed in the flexural
testing apparatus. By the time all the instrumentation was set up and the test was ready to commence, the
panels had reached the proper testing temperature of -55°C.

Table 4-3 - Hammer drop heights

Hammer Impact Note: All heights in mm
Drop Height  drop height  Energy
Specimen Level (mm) @)
UAI1L 1 350 470
UAI2 2 500 672 e Ty |
UAI3 3 1000 1344 N, ] !
UAI4 4 1500 2016 . 1000 159
ucCli1 1 350 470 0 | i
UClI2 2 500 672 lalo B, SR .
ucCI3 3 1000 1344 i
UCI4 4 1500 2016 . 1 (@~ Drophelght evel
Frame Specimen
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Figure 4-3 - Bolted connection of specimen to testing frame

Strain gauges were installed on all panels, on the bottom face of the quasi-static panels and the
back face of the dynamic panels. A type T thermocouple was applied to the surface of each cold
temperature panel which provided constant temperature measurement throughout both the quasi-static and
dynamic tests. Dynamic tests were highly instrumented to capture all relevant data. In addition to strain
gauges, dynamic panels also had an accelerometer installed on the back of the panel at the midspan. Once
the panels were installed in the impact testing frame, a laser LVDT was used to measure midspan
displacement and an LVDT was placed at one of the supports to monitor support deflections. The testing
frame had three force transducers to measure loading data during the impact event. One force transducer
was installed between the hammer arm and the hammer tup to measure the hammer force, and the other
two force transducers were placed on the reaction points, one on the top left and one on the bottom right,
in order to determine the reactionary force. When using the reaction load for energy calculations, the data
collected from each reaction point force transducer was doubled and then added to the other one to obtain
a complete reaction load. All testing frame instrumentation can be seen in Figure 4-4 and the test set-up
can be seen in Figure 4-5.
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Figure 4-4 - Impact hammer instrumentation

Hammer Frame

Testing Frame

Figure 4-5 - Impact hammer test set-up
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45 Test Results

Panel specimens were tested after at least 28 days of curing time. A summary of test results for
guasi-static testing are found in Table 4-4, while the results from dynamic testing are presented in Table
4-5. Quasi-static results include the maximum load measured by the load cell in the MTS machine, B, 4x
, the corresponding peak mid-span deflection measured by a LVDT, A,,,, and the residual mid-span
deflection A,esiquar, Measured once the load had been removed from the specimen. In addition to values
of maximum load, peak and residual deflections, the dynamic testing results also include hammer
potential energy, K, total work done by the hammer, W , and the amount of energy absorbed by the
specimen, E;,. The maximum load for the dynamic tests was measured by the force transducer located on
the hammer.

Table 4-4 - Summary of Quasi-Static Test Results

Specimen Maximum Load Peak Deflection Residual Deflection
Pmax (kN) Amax (mm) Aresirhml (mm)

UAS1 20.4 45.3 42.9

UAS2 20.1 38.0 35.0

UCS1 20.7 47.5 43.6

UCS2 23.9 57.6 54.5

Table 4-5 - Summary of Dynamic Test Results

Peak Residual Hammer Energy

Drop  Maximum deflection deflection kinetic ~ Work done  absorbed by

height load Apax Avesiquar  €NErgy by hammer specimen

(mm)  Brgx (KN)  (mm) (mm) Ky (9) w () Ep()
UAIL 350 65.2 10.5 7.0 470.4 200.6 1354
UAI2 500 66.7 24.1 9.7 671.9 487.1 478.8
UAI3 1000 101.8 36.9 21.0 1343.9 901.3 948.8
UAI4 1500 126.2 97.6 41.8 2016.0 2269.5 1042.6
UCI1 350 62.5 13.0 3.3 470.4 360.0 323.9
UCli2 500 71.0 25.0 6.8 672.0 642.2 584.1
UCI3 1000 97.9 43.0 27.6 1343.9 1146.5 1161.5
ucl4® 1500 - - 46.5 - - -

#Data acquisition error — no impact test data available.
451 General Behaviour

Four panels were tested at ambient temperature and four panels were tested at extreme cold
temperature. Each panel was subjected to impact loading from a different hammer drop height, ranging
from 350mm to 1500mm. Data was collected for all impact events except for the cold temperature panel
at a drop height of 1500mm, due to an error with the data acquisition system, as shown in Table 4-5.

Tests conducted with lower impact energies, drop heights of 350mm and 500mm, failed to
provide a distinct crack near the midspan of the panel but the panels did have a small residual deflection.
Panels subjected to higher impact energies, those with drop heights of 2000mm and 1500mm, had a large
crack form close to the midspan and experienced higher residual deflections as the crack was unable to
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close after the loading event concluded. The cracks in these tests did not always occur straight along the
midspan but the crack would meander across the section, as shown in Figure 4-6.

Figure 4-6 - Post-impact cracking of panel UAI4

A typical impact event is shown in Figure 4-7, with images captured from high-speed camera
footage. The images show that as the hammer tup impacted the panel at midspan, the panel deflected and
a crack formed until the energy within the panel was equal to that of the impact hammer, at which point
the hammer rebounded and the panel tried to return to its original state. Due to the pulling out of fibres
and the interlocking of those fibres, the panel was unable to return to its original state and was left with a
residual or permanent deflection.
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(a) Hammer is about to impact panel. (b) Hammer impacts panel and crack
begins to form at midspan.

(¢) Hammer and panel reach energy (d) Hammer rebounds fully and panel
equilibrium, crack is fully formed. rebounds partially with a permanent
deflection.

Figure 4-7 - Typical impact event captured by high-speed camera

The results of these tests have demonstrated the benefits of the ductility of UHPFRC and the
effectiveness of the material to resist impact loads. Complete failure in this study was defined as a
specimen breaking into two distinct pieces, and although significant cracking was found at higher impact
energies, panels were able to maintain their form and resist complete failure at the impact energies tested
in this study.

4.5.2 Load-deflection behaviour and ductility

The load-deflection curves of the quasi-static panels are shown in Figure 4-8. All panels
exhibited similar behaviour with a distinct change in slope at first cracking and a gradual reduction in
strength upon reaching the maximum load. The cold temperature panels, UCS1 and UCS2, had increased
ductility and panel UCS2 had increased strength when compared to the ambient temperature panels. This
increase in tensile strength and ductility occurs in all types of concrete exposed to cold temperatures due
to the freezing and shrinkage of the material matrix. In UHPFRC, there is also improved bonding of the
concrete matrix to the steel fibres at cold temperatures.
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Figure 4-8 - Load-deflection behaviour of quasi-static panels

The load-deflection curves of the ambient temperature dynamic panels are shown in Figure 4-9.
For each respective curve, the solid line represents an impact test, each graph designates which panel is
represented, and the dashed line shows a comparison to a quasi-static load-deflection test. The loading
data is sourced from the force transducers located on the reaction points of the panel. As seen in the
graphs, there is an increase in deflection before there is a positive load recorded by the force transducers.
This is due to the attachment of the panels to the testing frame and the fact that as the panel displaces at
the midspan, the panel moves away from the supports which leads to a negative initial reaction load
before it registers as a positive reaction load. The oscillations in the loading can be accredited to the
hammer impacting the panel several times in rapid succession. High speed video shows the hammer
impacting the panel, rebounding slightly and then continuing to impact the panel due to the kinetic energy
of the hammer. In the cases of higher deflections, such as panel UAI4, there is a large immediate
deflection of the panel which causes a separation between the panel and the hammer tup before the
hammer tup continues its forward motion and impacts the panel again, causing more deflection.
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Figure 4-9 - Load-deflection behaviour of ambient temperature dynamic panels

The load-deflection curves of the cold temperature dynamic panels are shown in Figure 4-10.
Cold temperature panels displayed similar behaviour to the ambient temperature panels, with oscillations
caused by successive hammer hits. The cold temperature panels experienced lower midspan deflections
at the same drop heights likely due to the increased tensile strength of UHPFRC at cold temperatures.
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Figure 4-10 - Load-deflection behaviour of cold temperature dynamic panels

Although the general behaviour and shape of the load-deflection curves for impact tested ambient
and cold temperature panels are similar, there are several differences in their behaviour. There are slight
differences in the load-deflection curves between ambient and cold temperature panels tested at the same
drop heights which can be partially attributed to the panels ability to absorb energy, but also to the
uncertainties associated with the testing. If the same test was conducted multiple times, it is very likely
that each load-deflection curve would be slightly different due to variables such as small differences in
panel composition, installation of the panel in the testing frame, and the interaction of the impact hammer
with the face of the panel.
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4.5.3 Residual Strength of Dynamic Panels

Once dynamic testing of a panel was completed, the ambient temperature panels were
immediately tested using the third-point flexural bending test used in quasi-static testing. The cold
temperature panels were returned to the freezer until they once again reached at temperature of -70°C
before being tested for residual strength. The load-deflection behaviour of the dynamically tested panels
can be found in Figure 4-11. As shown in the graphs, each dynamic panel starts from the residual
deflection caused by the impact test and then displays similar behaviour up to a maximum load as the
guasi-static panels. The dynamic panels curves match up almost exactly with the quasi-static behaviour,
which would allow a residual strength prediction based upon the amount of residual or permanent
deflection observed for a panel.
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Figure 4-11 - Load-deflection behaviour of residual strength panels

Table 4-6 shows that ambient temperature panels had higher deflections at lower drop heights
than the cold temperature panels and they also had lower residual strengths. At higher drop heights (1000
mm and 1500 mm), the ambient temperature panels had lower residual deflections and panel UAI3 had a
slightly higher residual strength than the cold temperature panel tested at the same drop height. The
behaviour cannot be verified for the 1500 mm drop height panels as the ambient temperature panel broke
and was unable to be tested for residual strength.
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Table 4-6 - Residual strength of UHPFRC panels

Drop height Residual deflection Residual Strength

Specimen (mm) Ay osiguqr (MM) (KN)

UAIL 350 7.0 17.1

UAI2 500 9.7 15.3

UAI3 1000 21.0 7.3

UAI4® 1500 41.8 --

UCI1 350 3.3 23.9

UCI2 500 6.8 20.2

UCI3 1000 27.6 6.4

UCl4 1500 46.5 1.9

#Panel broke while being carried to residual strength test apparatus.

45.4 Failure Modes

All panels tested could be characterized as having failed, since there was a quantifiable amount of
permanent deflection after each test. Although most of the panels did not completely fracture into two
pieces, they all had permanent deflection and those tested at higher impact energies had a large, visible
crack around midspan. The permanent deflection was caused by the pulling out of fibres from the
concrete-fibre matrix. As the panel deflects and the midspan crack forms, fibres at the cracking region
are pulled out of the matrix and when the loading is removed, the fibres become interlocked and prevent
the panel from returning to its original state. Even if a large, visible crack does not form during the
loading, internally fibres are still elongating and pulling out of their original position within the matrix.
lllustrations of both the loading case with permanent deflection but no visible cracking, and the loading
case of permanent deflection with visible cracking can be seen in Figure 4-12 and Figure 4-13,
respectively.

(a) Prior to impact (b) Post-impact with small permanent
deflection and no visible midspan crack

Figure 4-12 — Photos of panel UAIL from high-speed camera
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(a) Prior to impact (b) Post-impact with large permanent
deflection and visible midspan crack

Figure 4-13 - Photos of panel UAI3 from high-speed camera
455 Conservation of Energy

Energy distribution is a key criterion in assessing the impact resistance of a structural element. In
a closed system, such as the one in this study, the energy dissipated or absorbed by the system should
equal the amount of energy that was introduced. In this study, the input energy is the kinetic energy lost
by the impact hammer, which is calculated using the following equation [15]:

2
1 1
Kn(ti) =5 My 2'ah'hh_<\/2'ah'hh_M_h'I(ti)> (4-1)

Where M,, is the mass of the hammer, a; is the hammer acceleration which could be measured but for
this experiment the gravitational constant of 9.81 m/s® was used, hy, is the drop height of the hammer
which is measured as the difference between the at-rest centre of gravity of the hammer and the raised
centre of gravity, as was shown in Table 4-3. The final value used in the kinetic energy of the hammer
equation is the impulse of the hammer, I, which is obtained based on integrating the hammer tup load.

The energy that is input into the system is transferred into kinetic and strain energy within the
panel. The summation of these two energies is the amount of energy absorbed by the panel, which should
be equal to the work done by the hammer. The kinetic energy of the panel is calculated using the
midspan velocity of the panel while the strain energy of the panel is calculated by using the area under the
reaction load-midspan deflection curve of the impact event. The work done by the hammer is calculated
from the area under the load-displacement curve generated by the impact event and can be calculated
using the following equation:

Pe(ti—1) + Pe(t)
2

W) =W(ti-,) + [u(t;) — u(ti-1)] (4-2)

Where W, is the work done, P; is the load measured from the hammer tup force transducer, and u is the
midspan panel displacement at that time step.
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In a perfect system, the work done by the hammer would equal the energy absorbed by the panel
but there are losses in the system that prevent this from holding true. As seen in Table 4-5, the amount of
work done by the hammer is lower than the potential energy of the hammer. This discrepancy shows that
there are energy losses within the system and that it is not a perfect system. The amount of energy
absorbed by the panels is almost equal to the work done by the hammer at lower impact energies. At
higher impact energies, the panel is not able to absorb all the kinetic energy of the hammer and there are
energy losses to other things such as local compression of the panel face and compression of the hammer
tup material. At higher impact energies, due to the way panels are secured to the testing frame using
bolts, there is the start of catenary action with friction losses caused by sliding of the panel along the
supports. From testing, it appears that the maximum amount of energy that can be absorbed by the
specimens is around 1200 J. There is good correlation between the amount of energy absorbed by the
panels and the associated work done by the hammer for drop heights of 350 mm up until 1000 mm. Once
the drop height exceeds 1000 mm, the amount of work done by the hammer exceeds 1200 J and the panel
is unable to absorb that amount of energy. Therefore, panel UAI4 was damaged so severely that it could
not be tested for residual strength and panel UCI4 had an extremely low residual strength.

An energy conservation graph for panel UAI3 is shown in Figure 4-14 which shows the relation
between the work done by the hammer and the amount of energy absorbed by the panel. In this case, the
correlation between the input and output energy from the system is very close but the same does not hold
true for a panel that fails and has no residual strength, such as panel UAI4, shown in Figure 4-15. From
the graph, panel UAI4 is only able to absorb just over 1000 J of energy while the work done by the energy
is over 2000 J. This causes the large crack and permanent deflection in the panel and the lack of residual
strength.

As was shown in Table 4-5, as the input energy of the impact hammer increases, the amount of
energy absorbed by the panel increases. Panels that were tested at cold temperatures appear to absorb
more energy than the panels tested at room temperature.

2500 —
2000 — G—E—C  Panel Kinetic Energy
| O—B—FE] FPanel Strain Energy
O—8—) Work done by hammer
1500 — A—A—A Energy absorbed by panel

0 0.01 0.02 0.03
Time (s)

Figure 4-14 - Energy Conservation of Panel UAI3

64



-
o
=
=
l

Energy (J)
1

Fanel Kinetic Energy
500 — O—B—E& Panel Strain Energy
O—S—&)» Work done by hammer
A—A— Energy absorbed by panel
[ T | b _Al

0 0.02 0.04 0.06
Time (s)

Figure 4-15 - Energy Conservation of Panel UAI4

4.6 SDOF Modelling

Single degree of freedom (SDOF) modelling is widely used in the practice of blast assessment of
structural components due to its simplicity and validity [16]. Equivalent SDOF analysis simplifies the
conditions within the environment and allows for structural elements such as beams, columns, and walls
to be modelled as a simple spring-mass element. A typical SDOF system includes a forcing function, a
mass, and a spring which resists the acceleration caused by the forcing function [17]. The forcing
function is the blast pressure, or in this case it is the impact of the hammer, and the mass is the equivalent
mass of the element in question. The resistance function for the element is determined based on its mass
and stiffness and can include elastic, plastic, and elastoplastic regions. It is unique to each structural
member and considers the cross-sectional dimensions, the amount and type of reinforcement, and the
dynamic material properties. The parameters for the SDOF system are determined such that the
maximum deflection within the system is equal to the maximum deflection that would occur within the
actual structural member.

In this study, the resistance function for the UHPFRC panels was determined based on idealizing
the load-deflection curve found through quasi-static testing. A multi-linear load-deflection curve, shown
in Figure 4-16, was created which could be used in the SDOF model to predict flexural behaviour.

The forcing function used in the model was provided by the force transducer that was located on
the hammer tup. This transducer provided a forcing function, like the one found in Figure 4-17, that is
similar in nature to the pressure-time history of an explosive blast. A different forcing function was used
for each specimen as the impact load changed depending on the hammer drop height.
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Figure 4-16 - Resistance Function for UHPFRC Panels
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Figure 4-17 - Forcing Function (from hammer force transducer data of panel UCI2)

The SDOF model used in this study was based on the Predictor Method, established by Smith and
Hetherington [18]. This method is based on constant acceleration throughout the time step and allows for
accelerations, velocities, and displacements to be determined based upon a forcing function and resistance
function. With the displacement and velocity set to zero at the beginning of the calculation, the initial
acceleration can be determined by rearranging the equation of motion found below:

Mi + R(x) = F(t) (4-3)
Where R(x) is the resistance function for the specimen, shown in Figure 4-16, F(t) is the forcing function,

such as the one shown in Figure 4-17, M is the mass of the specimen and X is the acceleration.
Rearranging the equation of motion to determine the initial acceleration, the equation below is obtained:

66



F(0) — R(xo)
g 4-4
b4 o (4-4)
Once the initial acceleration is known, since it remains constant throughout the time step, it can be used to
find the velocity at the end of the time step using the equation below:

X, = Xg + XoAt (4-5)

Where x is the velocity of the specimen and At is the duration of the time step. The displacement is then
given by:

1
X1 = Xo + XAt + Ea’éoAtz (4-6)

Where x is the displacement and is based upon the velocity and acceleration at the previous time step.
With the displacement known, the associated resistance value can be found from the resistance function
and then the process can be continued until the complete displacement response is found, as shown in
Figure 4-18. The figure shows plots of the resistance function, the displacement found by the SDOF
model, and the actual displacement of panel UCI2 as measured by the laser. As seen in the figure, there is
good correlation between the predicted displacement using the SDOF model and the actual measured
displacement.

Table 4-7 shows the results of the model for each panel and compares those results to the actual
measured displacements from laboratory tests. As seen by the percent error, the model was able to
predict the panel midspan displacement within 20% for all specimens. This accuracy can be attributed to
using the actual loading function from the hammer force transducer as opposed to using a generalized
forcing function and the utilization of a multi-linear resistance function based off quasi-static flexural
bending tests.
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Figure 4-18 - SDOF Model for panel UCI3
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Table 4-7 - SDOF model comparison to actual data

Drop height Peak deflection SDOF deflection

Specimen (mm) (mm) (mm) % Error
UAIL 350 10.5 10.7 1.9
UAI2 500 24.1 22.4 7.0
UAI3 1000 36.9 329 10.9
UAI4 1500 97.6 88.5 9.3
UCI1 350 13.0 13.9 6.5
UCI2 500 25.0 19.9 20.6
UCI3 1000 43.0 40.5 5.7
uci4* 1500 -- 88.5 --

#Data acquisition error — no impact test data available.

4.7 Comparison to FRP Strengthened SFRC Panels

As explained earlier in the paper, this study into the impact resistance of UHPFRC panels is a part
of a larger research program. The first stage of this program was to evaluate the impact resistance of steel
fibre reinforced concrete (SFRC) panels that were strengthened with straps of fibre reinforced polymer
(FRP), as reported in Chapter 3. The same testing protocol was carried out for both studies, with each
study having four panels tested in quasi-static three-point flexural bending, and eight panels tested
dynamically using a pendulum-type impact hammer. Once impact testing was completed, those eight
panels were tested for residual strength using the quasi-static three-point flexural bending test.

Plots are shown below to compare the two types of panels. Figure 4-19 shows the load-deflection
behaviour of each type of panel tested quasi-statically. As seen in the graph, there is a distinct difference
in the behaviour of the two types of panels. The UHPFRC panels behave in a very smooth and
predictable manner, compared with the FRP strengthened SFRC panels which are much less predictable.
The drastic drops in the load of the FRP strengthened SFRC panels represent the debonding of FRP fibres
which causes the load to redistribute after which the panel is subsequently able to sustain additional load.
The FRP strengthened SFRC panels are able to carry close to their peak load until complete failure at a
deflection of around 100 mm for the ambient temperature panels and 120 mm for the cold temperature
panels. The UHPFRC panels are able to achieve a higher peak load, but once reaching that peak and
having a flexural crack open, they quickly lose that load capacity as they continue to deflect. They are
able to reach large deflections but are not able to carry much load while deflecting.

When tested quasi-statically at cold temperatures, both types of panels display different types of
behaviour. While the cold temperature UHPFRC panels have similar load-deflection behaviour when
compared to room temperature panels, they are able to achieve a higher peak load as well as sustain
higher loads with lower deflections.  The cold temperature FRP strengthened SFRC panel displays the
typical jagged load-deflection behaviour of the other FRP strengthened SFRC panels, but sustains less of
a load-capacity drop than the ambient temperature panels. In both cases, the additional load-capacity can
be attributed to the increased tensile strength in the concrete and improved bonding of steel fibres and
FRP caused by the cold temperatures. The increase in tensile strength is more significant in the UHPFRC
panels but the FRP strengthened SFRC panels are also able to take advantage of this benefit.
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Figure 4-19 - Load-deflection behaviour of FRP/SFRC Panels and UHPFRC Panels

The residual strength of these panels is an important criterion to evaluate as the ability to reuse the
panels after a blast event is a key feature. As shown in Figure 4-20, the residual strength of UHPFRC
panels is much easier to predict than the FRP strengthened SFRC panels. Contrary to the UHPFRC
panels, which almost perfectly line up with the quasi-static load-deflection curve, the residual strength of
FRP strengthened SFRC panels is very erratic, but some conclusions can still be drawn from it. On the
UHPFRC graph, the residual strength is based on the residual deflection of the panel. The maximum load
a panel can take after sustaining an impact load decreases based on how much residual deflection it has.
For FRP strengthened SFRC panels, the amount of residual deflection observed in a panel is typically
much less than the UHPFRC panels. This is due to the strength of the elastic FRP straps and the amount
of tension reinforcement they provide. The FRP strengthened SFRC reach similar loading plateaus to an
untested panel, just with a lower peak load. This means that although a FRP strengthened SFRC panel
may have significant cracking to the concrete and some debonding of the FRP, the panel can still achieve
a strength of close to 15 kN until the FRP becomes completely debonded.

Cold temperature panels once again display increased tensile strength and load-capacity during
residual strength tests. As shown in Figure 4-11(b), the cold temperature UHPFRC panel tested at a drop
height of 350 mm, panel UCI1, had the same strength as a panel tested quasi-statically without being
exposed to an impact load. The panel tested at a drop height of 500 mm, panel UCI2, had the same
residual strength as the ambient temperature quasi-static tested panels, despite having a residual deflection
of 6.8 mm at the start of the test. This once again displays the increased tensile strength of the cold
temperature panels and shows that cold temperatures do not negatively affect panel behaviour but instead
may actual improve their performance. The cold temperature FRP strengthened SFRC panels also display
improved cold temperature behaviour, with each impact tested cold temperature panel achieving the same
residual strength despite having various amounts of residual deflection. While the ambient temperature
panels had decreasing residual strengths as the residual deflection increased, the cold temperature panels
had the same residual strength.
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Figure 4-20 — Comparison of Residual Strength Behaviour of Panels
4.8 Conclusions

The experimental program outlined in this chapter was created to design and test two types of
lightweight, armoured panels that could be utilized as part of a modular protective system by military
forces to form protective works which can withstand the effects of an explosive blast. This paper outlined
the results of the panels constructed out of UHPFRC while the previous chapter outlined the results of the
FRP strengthened SFRC panels. The following conclusions are related to the study described in this
paper and the summary found in the following section explains the conclusions drawn from a comparison
of the two types of panels.
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1. Cold temperatures did not negatively affect panel behaviour, instead increasing their quasi-static load-
capacity, residual strength and ability to absorb energy.

2. The 4% fibre dosage used in this study provided a high peak strength, but also provided ductility
which allowed for very large deformations (greater than 100 mm)

3. Panels tested at cold temperatures had a higher load capacity when tested in a quasi-static manner than
the ambient temperature panels.

4. Cold temperature panels had a smaller residual deflection than ambient temperature panels at lower
impact energies (470 J and 672 J) but had a larger residual deflection at higher impact energies (1344 J
and 2016 J).

5. A SDOF model was developed based on the experimental results of this study. The model uses a
resistance function based on the load-deflection curve of the panels tested in quasi-static flexural bending
and uses the loading data from the force transducer located on the hammer tup to provide the forcing
function. The model achieved good results with all predicted midspan deflections within 20% of the
actual deflections measured from testing.

6. Residual strength testing showed an excellent correlation between residual deflection caused by the
impact test and the residual strength of the panel. Due to the behaviour of the panels during the residual
strength testing and the fact that they match up with the quasi-static load-deflection curve almost
perfectly, a panel’s residual strength can easily be predicted based upon observed permanent deflection.
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1 General

This research project focused on the ability of two types of concrete panels to resist blast loads at
ambient and cold temperatures. These panels could be utilized within a modular force protection system
which could be deployed to austere environments to provide protective measures for Canadian Armed
Forces personnel.

The first type of panel designed and tested in this study was composed of SFRC that was
strengthened with external FRP straps. These straps were applied to the panel once cured using a wet lay-
up method. The FRP straps provided a significant boost in overall strength of the panel and allowed it to
behave in a ductile manner, demonstrating large deflections while maintaining an applied load.

The second type of panel that was investigated in this project was made of UHPFRC. This panel
did not require external strengthening as the UHPFRC mix used provided a peak strength which exceeded
the FRP strengthened SFRC panel.

The objectives of this research were to compare the two types of panels in their ability to resist
blast loads, to evaluate if the panels behaved differently at ambient and extreme cold temperatures, and to
develop a single-degree-of-freedom model to simulate laboratory tests and accurately predict results.

5.2 Summary of Research Program

Both the UHPFRC and FRP strengthened SFRC panels provided similar peak strengths but their
load-deflection behaviour is significantly different. While the UHPFRC panels display higher strength,
they quickly lose capacity to hold this strength and as they continue to deflect, their strength decreases
significantly. The FRP strengthened SFRC panels have a lower peak strength but as the FRP begins to
fracture and debond in certain regions, the load is redistributed allowing the panel to continue to hold
strength throughout the duration of its deflection capacity.

The FRP straps reduce the amount of permanent deflection each panel has. UHPFRC panels tested
quasi-statically had permanent deflections that were close to 95% of the maximum measured deflection
while quasi-statically tested FRP strengthened SFRC panels had permanent deflections of only 25%.
Dynamically tested UHPFRC panels had permanent deflections that ranged from 25-65% of their peak
deflections while FRP strengthened SFRC panels had permanent deflections around 10-15% of their peak
deflections caused by impact loading.

It is hypothesized that a combination of UHPFRC panel with FRP straps or highly ductile steel bars
could provide a superior panel with a high peak strength and predictable residual strength behaviour. As
such, it is recommended that further research be conducted in the area of combining UHPFRC panels
with FRP straps and with ductile steel bars in order to investigate their behaviour. Based on preliminary
calculations to predict the strength of these hybrid panels, the UHPFRC panel reinforced with FRP straps
would have a predicted strength of 42 kN. In comparison, both the UHPFRC and FRP strengthened
SFRC panels had a predicted strength of 12 kN but actual laboratory testing proved that they were in fact
stronger than predicted.
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5.3 Conclusions

A summary of the conclusions found in each article are presented below as they represent the
conclusions found from the entire research project.

1. Extreme cold temperatures do not appear to negatively affect the behaviour of either the SFRC
panels strengthened with FRP straps or the UHPFRC panels and the energy absorption ability of both
panels were not reduced. Generally, cold temperatures positively affected UHPFRC panel behaviour
increasing their quasi-static load-capacity residual strength and ability to absorb energy.

2. Impact-tested cold temperature FRP strengthened SFRC panels that did not reach ultimate failure,
i.e. complete debonding of FRP straps, all had similar residual strength (15 kN) despite having absorbed
various levels of impact energy.

3. Ambient temperature FRP strengthened SFRC panels tested using the impact hammer had
decreasing residual strength based on the amount of residual deflection. Those panels tested at higher
impact energies displayed higher residual deflections and lower residual strength.

4. UHPFRC panels tested at cold temperatures had a higher load capacity when tested in a quasi-static
manner than the ambient temperature panels.

5. Cold temperature UHPFRC panels had a smaller residual deflection than ambient temperature
panels at lower impact energies (470 J and 672 J) but had a larger residual deflection at higher impact
energies (1344 J and 2016 J).

6. The SDOF model developed for each type of panel produced good results, with predicted midspan
deflections within 20% of actual measured midspan deflections.

7. Residual strength testing of UHPFRC panels showed an excellent correlation between residual
deflection caused by the impact test and the residual strength of the panel. Due to the behaviour of the
panels during the residual strength testing and the fact that they match up with the quasi-static load-
deflection curve almost perfectly, a panel’s residual strength can easily be predicted based upon the
permanent deflection it has.

Overall, it can be concluded that extreme cold temperatures do not negatively affect the
performance of either type of panel tested in this research project. From the testing conducted, both FRP
strengthened SFRC panels and UHPFRC panels showed similar or improved behaviour when exposed to
extreme cold temperatures.
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5.4 Recommendations

Based on the findings of this research project, the following recommendations are made for future
work in the use of UHPFRC for blast resistant protective works:

1. The use of FRP straps or highly ductile steel reinforcement to strengthen a UHPFRC panel is
recommended in an attempt to blend the high peak compressive strength provided by the UHPFRC with
the high tensile strength provided by the FRP straps or highly ductile steel bars. Preliminary calculations
of a hybrid UHPFRC-FRP panel predict that it would have a strength of 42 kN, compared to the
UHPFRC panel which had a predicted strength of 12 kN using the same calculation method.

2. A spaceframe should be developed which can hold the armoured panels. The frame must be easily
modified to form different shaped structures depending on the operational requirement. The frame should
consist of man-portable components and not require special tools or equipment to assemble.

3. Explosive blast testing should be conducted to confirm the accuracy of laboratory impact testing
and verify this method of conducting impact testing as well as to test the panels in a blast environment.
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Appendix A Complimentary Information

1. Appendix A

The studies presented in the Chapters 2 and 3 are presented as individual papers but are a part of the
larger research program which is the topic of this thesis. The studies, although presented separately, were
conducted simultaneously using similar apparatuses and procedures. Chapter 3 and Chapter 4 summarized
the principal information from the studies, while this appendix will provide complimentary information
about the design and fabrication of both the specimens and the testing apparatuses.

1.1 Design of Experimental Specimens

As the panels created in this project would be utilized as a part of a modular protective system
(MPS) which is adaptable to many different types of terrain and environments, a standard size had to be
determined. With the intent of the MPS to not require heavy equipment or local resources to construct, all
components must be man-portable. To create an armour panel that could provide sufficient resistance to
potential explosive events, the dimensions of the panel were determined based on a maximum panel mass.
The mass selected for this research was 50 kg as it was assessed that two individuals would be able to
easily carry and install 50 kg panels.

With the mass of the panel known, the next key parameter was selecting a suitable panel thickness.
It was attempted to keep the panel as thin as possible in order to allow the length and width of the panel to
be larger. Based on previous research into thin panels for impact testing, a panel thickness of 38 mm, or
1.5 in, was selected. Other studies had used thicknesses as low as 12 mm, 0.5 in, but preliminary
calculations showed these panels would be too weak for this project. A panel thickness of 38 mm also
made the fabrication of concrete forms easier, as nominal construction lumber such as 2 x 4’s are 38 mm
thick.

Based on a weight of 50 kg and a thickness of 38 mm, and with a known approximate density of
concrete being 2450 kg/m®, it was calculated that the panels could have a surface area of about 0.5 m*. A
rectangular shape panel was determined to be the most suitable shape and so a 2:1 ratio of length to width
was selected. Based on these criteria, panel dimensions of 1040 mm x 535 mm x 38 mm were chosen, as
shown below in Figure 1-1.
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(a) SFRC/FRF Panel (b) UHPFRC Panel

Figure 1-1 - Panel Dimensions
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1.1.1 UHPFRC Panels

The UHPFRC used in this study was provided by the King Construction Products branch of KPM
Industries and is their UP-F4 Poly product. Preliminary panel strength calculations were completed based
on the material properties provided by the company [64]. A summary of these properties can be found in
Table 1-1. Based on these specifications, the strength of these panels in three-point flexural bending was
calculated to be around 12.6 kN. Calculations can be found in Appendix B and were completed based on
a simple equilibrium of forces calculation. Another strength prediction model, a moment-curvature
model developed by the author, was used to predict panel strength and from that model, the strength of
the UHPFRC panels was predicted to be 12.1 kKN. The moment-curvature model will be described later in
this appendix and is located Appendix D.

Table 1-1 - UP-F4 Poly Material Properties

Mixture properties Manufacturer value
Compressive strength (MPa) 120
Elastic modulus (GPa) 37
Fibre volume (%) 4
Tensile strength (MPa) 11
Mass density (kg/m®) 2450

1.1.2 SFRC Panels Strengthened with FRP Straps

The SFRC panels used in this research project were intended to be used as a baseline comparison to
the UHPFRC panels to essentially see the improvement associated with UHPFRC panels. The concrete
used in the SFRC panels was ordered from Lafarge Canada and was requested to have a compressive
strength of 40 MPa, air-entrainment, and a steel fibre dosage of 2% by volume. A lack of experience
working with SFRC led the supplier to not have enough fibres on hand and the actual fibre dosage of the
concrete mix was just under 1% by volume, greatly reducing the overall strength and behaviour of the
panels. In order to have panels that could be compared to the UHPFRC panels, it was decided to add FRP
straps to the SFRC panels to increase their strength and ductility. Preliminary calculations were
completed to determine how much FRP to add to the panels to achieve a similar strength of around 12.6
kN. These calculations, provided in Appendix B, established that two straps of MBrace CF160 CFRP,
with the material properties and dimensions shown in Table 1-2, would provide a panel with
approximately the same strength as the UHPFRC panels. The moment-curvature model predicted a panel
strength of 15.4 kN, which turned out to be closer to the actual strength as determined from laboratory
testing.

Table 1-2 - FRP Properties

MBrace CF160 Properties Value
Ultimate tensile strength (MPa) 3800
Tensile elastic modulus (GPa) 227
Strain at failure (%) 1.7
Material thickness (mm) 0.33
Strap width (mm) 100
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1.2 Fabrication of Experimental Specimens

As explained earlier in the chapter, the panel dimensions were selected primarily to achieve a panel
mass close to 50 kg. However, to ease the fabrication process of the forms, the length, width and
thickness of the panels were selected based on nominal lumber dimensions. The forms were built using
Y4-in thick plywood and 2-in x 4-in framing lumber, some of which were ripped to be 2-in by 2-in to
obtain the required panel dimensions. A photo of one form is shown in Figure 1-2, and sixteen of these
forms were constructed. Form drawings can be found in Appendix C and dimensions are shown in Figure
1-3.

Figure 1-2 - Forms used to cast specimens

610 mm 534 mm

L ~ 1041 mm -
|

1220 mm =

Figure 1-3 - Form dimensions

As can been seen in Figure 1-2, ¥-in dowels were placed in the forms so that once the concrete
panels were removed, there would be four holes at each end of the panel. These holes were required to
secure the panels in the testing frame using bolts.
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1.2.1 UHPFRC Panels

Prior to the mixing and pouring of the UHPFRC panels, additional work had to be done to ensure
the forms were watertight. UHPFRC is a self-consolidating concrete and is very fluid, so all form joints
were sealed using silicone sealant. The sealant was applied using an applicator gun and was given a few
days to cure before the UHPFRC was mixed. Immediately prior to pouring the concrete, a coat of oil was
applied to the forms to ease the removal of the forms once the concrete had cured.

The UP-F4 Poly mix from King Construction Products was mixed in the RMCC Structures
Laboratory using the Cumflow RP100XD HD Rotating Pan Mixer, shown in Figure 1-4. King was
generous enough to provide the materials required for the research project and their technical sales
engineer, Mr. Julian Pena Cruz, to travel to Kingston to ensure the product was mixed correctly. The mix
design used in this study is shown in Table 1-3 and a total of six batches were mixed to provide enough
material for the panels as well as some extra for ancillary testing such as cylinders and beams. Each batch
varied in size to determine the optimum amount for the mixer. The mix design shown in Table 1-3 is
based on one bag of UP-F4 Poly premix and this amount increased to four bags for some batches. The
steel fibres used in the UHPFRC are Bekaert Dramix fibres which are 10 mm in length with a diameter of
0.2 mm, and have a tensile strength of 2750 MPa.

Figure 1-4 - Cumflow RP100XD HD Rotating Pan Mixer

Table 1-3 - UP-F4 Mix Design

Ingredient Mass (kg)
UP-F4 Poly Premix 25.00
Water 2.825
Superplasticizer 0.893
Steel fibres 16.83
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A crew of six helped with the mixing and pouring process which reduced the amount of time it
took to get all the specimens cast. Each batch of UHPFRC was mixed in an identical manner by Mr.
Julian Pena Cruz and the author to reduce the variations between batches. The same procedure was
followed for each batch, with the amount of premix, water, superplasticizer, and steel fibres being
prepared and weighed before being added to the mixer. The premix was added to the mixer first,
followed by the water and superplasticizer. These ingredients were mixed together for five minutes
before the steel fibres were slowly added. The steel fibres were poured onto a wire mesh and a concrete
vibrator was used to pass the fibres through the mesh, as shown in Figure 1-5. This was done to prevent
clumping of fibres within the concrete and allow for uniform distribution. Once all the fibres were added
to the mixer, it was mixed for another five minutes before being transferred to buckets. The buckets were
brought to the forms and the UHPFRC was poured into the forms using a smooth, back and forth motion
to make sure the fibres are properly orientated. The steel fibres orient themselves with the direction of
flow so it is critical to ensure the concrete is poured properly to get the required orientation. If the fibres
are incorrectly oriented, they will not perform to their capacity.

Figure 1-5 - Adding steel fibres to the UHPFRC mix

Once all the specimens were cast, the forms were covered with plastic and allowed to cure. The
forms were removed after 48hrs and the panels were wrapped in plastic and watered for the remainder of
the first week. After 7 days of curing, the plastic was removed and the panels were left to cure in ambient
laboratory conditions for the remainder of the 28 days required for proper curing.

Ancillary tests were conducted after 28 days of curing to determine the material properties of the
UHPFRC mix used in this research project. Compression tests were carried out using cylinders with a
100 mm diameter and 200 mm height, and were conducted according to ASTM C39 [65]. Modulus of
elasticity tests were completed according to ASTM C469 [66], shown in Figure 1-6. The results of the
ancillary testing are shown alongside the manufacturer values in Table 1-4.
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Figure 1-6 - Modulus of Elasticity Testing Setup

Table 1-4 - Average Material Properties of UP-F4 Poly Mix

Mixture properties Laboratory value  Manufacturer value
Compressive strength (MPa) 125 120

Elastic modulus (GPa) 27 37

Fibre volume (%) 4 4

Tensile strength (MPa) - 11

Mass density (kg/m?) - 2450

1.2.2 SFRC Panels Strengthened with FRP Straps

Unlike the UHPFRC which had to be mixed in the RMCC Structures Laboratory, Lafarge could
deliver the SFRC using a ready-mix truck. The steel fibres were added to the truck once on site and the
concrete was mixed for five minutes to ensure proper distribution of fibres throughout the mixture. Once
the fibres had been distributed and mixed, the concrete was poured into wheelbarrows and moved into the
laboratory. Once in the lab, the forms were filled with the concrete mix and covered with plastic for the
first week of curing. The panels remained in the forms for the first week and were watered each day.

After 7 days, the forms were removed and the panels were left to cure in ambient laboratory conditions.

After 28 days of curing, ancillary tests were completed to determine the material properties of the
SFRC mix. Based on the compression and modulus of elasticity tests, the material properties listed in

Table 1-5 were determined.
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Table 1-5 — Average Material Properties of SFRC Mix

Mixture Property Laboratory Value
Compressive strength (MPa) 40
Elastic modulus (GPa) 22

As explained in Section A.1.2.1, the SFRC panels were intended to have sufficient strength to be
compared to the UHPFRC panels. After an initial quasi-static three-point flexural bending test was
conducted on the first SFRC panel, it was determined that they did not have sufficient strength to be
testable. FRP straps were suggested as a solution to this flexural weakness and so preliminary
calculations were completed to determine the required amount of FRP to provide adequate flexural
strength.

To prepare the SFRC panels for the application of the FRP straps, they had to be pressure washed
to expose the aggregate and remove the surface layer of concrete. The difference between the pressure
washed section and the typical concrete surface can be seen in Figure 1-7. Once the panels were
prepared, the FRP straps were applied using a wet lay-up procedure. A two-part epoxy was mixed
following the manufacturer instructions and was applied to one side of the panel. The FRP strap,
previously measured and cut from a larger sheet, was laid on the wet epoxy and smoothed out, ensuring it
was in uniform contact with the entire length of the panel. A final coat of epoxy was applied to the top of
the FRP strap before being covered with plastic to cure for two days. Once the FRP straps on the one side
of the panel had cured, the panel was flipped over and the strap was applied to the ends and the other side
of the panel.

Figure 1-7 - Exposed Aggregate of SFRC Panels
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1.3 Experimental Setup and Procedure

While this research project focused on the dynamic response of each type of panel when exposed to
impact loads at both ambient and cold temperatures, quasi-static testing was carried out on four specimens
of each type of panel to obtain baseline behavioural information. Once the static load-deflection curves
had been developed for the ambient and cold temperature panels, dynamic testing was completed.

Each panel that was tested dynamically as part of this research project went through a process of
two tests. Cold temperature panels were first placed in a Panasonic MDF-794-PE ultra-low freezer,
which was capable of cooling the panels to a temperature of -70°C. Ambient temperature panels were left
in the laboratory prior to testing to maintain their temperature of approximately 20°C. Each panel was
subjected to an impact load from the pendulum-type drop hammer before being testing for residual
strength using the same testing set-up that was used for quasi-static testing.

1.3.1 Quasi-static Testing Apparatus

The quasi-static testing apparatus was used for both static testing and the residual strength testing
of impact tested panels. The same procedure and set-up was used for both tests. Three-point flexural
bending was used to determine the flexural behaviour of the panels in an effort to keep the loading set-up
consistent with the impact testing. The only difference between the boundary conditions in the quasi-
static test and the impact test are that the panels are not bolted to the supports. The loading set-up can be
seen in Figure 1-8. Boundary conditions of the testing set-up are best described as simply supported due
to the triangular supports with bearing plates between the support and the panel. These support
conditions allow for rotation at both supports and displacement in the horizontal direction.

Loading
Plate

—— 455 mm 4—{

|
Specimen

ﬁ Support E LvDT Support ﬁ

Figure 1-8 - Quasi-static three-point bending testing apparatus

455 mm

1.3.1.1 Testing Machine
A MTS model 322 machine, shown in Figure 1-9, was used for quasi-static testing. The MTS

machine consisted on a 500 kN hydraulic head that applied the load to the midspan of the panel with a
constant head speed of 2mm/min.
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Figure 1-9 - Three-point flexural bending quasi-static testing set-up

1.3.1.2 Instrumentation

Quasi-statically tested panels were instrumented with two 10 mm Kyowa strain gauges on the
bottom of the panel. In addition to the strain gauges, the MTS machine monitored the load which was
applied to the midspan of the panel, as well as the displacement of the machine head. To confirm the
head displacement, a 300 mm LVDT was placed under the midspan of the panel, measuring midspan
displacement of the panel. To monitor the temperature of the cold temperature panels, Type T
thermocouples were placed on the face of the panels.

1.3.1.3 Testing Procedure

Once strain gauges were installed on the panels, ambient temperature panels could be tested
immediately while the cold temperature panels had to be placed in the freezer until reaching a temperature
of -70°C. Once the cold temperature panels reached the desired temperature, the same procedure was
followed for both the ambient and cold temperature quasi-static testing.

Panels were placed in the testing apparatus with the bearing plates centred on the triangular
supports. Strain gauges, and the thermocouple for cold temperature panels, were hooked up to the data
acquisition system and the LVDT was positioned under the midspan of the panel. Once the data
acquisition system was checked to ensure all instrumentation was being monitored, the loading head was
lowered and testing commenced.

The data acquisition system provided a live view of the load-deflection curve for each panel,
allowing the testers to determine when the test could be terminated. For the first few tests, due to
inexperience of the testers, testing was halted prematurely, preventing the full load-deflection behaviour
from being acquired. After realizing that testing should be conducted until there was complete failure of
the panel, subsequent tests were conducted in this manner to obtain the proper load-deflection curves.

Residual strength tests were performed in the same manner as the quasi-static tests, with one
alteration. As most the panels already had a permanent deflection resulting from the impact test, this
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residual deflection was taken as the initial deflection of the panel. This means that instead of the load-
deflection curve starting from a deflection of 0 mm, it started from further along the x-axis depending on
the residual deflection. An example of load-deflection curves of a quasi-static test compared with a
residual strength test can be found in Figure 1-10.

25—
7 O—O—O Static (UCS2)
20— @—80—@ Dynamic Residual (UCI3)
= 15—
=
> A
8
— 10—
5_
04 | T ]
1] 20 40 60 80 100

Displacement {(mm)
Figure 1-10 - Load-deflection behaviour of quasi-static panel UCS2 and residual strength of panel UCI3
1.3.2 Dynamic Testing Apparatus

The dynamic testing conducted in this research project used panels that had not previously been
tested, ensuring they had their full strength. The ability of these panels to resist multiple impact events
was not tested in this study but instead their residual strength was tested post-impact.

1.3.2.1 Pendulum Hammer

To apply an impact load, a pendulum-type impact hammer was used. In other published
literature, drop weight impact machines are often used but previous research at RMCC has been
completed using a similar pendulum hammer to the one used in this study. This hammer was selected
because of its ability to alter the amount of energy transferred to the specimen by adjusting the drop
height and the mass of the hammer. The drop height was measured as the difference between the centre
of gravity of the hammer at rest and the centre of gravity of the hammer at the raised position, as shown in
Figure 1-11.
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Note: All heights in mm

oo

Testing/

Frame Specimen

@= Drop height level

Figure 1-11 - Impact hammer drop heights

The impact hammer was connected to a frame of steel 1-beams and C-channels that were bolted
together and connected to the floor of the RMCC Structures Laboratory. The testing set-up is presented
in Figure 1-12. The hammer consisted of an arm made of a hollow structural section (HSS) connected to
a solid steel plate that served as the head of the hammer. Additional plates could be added to the hammer
head to increase the mass of the hammer. The hammer tup, the part of the hammer that impacts the panel,
consisted of another HSS piece that was the same length as the width of the panel, ensuring that the entire
face of the panel was impacted. Once the testing frame was constructed within the hammer frame, the
entire hammer had to be levelled to ensure the tup evenly contacted the entire panel.
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Hammer Frame

Testing Frame

Figure 1-12 - Impact Hammer Test Set-up

1.3.2.2 Impact Frame Construction

The testing frame which held the panels was constructed within the existing hammer frame. This
caused several issues during the manufacturing process as the testing frame had to be perfectly aligned
within the hammer frame to make sure the hammer would impact the midspan of the panel. HSS pieces
were used to make a frame that would allow the panels to be mounted and provide the ability for the
panels to deflect within the frame without impacting any part of the frame. These HSS pieces were
attached together to form a rectangular shape and the four corners were bolted to steel 1-beams that were
bolted to the floor of the lab. Holes were drilled in the HSS pieces to allow panel supports to be attached.
The panel supports were constructed of steel rods that were welded onto length of threaded rod. The
threaded rod allowed the supports to be connected to the HSS testing frame. The steel rods had holes
drilled into them to allow the panels to be secured using bolted connections. Spacers were placed on the
threaded rods to provide a contact surface for the force transducers that would be used to measure the
reaction forces. The testing frame can be seen in Figure 1-13.
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Force
transducer Spacer

(b) Exploded Side View

(a) Isometric View

Figure 1-13 - Testing frame

1.3.2.3 Instrumentation

Similar to the quasi-statically tested panels, dynamically tested panels had strain gauges installed
on their tension face, and they were located in the same manner. Dynamic tests were highly instrumented
to capture all relevant data. In addition to strain gauges, dynamic panels also had an accelerometer
installed on the back of the panel at the midspan. Once the panels were installed in the impact testing
frame, a laser LVDT was used to measure midspan displacement and an LVDT was placed the supports
to monitor support deflections. The testing frame had three force transducers to measure loading data
during the impact event. One force transducer was installed between the hammer arm and the hammer
tup to measure the hammer force, and the other two force transducers were placed on the reaction points,
one on the top left and one on the bottom right, in order to determine the reactionary force. All testing
frame instrumentation can be seen in Figure 1-14.
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Force Transducers

Force Transducers
Laser LVDT

Hammer

Specimen

Laser LVDT

(a) Top View (b) Side View

Figure 1-14 - Impact Hammer Test Set-up

To capture the panel behaviour during the impact testing, high-speed cameras were set up to
capture the impact of the hammer with the panel. One camera was placed to the side of the testing frame
while the other camera provided a top view. Both cameras were set up on tripods and placed in the same
location for every test. The cameras used were MotionBLITZ Cube high speed cameras produced by
Mikrotron. These cameras were connected to laptops through the provided software and were triggered
using external trigger cables. The cameras were set to continuously record at a frame rate of 500 fps and
then a set time before and after the trigger point could be saved by the program. The system was set up so
the trigger would be the hammer impacting the panel and the program would save a video that lasted from
2 seconds before the trigger to 2 seconds after. This duration was enough to record the impact of the
hammer and the response of the panel.

Overhead Side
camera tamera

Figure 1-15 - Placement of high-speed cameras
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1.3.2.4 Testing Procedure

Dynamic tests were conducted at varying hammer heights which altered the impact energy of the
system. The same impact energies were used for tests of each type of panel and at each temperature, in
order to have comparable data. Panels were secured to the testing frame using bolts which connected the
panel through a steel rod to the reaction points on the test frame, as shown in Figure 1-16. Once panels
were connected to the testing frame, the strain gauges and accelerometer were connected to the data
acquisition system and all the instrumentation was zeroed and checked to make sure it was working
properly. The hammer was raised using the 10-ton overhead crane that is in the structures lab. The
hammer height was measured from the laboratory floor to the centre of gravity of the hammer using a
tape measure. Once the hammer was raised to the desired height and the data acquisition and high-speed
cameras were ready to record, the command was given to drop the hammer and the pin was released,
allowing the hammer to fall and impact the panel. Once the hammer impacted the panel and rebounded, a
member of the testing team would grab the hammer to prevent it from impacting the panel a second time.
Screenshots of a video depicting the testing are shown in Figure 1-17.

Figure 1-16 - Bolted connection of specimen to testing frame
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(¢) Hammer impacts specimen (d) Hammer is caught to prevent second
impact

Figure 1-17 — Impact testing camera footage
1.4 Moment-Curvature Model

As stated earlier in this appendix, Microsoft Excel was used to create a spreadsheet that once
programmed, could predict the behaviour of both types of panels. The cross-section of the panel was split
into 40 layers and by using strain compatibility and force equilibrium, the model was able to determine
the stresses in each of these layers. For the SFRC panels, the strain at the top of the cross-section was
increased incrementally and the strains in the rest of the cross-section were determined to satisfy the
equilibrium of forces. For the UHPFRC panels, the strain at the bottom was increased incrementally and
then the strain for the rest of the cross-section was determined based on equilibrium. The driving value of
the spreadsheet was changed from the top strain to the bottom strain for the UHPFRC panels to not
overpredict the amount of compression in the top part of the cross-section. The resulting moment and
force that were required to cause this stress distribution were recorded and the model then proceeded to
the next increment of strain at the top of the cross-section. The curvature for each increment of top strain
was determined using Equation A-1 and once all the increments of top strain were analyzed, a moment-
curvature diagram was created.

&+ &
q):tdb (A_l)

To develop theoretical load-deflection curves for each of the type of panels, the curvature and
loading data from the moment-curvature relationship were used. The deflection at 100 mm intervals
along the length of the beam was determined using the moment and curvature at that point. The
approximated approach determined by Collins and Mitchell [67] was used and the load-deflection curves
for each type of panel were determined.
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CONCRETE PANEL STRENGTH CALCULATIONS

1. STEEL FIBRE REINFORCED CONCRETE (SFRC)

(a) Cross-Section Properties,

=

-l M-
| -u
=

W

e I L I 1 be b > |
H'1 Ll R?_
h:=38 mm f.,:=3% MPa 1, = 2450 kﬁ
b:=534 mm Ag=:b-h:2ﬂ?92 mm* T. m
L:=1041 mm E f‘,:[l.ﬁ-\fﬂﬂ; - MPa=3.609 MPa
L,:=915 mun = = =2441804 mm" @ i
o, ==0.85—-0.0015. " °
Vy=b-h:L=0.021 m’ ﬂif“
A,:=0.97 —0.0025._-°
M:=V .y, =51.754 kg L

(b) Determine flexural strength.

=T C=f_«b.c I'=f.«b-d

=337 mm

di=h—=¢

Ci=f . -h+e=68.384 kN Ti=f.-b+d=68.397 kN
- Id I|3 LT -

Mr::r?.[“jlg 1 ]:1;:15.2:;7 J
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'L
P2 @midspan p=tM

2 2 L,

4.M,
P.= =4.088 EN
L'l

(c) Add FRP straps to increase strength.
ERP Properties:
E_I"rp =297 G Pa #ruy“r's": | b‘r,?:: 100w traps = 9
£ frpr=0.006 tr,+=0.33 mm MBrace CF160

) 2
A.r"."' = #l-"ll‘.l"'l'-"'- t,rﬂl - hlll-l-p. #-‘-’Jﬂ!p-'l= bb mm

cr=0h.61 mm
Ci=f" +bec=113.838 kN T::Efm-Efm-Afmzﬁﬂ.Eﬂi kN

i -
M. =T+]d— 5 —=2.892 EN-m

fI-J'va o
Poppe= I =12.644 kN

2. ULTRA HIGH PERFORMANCE FIBRE REINFORCED CONCRETE (UHPFRC)
(a) Cross-Section Properies,

=120 MPa fr=11 MPa **Values from UP-F4 specs.
No other properties changed.
Guess value of ¢ to determine equilibrium forces:
=319 mm
di=fi—c

Ce=f +bsc=204.415 kN Te=f +b-d=204.47T4 EN

.'IEI «il H| “C
J\ff.r:f:'q 1 =2.328 kNirﬂ.
P L - 4.M
M=—- midspan P=
R B P
4-M,
P e = =12.362 EN
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3. PREDICTED STRENGTHS

Py =12.644 kN
P“H,.l’.h:r = 12-362 kN

It is predicted that the two types of concrete panels will have comparable strength when
tested using quasi-static three-point flexural bending.

4. FRP STRAPS ADDED TO UHPFRC PANELS
Guess value of ¢ to detarmine equilibrium forcas:

cr=4.6 mm
Ce=f «b-r=204.T68 N

Te=f.-bedteg By -Ag =204.366 kN

,lfti'|*1’.‘
M. =T+|d— 3 =0.654 EN-m

4-M,

=42.2056 BN

combs * =
|

If FRP straps are added to the UHPFRC panels, it is estimated that there will be 2 3.5 x
increase in panel strength when tasted in three-point flaxural bending.
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Form Drawings

Appendix C

MNote: All dimensions in mm.
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Appendix D Data from Dynamic Test Panel SCI2

File comment
Tirre MGL Strain Gay Strain Ga Ace specir Ace Harnn Force Nor Foree So. Force Har LVDT Frin Laser Tirrwe MGC Temp
% prdm pmim g L kN M mm mm 5 *C

041016 (0410 16 (04 10 16 (04 1016 104 1016 (04 10 16 (04 10 16 {04 1018 (04 70 18 ( 04 1016 104 10 16104 10,16 09,19 03
042 ms(Z092ms (042 ms (042 ms (L 042 ms G042 ms (042 me (042 me (2042 ms [ 0.42 me (042 mz (2042 ms (2400 Hz)
Hardware Hardware Hardware Haroware Hardware Hardwars Hardware Hardware Hardwane channsl3 . 1
Serial MNo. Serial Mo, Seria Mo. Serial Mo. Senal Mo Seral No. Serial Mo. Serial Mo. Serial Mo, Senal Mo. Serial No. Serial Mo, (Electronics { CF) 100648076112 7 100802008
Sensor-  Sensor S Sensar. § Sensor A Sensor: A Sensor Fi Sensor. FrSensor FuSensor 31 Sensor. Li Sensor. Sensor: Thermocouple Typ T
Sensor T- Sensor T-ISenzar T- Sensor T- Sensor T Sensor T- Sensor T- Sensor T-1Sensor T- Sensor T- Sensar T4 Senser T-ID: Thermo T
Armplfier t Amplifier t Arrplier t Armpfier | Amplifier EAmplier 1 Amplifier 1 Armplifier © Ampkfier 1 Amplifier @ Arelifier t Arplifier ypeMLBRT Multichannel board
Connector Connector Connecton Comnector Connectar Connector Connectar Connector Connectol Connecton Connector Cannector plate Thermocouples {APB09}
Transduce Transduce Transcuce Transduce Transduce Transduce Transduce Transduce Transduce Transduce Transduce Transducer type Thermocouple Type T
! L & tanize M A
Hardware Hardware Hardware Hanware Harwars Hardware Hardwars Hardware scaing P10 0
Hargware Hardware Hardware Hardware Hardware Hardware Hardware Hargware Hardware Hardware Hardwane scaing P2100 ;. 100
Matve uni Mative uni Natve uni Mative un Native uni Nabve uni Natve un Matve uni Mative uni Natve uni Mative uni Native unit'C
reerir Engh o = SRS S e S L it Enginesiir Enginee i Engineering Grit*C
HNominal & Naminal r: Mominal ri Nominal i Nominal r: Hominal ri Nominal i Nominal r: Nominal r: Nominal = Nominal ri Nominal range: 4098 *C
catman St catman S¢ catman St catman St catman St catman S¢ catman S¢ catman St catman Sicatman Se catman S¢catman Scaling External hardware
Excitation i itation: Excitation Excitation Lt itation. Excitation: Exdtatan: Extitation Mo excitation
Filter char Filter char Fdter char Fiker char Filler char Filter char Filter char Fiter char Filter char Filer char Filter char Fiter characteristics Butterworth lowpass
Filter freqi Filter frequ Fiter freg Fiker freqy Filter frequ Filter freqs Filter freen Flter freqi Filter frequ Filter frequ Filter freqe Fiter frequency 250 Hz
Zero balar Zero balar Zero balar Zero balar Zero balar Zero balar Zero balar Zero balar 2ero balar Zero balar Zero balas £ ero bafancing 0 70
Tare value Tare value Tare value Tare value Tare vaiue Tare value Tare value Tare vaiue Tare vakus Tare value Tane value Tare value 0 °C
Sottware : Software 1 Software ; Software : Software 3 Software ; Software : Sofware ; Software : Software | Software ; Software zero; 0°C
Signal me Signal me Signal ma Signal me Signal me Signal me Signal me Signal me Signal me Signal me Signal me Signal meacsured Met signal
Amplfieri Amplifier #Amplifier | Amplfieri Amplifier i Amplifier | Amplifier | Amplifier inAmobfier | Amplifier | Amlifier i Amplifier input Measuring signal
Gage fact Gage fack Gage fact Gage fact Gage fach Gage fact Gage fact Gage fach Gage fact Gage fact Gage fack Gage factor0.00000
EBridge fac Bridge fac Bridge fac Bridge fac Brdge fac Bridge fac Bridge fac Bridge fac Bridge fac Bricge fac Bridge fac Bridge Factar: 1.00000
NA MNA NA MNa NA NA Na MA MA NA MA M

57 -BSBEAT 5435 000467 002337 006741 00498 007379 000747 002203 57 570795
570042 6875 -BIMG7 -00B417 002558 00438 00739 -0 10238 OO0BIE 001859 570042 -570795
570083 745033 523333 000397 002572 002305 005108 -013228 000TIE 00031 570083 57088
5.70128 STT -BA43333 000443 002474 Q00TIB DOMTS -0.05545 000539 002062 570125 570665
570167 .T.55833 B6 00043 00335 0000FF 002619 096541 000Z87 O001BI8 570167 570823
570208 6125 -575 000443 00253 000151 003452 -0.16471 00002 001681 570208 570823

57026 3026 3425 000508 002832 000578 004402 -D1573 -DOCIG4 001868 57025 570823
570282 003333 -1.20833 -000521 003762 00136 005606 -0.1434 -000305 002125 570292 -57.08923
570333 06 -0BBEET -000475 003657 003058 007589 -011919 -000477 002312 570333 -57.1008
570375 -3t -3BBE6T 000508 003674 0O0BOBY 010911 007857 .000BST 0053 570375 571083
570417 863333 -8 24167 000488 003852 008 014502 00344 001311 00267 570417 571008
570458 -14.7033 19625 -DO0M4A8 003965 008213 014117 004287 001336 002625 570458 -57 1008

£.105 164503 153503 000384 003 006ME 012348 -0.06718 Q01547 002344 5705 -57.1008
570542 5 AEET 148917 000339 0.03845 005831 02035 007150 001850 002031 570542 -57 0965
570583 134083 -1315 00043 004048 005865 012707 006938 .00IZ2E 002084 570583 570837
570625  -1145 11825 .000521 00403 0.04846 012533 .0.08027 .002338 002203 570625 -570752
570867 -10 2667 -10.525 .000534 003878 003104 011375 .0.10378 002328 002109 57067 -570752
570706 -B88167 -§.125 -000501 003743 000803 003811 -0128 -002234 001806 570706 -57 0837

57075 -8 68333 -T8 -D00417 003348 -00066 008722 -0.14502 -007M7 001797 57075 -57 0965
570782 83 573330 000313 002864 001216 008548 015732 002367 001612 570792 -571051
570833 -BE4167 £15 000228 0D026E 00117 008711 015439 002375 O01TET S T0A3D 571008
570875 -7 BRIEY B 05 000298 002441 000961 004 -0.15139 00214 DO226E 570875 -57 0823
570817 -BBEEET -505833 -00(462 0.02219 000116 009881 01412 00257 002856 570917 570637
5709508 .35 563333 000625 0.023E3 001953 001711 -0.02348 002555 0025 570958 -STOVTSY

571 BOBEET 574167 000488 003617 005016 014653 -0.08151  .0025 002181 571 570752
571042 -B4DB33 -733333 .000293 002747 007402 017317 -006753 .002331 0.02108 571042 -57.0735
571083 -12B333 -10.375 .000234 002578 00627 016124 008711 .002102 001806 571083 -570752
571175 -15.5833 -131 -00026 001973 005641 014641 -0.10008 001789 001625 571125 -57 0667
STNBY -154187 -127417 -000435 DO127 007182 D 15484 -008178 -00157 0DIBRBT 571187 570708
571208 -11. 3167 -B44167 000658 OO0BOT O0O0R363 016553 -008463 .001358 a0 571208 57008

57175 -4 94167 -743333 00071 000582 QOFSIA 015452 00717 -000%34 0035 57125 570865
571282 -026EET 178333 00058 000527 005004 019475 003765 -00MMGS 002608 571292 -57.088
571333 1078 263333 000448 O0.004B9 00234 009394 013078 00008 002437 571333 570752
571375 DOEEET 1.20833 000312 000352 000614 008985 -0.15661 000422 002172 571376 570795
571417 JLBAIGT 074167 000286 00037 000347 005155 .006E18 000531 002156 571417 .57.088
571458 -378333  -2325 000358 000033 .000BE3 004086 -0.17132 0.005 002266 571458 -57.0795

5716  -5075 -3.30333 -000449 -000169 000185 003663 -0.16931 000483 002375 5715 -57.0709
571542 -5.20167 -384167 -0.0054 -0.002%3 000868 004402 -015904 000523 002312 571542 -57.06824
571583 5375 -475 000487 -0004E3 0021B8 005317 -0.14701 OO00EI7T 002084 571533 -57 0531
571625 -56BB6T 503333 000306 00071 004772 007379 -0 10846 000534 002 571625 570667
571867 -6553333 5908333 000298 000762 008768 011201 005467 0006484 002318 571667 570752
571708 -7 23333 -B5167 -000298 -000784 0131213 013869 001853 00037 002203 571708 -570795

57178 -THIGET -B59167 000926 -0.00805 008484 012325 -0.04344 000375 002084 S5T175 -ST0667
571782 -7 85633 648333 000547 001113 QO07OEE 009765 00768 0003 001837 H71792 570453
5.71833 -BO04167 G4 000651 001172 006185 DO8826 .0.08732 000ME 00167 571833 .57.0581
571875 -7.15833 -57 -000514 001084 005884 00863 .0.08308 000108 001547 571875 .57.088
571917 -4375 -355 -000305 -00067 0.04785 009131 -0.09869 -000086 001609 571917 -57.1093
571956 -1.06667 -098667 -0.00241 -000882 002826 00695 -0.11711 -000203 001853 571856 -57.1093

577 DOIBET 035833 .-00043 -D006B4 0D0DAI7T DOSETE -0 1376 -DO0357 002766 §72 -57.1008
57042 326667 3475 0006684 000423 000162 00403 015012 00057 002381 572043 -570837
5 THBI 948333 930333 000742 000143 000417 DO4703 -0 15464 000773 00084 572083 570624
572175 14625 140167 000807 OO000E1 000174 00512 015178 000837 002062 572125 570667
ST28T 163003 -154167 000664 00034 Q00313 008174 004132 00125 002200 £72167 570795
STZI08 150817 142667 000337 000677 001394 DOTB42 .0.12452 001766 00453 572208 570823

57235 127333 123083 000221 O0O00BES 003487 01039 -00951 00222 002108 57225 570823
572282 -108417 -10.475 .000318 001113 ODBSZT 014143 .0.04946 002684 0.01672 572292 .57.083
572333 -100667 -899333 -000391 001743 00BSIE 016541 -0.02537 -002961 001641 572333 -570837
572375 -5.76333 -B.13333 -000475 001343 006255 015081 -0.05097 -002875 001797 672376 -57.0795
572417 976667 -TEA167 -000578 001481 004656 013819 -0068799 -002789 002016 672417 -670752
573458 -BE4167 7225 000658 001732 004877 014317 005664 0032 002375 572458 -570751

5705 -BMET -BEIIID 000638 Q02025 00DA0BR 014803 -004823 002758 002703 5725 -570752
572542 -PH O -BOTS 000598 002248 003822 014082 -O06408 002584 002344 572542 -570752
5.72583 -TJ6EET 5678 00056 002282 QO0VTET 002023 009313 00236 00ITE 572503 570965
572675 .7.0BG66T 505833 000638 00235 000347 009556 .0.12286 00133 001376 572625 571051
57667 T 75833 4925 .0007T28 00247 .001BEE  DOTEI .0.14456 006193 0.01453 5TI66T 570837
572106 -10.1417 -G4 .000716 002580 .002514 D0A938 -0.15522 .001B37 001853 572708 -570531
57275 -13.3583 -828333 -000599 002679 -0.0234 006789 -0.15348 001633 002816 57275 -57.0453

i

D-1/13



Appendix D Data from Dynamic Test Panel SCI2

572792 -156167 -11.875 -00043 003133 -001842 0.0688 -0.14388 -001E56 0.02609 572792 -57.0581
571833 -14825 -12025 -000488 003424 -00090E 00739 -0.17892 -00157 OD2MB4 572833 -B70752
5775 103417 -7 99167 000566 003763 00073 DO8641 -0104T1 -001357 0006 572875 -570623
STENT -BBA1ET -1 BSE3Y 000501 00400 004043 011305 006174 001107 002234 57217 57088
577858 DIBEET 221667 000514 004004 007726 014585 001435 000657 002037 572950 -570752

5.13 1.8 290833 000684 O.03TET 007852 01412 001989 00031 001734 §.73 570667
573042 040833 171667 00071 003529 OO0S6BT 011722 .004923 .00007 001687 573042 -570591
5.73083 2 0.125 000632 003444 00532 010888 -0.05757 000031 ODIEB1 573082 .570453
573125 401667 -1.15 000514 003346 00556 01083 -0.05487 000234 001884 573125 570411
573167 425 -180167 -000443 003123 0.04818 009646 -006116 00057 001984 E573167 -57.0539
573208 44 -105833 000488 00304 003174 DO7BES -008759 DODE33 OD1BBT 573208 -57 0752
5.7325 -5.00833 -4 00054 003158 0D1557 DOSEB4 010888 001 001318 57325 -57 0667
573192 584167 519167 000423 O0MST 0004BE D003NS 01285 000EM QO010D7A 573292 570581
573333 68 855 000273 00304 000023 002792 013854 000781 001547 573333 -57 0824
573378 <135 -T33333 000185 002813 OOO0BE 00249 -013842 000703 002 573375 -57 DEET
S.73T 150333 -TA06T (000345 002305 Q00405 0027 013278 000578 002320 $73417 570857
573458  .T.5TH -7.53333 000573 00178 0O00BB3 003104 -D1229 000383 002703 573458 570708
5735 6825 .T31667 .000625 001452 002305 00468 -0.10216 OODIB 002719 5735 -57.0837
573642 .51BEET  -5.825 .000501 001215 005085 D.O7969 006556 000172 002437 573542 .57.098
573583 -247F -2.876 -000378 001263 007263 0.11027 -0.03487 -00043 002062 £.73583 -E70752
573375 -0.10B33 020833 -000345 001107 005884 010135 -005073 000587 ODIBTS 573825 -57.0708
5 T3E67 -B45 033333 000328 00084 004517 009047 -DOSER -0O0DBAT 001812 5T7I6AT 670837
573708 485833 -420833 00028 OO00B58 005861 010552 -005016 -000977 001781 575708 -57.1008
57375 0825 100333 0058 000443 007135 012139 00127 001VME 001734 57375 571051
573182 -15 5017 Sl44 000TSS DO0IE] D064 012058 003857 001258 001422 573742 57 0865
5.73933 -16.0503 156503 000775 000078 003062 010321 -0.07089 001375 001287 573033 570795
573875 155667 -14.4083 .000658 000124 00085 008027 .0.00772 .0DIG4T 00171 573875 570837
572017 -13.1667 -12.1917 .000547 G5E-DS -0.01471 DOB2687 .0.13552 -00iB38 002006 573917 -57.1008
573058 114417  -1045 000445 -B5E-D5 00271 DOS5421 .0.44831 002055 002172 573950 -57.1008

574 -105083 -0.37F -000456 -0.00215 -002676 005363 -0.15325 -002203 0.02218 574 -E7.0837
574047 -101083 -BB4167 -000527 -DO078 -D0217 DO05745 -0.14877 00731 002172 574047 -57 0887
574083 9525 814167 000514 000328 001714 008533 -014143 -002882 001889 574083 -57 0824
574125 44 -T83333 000501 000508 00117 007811 042429 003773 0021I5 574125 570584
S5 T4167 BO0833 7525 00043 000658 000B02 010425 -008209 002683 002234 574167 -570501
5.74208 9725 -BDEGET 000404 -000ES) 004355 014398 004287 003023 ODIETS 574208 -570709
57425 -TRIBET -B0916T 000417 -000E18 O0TESY 017919 -0.004%9 002891 001312 57428 -ST068
5.14292 68 -5 000612 0DBETZ 017027 002502 .002437 000853 574292 .67.1051
574333 -7.20833 -546667 .000438 .00058 004263 014236 -DDA22 002078 ODI0G2 574333 -57.1051
574375 -94 .734167 000651 -00041 003208 012464 007633 -002038 001375 574375 -57.0837
574417 -13.0417 -106417 -000651 -0.00352 002918 011711 -0.07784 001853 001828 574417 570824
574458 -18.1583 -12.525 -000547 -DD02B4 002217 010888 -D09864 -0D16G4 DD17B1 574458 570539
5745 158583 133417 000534 000433 000BE 0075 -010857 001312 001858 5745 570541
574543 -11.3 371867 000547 000157 000486 0O7A77 012626 001078 001844 574582 570667
574583 -1 SBEET -2.70333 000605 000473 001483 O0E417 013865 -000BS2 O016B7 574583 -570752
574825 0.225 249167 000592 000083 001018 005456 -0.14317 000427 001531 574825 -570897
574567 150167 JB5833 000488 001263 Q01230 005108 014039 000023 001547 574667 57088
574708 0.28333 245 00041 00478 00028 005284 093182 000187 001734 574708 -57088
57476 -1B25 040833 000932 ODIB03 OODOBE DOB22 -0.11456 000234 001812 57475 570795
574782 -2.83332 -16 .00B417 001878 002873 00783 .0.08734 000227 OD1E9Y 574792 -57 0667
574832 -5.40833 -3.06667 -000547 001614 00628 0.10529 -0.04402 000203 002021 574832 -570501
574875 67 413333 -000514 001982 00BSIS 017464 -001274 000148 002084 574875 -57 0R&T
574817 B33 5025 000482 00735 0085 01083 003405 00071 001844 574017 570752
5.74358 -635 564167 000488 002708 Q05525 009313 00541 0005 001703 574358 -57.0752

575 -B5BI33 -B05833 000553 002081 006104 003556 -004880 000516 001422 575 -57 0837
S.76042 -TOG1ET 643333 000475 002069 006915 009695 004077 000547 001203 575042 57089
5.75083 -B001ET 605833 000417 D0I0B5 OO0B2ET 009502 -0.05085 0000 001547 575083 -570897
575125  .§428 .7.30833 .000371 003N 004088 006579 -008062 000367 002187 575125 570837
57516Y -7B5B32 7325 00043 003227 001471 004541 011525 000328 002484 575167 570837
575208 5075 -5B1667 .0.00586 003233 -00D0462 0029083 .0.13881 000197 002281 575208 -57.0837
57525 -3025 -2B9167 -000547 003418 -001274 002525 -0.14896 000016 001806 57525 -57.0623
575182 0525 -015 -000397 003548 001147 DOB3A -0 14711 -000195 001844 575792 -570023
575333 -DASIET -04 000337 003584 000556 003527 014039 000477 001937 575333 570795
575375 4875 444167 000443 O0034B4 000174 004374 .0 13080 -000F48 001681 575375 -570687
STET <11 BIET 103503 000521 0032 001978 DOSEGE 011143 00077 001787 575417 -57 0539
576450 -16.1083 -14.825 000527 003285 003T6E 009965 00728 001148 0OITE 579458 -57.0824
S.755 -17.2503 159417 000553 00334 008927 01324 -0.02017 001805 001908 5.755 570837
575542 156817 -14.1 000592 003346 006857 014479 001413 00256 002234 5756542 -57.088
575583 -135583 -11.3333 .000565 003365 004587 012614 .003718 002287 002344 575583 570735
575625 -12.0417 -BB4167 -000508 0032E9 0.03928 0.11838 -0.04749 002406 002109 575625 -E7.0708
5756067 -11.1667 -9.14167 -000468 003132 00388 012325 -0.04785 002531 001831 575667 -57.0752
575T0B -10 3667 B8 -000443 00781 007838 012081 -0.05887 -DOIEO7 001641 575708 -570837
57575 -8 58167 <435 000443 002678 001042 010842 007633 002608 001656 57575 -57.088
575192 929167 -7 EE33Y 000508 OO0X3TE  -DO0BE DOSIS) 009869 007607 001734 575797 57088
575833 426 -708333 000547 002005 001676 00714 00827 002014 001578 575033 -570837
575078 825 545 00056 00162 00271 008859 003101 0029 001381 575075 ST0795
578817 8 00817 -0.13402 -00ZZT3 00118 575917 -57.098
575858 .785833 -5216567 .000553 001076 -002838 ODO8T18 .0129 00277 002084 575958 570837

576 -1.376 529167 -0DO0445 000531 .002004 007564 -0.11684 .002172 0.02084 576 -57.0785
576042 -BBGEET  -B.975 -000397 000B14 -00051 009162 -0.09785 002078 OD01B2B &76042 -57.0867
576083 -1147F 850333 -000469 000671 002038 0.11595 -0.08602 -002047 001625 576083 -57.0624
S7TE175 -1423817 -12.0867 -000599 00037 0D4853 014108 -D03104 -007 ODD1EZS 5 TE126 -57 0667
576167 <1465 -123583 000645 000033 004331 013030 003930 -001ER7 001719 576167 -57 0667
STEIOB 1105  -BATS 000617 000741 002803 D10567 008035 001273 ODDBTS S TR0 -57 0824
51675 504167 -B0BEE7 00056 -DO00475 003834 010761 0049 000868 0020068 57625 -57 0581
576202 0275 1450833 000632 -0.00562 00578 013278 -0.026687 000719 002084 $76292 -570624
576333 1.28333 2875 000514 000573 00585 01239 .002537 .0003d44 002141 576333 .57 0667
5.TEITE -0.06EET 185 .000326 000468 004124 010147 -DO0512 0 002141 576375 570709
STB4IT -25416T -045 000318 000521 001714 007077 008908 000258 002172 576417 570867
5.7B45E -45 -148333 -0.0041 -0.00521 -000556 004355 -0.11966 OODE0E 002156 576458 -570795
5768 -54 -361667 -000443 -0.00508 -0.01924 002803 -0.13541 000727 002141 5785 -57.0837
5.TE542 -5B85 428333 -000514 000579 -0.02262 001BB8 -0.13935 0ODEA1 001969 57B542 -E70752
576583 505833 490333 000651 -0 00632 -002087 001425 -013807 00075 001828 576583 -57 0624
576625 -B 1167 550167 000762 -0 006B4 001378 DO1645 013135 000E2E 001869 578625 -570539
57B8ET -6 7BEET 5008333 000762 -0007F 00022 002734 -011827 000BA4 002062 57EEET 570624
5. TEI06 -T4B167 5975 00071 D007 001934 004507 009484 (QOO0BSE 002186 S.76T0R 570795
57675 -789167 628333 000645 000658 00556 00783 005408 000305 002334 ST675 57088
576782 -E0BGGT 680833 000687 000582 008452 011769 000581 000133 002328 5767492 .67098
576833 .7.50167 -1.35 -000671 -000306 008417 011819 -0.00825 000338 002172 576833 -57.0795
576875 -5.80167 -626667 -0.00592 000052 006741 009429 -0.03811 000281 001821 E57BA75 -E70795
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Appendix D Data from Dynamic Test Panel SCI2

5.TET -185 -3.39167 -000573 000169 005004 007911 -0.05861 -000305 001675 576917 -57.0735
57EI5E  -0325 042167 -00054 000734 004413 007575 -008878 -000398 001859 676358 -57 0985
577 -D40033 000833 -000527 000358 003384 007251 -007714 000508 001766 577 -57.1008
571042 425 331667 000583 OO00B51 001765 008408 -008162 000648 001703 577042 -57 0837
577083 1035 -883333 000612 001042 0D0VTE DO5155 01085 000711 001734 577083 -570752
5IT12% -15028 134833 000632 001405 00134 004158 0121309 00006 001859 577125 570837
S5TTI6YT 1685 152083 000645 001671 001847 003799 0912765 001734 001837 STTI6T 570823
STTM0E 157167 .04.275 .00054 OO01634 .00205 004205 .0.12718 .001648 001844 577208 .57.0823
57725 -13326 -127833 000573 00165 001714 005201 -0.12255 -D0IB45 001703 57735 570745
577282  -11.25 -104417 -000716 0.0191 -0.00707 008776 -0.11074 -002125 001531 677292 -57.0795
577333 -10 0083 83 -000781 007707 D01 DO3931 -D.08808 -00243 D025 577333 670752
577375 633333 -B7 -D00671 00748 004018 012138 -004508 -007789 001484 577375 -67 0667
571417 -305 823333 000487 002665 O00BATI 015358 -D0051 003016 001853 577417 570667
577458 -8 7RI -155 00043 00171 00BO3S 015278 00407 002675 002203 577458 -57 0752
517% -BI0BII -BE416T 000443 DOIZH 003081 013578 -003649 -00ITEE 00211 57118 -5TO752
577542 <7275 5678 (000468 003477 Q036EI 013703 009417 002852 002016 577542 570795
577583 GEEE33 5425 000487 003623 004156 014444 002585 003773 001806 577583 570742
577625  -T.025 -565 000658 0036B5 003521 013773 -003568 002523 001562 577625 570624
577807 -TBGGEY -B33333 .000814 003542 001748 01156 006278 .00218 OD1IT2 577687 -570581
577706 -9.825 -808333 -000755 003301 -000313 00885 -00922 -001788 0.01Z81 577708 -57 0667
57175 -13.7333 -108 -000638 003187 0018 DO08RES -0 11782 -001437 ODIBIB  S7775 570752
577782 15725 137083 -000509 003177 002919 005678 -012371 -001148 00156 577782 -67.0752
577833 148833 12175 000723 003218 -00345F 0049 013054 001047 0018B4 577833 -570752
577875 1045 -B34167 -DO06T7 00305 -0 0362 004772 012082 00062 00162 537875 -570752
57T -ABET 248333 000488 003483 00205 00912 00873 001047 D016 STTENT 570837
5.11958 0 g ! | 005815 010086 000758 001656 577958 -57.008
578 1.80B33 320833 .000591 O018EH 001853 007657 006741 .0 00398 0.01837 518 570623
576042 0275 1B4167 .000588 OD2BBS 005444 011004 001681 000286 002312 578042 -570823
576083 -20B333 031667 -000585 00204 OO7S06 012873 000985 000972 0.02299 578083 -570735
578175 -383333 -214167 -000645 002453 00651 01156 -000822 000148 O0O0I76 578125 -57.0581
578167 -47 -3133333 -000837 00735 005537 010031 -002583 0O0451 001841 STBI67 -67 0533
576208 -4 9BEET 401867 -00054 002378 00534 009301 -002919 0O0DE3T 001718 578208 -67 08AT
57815 54167 449167 000378 00237 004588 008018 -0037T60 00086 001531 57835 -570437
578282 5675 503333 000318 002005 002842 008 006023 001023 001406 578282 -57 0823
578333 BLIEET -5B0333 000371 00153 001251 003973 009757 000877 O013TS 578333 570837
5.TB3ITS -T33333 626667 000498 00118 000151 00249 010950 0QOTSE 001287 579375 570752
57817 -7.85 655833 000612 000805 000885 001564 -0.12278 00068 001672 578417 570752
5 TB45E8 -§15  .6725 000638 000645 -001183 001297 -0.12869 O0O0DB25 002266 6578458 -57.088
5785 -7.098333 -643333 000578 000537 001018 001425 012672 000234 002406 5785 -57.1051
578542 -6.025 479167 -000508 000443 -000581 0O0N79 -0.11734 -000108 002359 578542 -57.1051
5 TBSB3 -7 A4BEET -185 -000488 000241 000581 003837 -009385 000327 002119 5785383 -57.1008
576825 058333 0:25 -000508 000078 002557 006023 007135 00032 002135 570625 571008
57BERT DESEII 019167 000593 000143 005503 003417 003116 000607 001884 57HEET -57.1008
578708 -345 -3R41ET 000658 000423 0 0B3ITY 0109 -00811 -D00BSE 00175 57E7OR 570823
5.797% -BO166T -8.200833 000664 -0.00563 005108 009938 -0.09707 001109 001828 57075 570795
578782 14728 13475 000736 D007 00527 090281 -003556 001492 002078 579792 570703
578833 16225 148933 000767 000748 006384 011808 001842 001667 002047 578833 570667
5.7B876 -150083 -137583 .000638 -000547 005888 012603 -DO0163 .002125 001609 578875 -670752
578317  -1285  -11.65 .000573 .0D0462 0D037IE D.10858 .0.04077 0027203 001422 578917 -570623
5.7E956 -11 0667 -10.0083 -0.0056 -0.00B05 0.00857 009352 -0.07506 -002%41 001562 578958 -57.1003
578 -10.1817 918867 -000501 000703 -0D1517 006359 -010784 007086 001797 578 -570823
576047 <1025 -893330 000482 000664 003035 005408 01285 002133 00047 579042 -570752
576083 -1035 874167 000456 000718 003663 00537 014004 D0IFT 002318 573083 570752
578125 -9825 -BIBBET 000521 -0 00831 .0 03637 005502 -0 14004 002482 00272 579125 570745
5.T91ET 005833 -8 00077 00072 003334 005073 013200 002596 002200 579167 570623
579208 -783333 6078 000597 000247 002620 00878 011589 002625 002156 £79208 -570623
57915 700833 5375 000508 000289 001008 008585 009232 002586 001868 57925 .57 0837
578282 -B.75B33 -515833 .000221 0005 001834 011491 005502 002547 0.01703 5.79232 570795
578333 -T38167 -540833 .000188 00054 005842 015325 000533 002684 OD01B56 579333 -570752
578375 -9.36667 -6925 -000456 000365 O006EBB2 016251 000822 -00243 002031 579375 -57 06867
578417 -17.35 47 -D008T1 000378 004508 D 13634 -002383 001718  DOI25 579417 -570531
578450 15025 -121583 000716 Q00723 002965 011398 004681 001258 00247 5794508 -57.0501
5785 <14 T0A3 119167 000832 001008 00348 010309 -005284 -00125 001672 5785 -57 0624
578542 102417 B 24167 00058 OOVZM 002015 DO09267 005937 001344 001344 579542 -570709
5795683 368333 -2B16ET 000492 00153 0017 008027 007274 001039 001609 579593 .57.089
5.79628 105 188333 -000598 0.01829 000081 008568 -0.09985 .000482 002141 570625 -57.1008
578667 1.725 188333 .00056 00054 000986 004819 010681 000125 002408 579667 .57.1008
578708 -0.275 145833 .000448 002283 .001645 003579 -0.01757 000211 002234 578706 -57.0795
57976 -246667 -0.74167 -000345 00715 -001726 002907 -0.11931 000477 001766 57975 -57.0709
-38 -1.36667 -000385 003132 001378 002687 -0.11444 000538 001625 578792 -57.0709
578933 433333 -303333 -00041 003405 -000637 002865 -010159 00043 001869 679833 -570795
578875 470833 353333 000384 003542 00085 004355 007714 000358 002547 579875 570704
57RE1T 506333 433333 000404 003542 003I7ER DOGTHS 004089 000FT 0DEET 579917 570624
5.7R856 -6 20R33 510833 000501 003488 007425 DO3862 000232 00031 00253 579958 -57 0867
58 -BOBET 5825 000579 003457 00707 00379 0.00579 000808 002128 58 -57.008
580042 -T15833 6 000537 003535 005877 008352 00205 Q00718 002006 H80043 57098
SBO0E3 .T4B167 6025 000378 003613 005572 00783 002826 000578 001884 580083 -570837
580125 7526 524167 .000358 00377 00622 008664 -0.01876 000336 002 580125 -57 0837
5E0167 -6.98167 -8.25 -000521 003674 006046 00678 -0.02015 000016 002078 G80167 -57.089
580206 -5.26667 -524167 -000645 00382 004367 00724 -0.04183 -000017 002125 580208 -57.083
5 BI7S -745 -300833 -000579 003667 001876 004823 -007147 000107 002141 58025 -57088
580792 003333 -050333 000534 003819 -000232 003232 004672 000247 003719 580392 -57 0865
5H0333 -0.00B33 02 000586 DO3TI? -D0IEY DO2338 01127 000414 002084 580333 .57.088
SBO9TS -BFANET 3425 000618 00348 002548 DO01853 -012116 000437 001844 SE03TS -57 0837
SH0a1T -BO083F 910333 000579 003794 002782 00062 -0.12429 -Q0D4ES 001787 580417 57009
SBM5E .1QBE17 138583 00041 003089 002408 0O02TES 001989 .000E36 001828 580458 571041
5805 166667 15575 000326 O002BX 0011 004077 010564 001422 002187 5805 571083
580542 -15B0B3 -143083 .000334 002533 O0D010BS 005255 .0.07807 -002038 002406 580542 -57.1051
5B0583 -140583 -121167 -0.0041 002415 004484 01002 -003046 -002414 002469 530583 -570837
580625 -123333 -104167 -000438 00237 0070B8 01361 000882 -00Z641 0025 580625 -57.0752
580867  -10.85 834167 -000391 00735 00556 013078 -000475 -002B56 002062 680867 -570709
SHOT0A 9925 -B43333 000267 Q0307 003301 011294 003185 002578 001822 580708 -570703
5BEITE -BAGRII -7 EOB3Y 000298 OO01ES 002583 011155 003985 -00257 00656 SBHOTS -570795
580782 -BOB33E -723333 000436 001413 002502 011653 -000888 D018 00156 580792 .57 0865
560833 -BESEIT 605033 000521 0012 Q01622 001143 005087 002717 000BEY 580833 -571008
SBO8TS 075 6725 000443 001064 .0 00083 008672 0073 0025 001108 5H0875 570823
SE081T .TAI66T 6.3 00043 000ET 00183 O0OT8TT 008763 .00F358 001781 580817 5T 0837
5 60958 -585 5775 -00D4T5S 00057 002918 006313 -0.11433 .00225 002234 580958 -57.0795
581 -7.20833 -545933 -000501 000124 -003463 005444 -0.12162 -002096 0.02016 §81 -ET0867
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Appendix D Data from Dynamic Test Panel SCI2

581042 -B085 -BETS -0.00489 -000117 -003707 005375 -0.12174 -001797 001628 581042 -57.0539
5BI10B3 -11 B333 -85 -000417 000747 003104 DO5B08 -011585 001547 O0D01B61 581033 6570533
SE1125 -14.35 119833 000287 000341 -001853 008811 -010135 -001547 002167 581135 -570708
SEVET 141333 118333 000208 0000 00015 008097 -007786 001641 002547 SHIET 570820
SBI208 -G O16EY 828333 000241 00043 002757 DI0576 004089 001633 002608 581208 -57 1008
58175 250167  -262% 000926 -0.00651 004865 0923093 -0.00590 0013 00228 5125 57099
581282 121667 170833 000432 000872 003544 010641 003785 000734 001787 681292 570709
581333 131667 271667 .000534 .000E3 003255 008838 .0.04877 .000125 001344 581333 570824

581375 0.55 13 .000435 001048 0051068 009776 -0.02653 000094 0.01422 581375 -67.0624
581417 -1.83333 -0.70833 -000352 -0.00618 006371 010888 -000753 00007 001781 &£81417 -57.0539
5B145E -34B333 -74 -DO0378 000557 005204 009938 -001853 000187 00196 581458 -57 0498

5815 420833 -3153333 -000501 000345 003727 0DO7367 -DOS3: DO0477 002031 5815 -57 0581
581543 4475 405833 000534 00007 000237 00439 009128 000727 002078 581543 570667
5 B1583 -7 445830 000487 000038 001552 001834 011514 DO0BH 002084 581583 -57 0752
SB1625 -5 2167 508333 000443 -000TE8 -00234 00066 -012417 00084 002156 581625 570752
SBIEET  -B325 603333 000458 000365 002444 000243 002614 000SET 002187 581867 570837
SEIT0E .T43333  -6.725 .000495 00045 002015 000486 .0.)2464 00036 002156 581708 .57.088
58176 -795633 -B775 -D00385 -000245 -001274 001135 -0.11514 DODEA4 002125 5B175 570795
581782 -8.05 -5.89167 -000371 -0.00046 -000151 002212 009568 000211 001837 5817492 -570752
561833 -750833 685833 -0.0041 000320 002185 004494 -006174 -000087 002016 581833 -570837
581875 584187 -575 -000433 000755 006151 D08SBO3 -DOO73 000281 002141 581875 -57 0885
581917 208333 3075 000371 001185 OD0ATIY 01207 002806 .0 ODEDD 002 581917 571093
581358 <035 01867 000293 001458 O0D0A7H9 010437 00044 -000DEAS 001672 581958 571093

582 -0225 O0BEE? 000228 00153 0030904 DO7EEE -003012 -00DS7 001562 582 571008
5 BH42 105 -318333 000384 001585 002478 0D06TES 004332 -000ET7 00175 582042 -57 0865
S.B20683 -10.3667 70833 000518 O.OITTT Q01946 008027 004580 -000E3T 001853 582083 -57.1008
5B2175 150333 13125 000716 001608 001274 DOG568 005653 001084 002084 582125 570965
5B2167 -167167 -145083 .000634 002135 00005 00578 .0.07274 001231 002344 5382167 570752
582106 -157083 13775 000755 002552 .001436 004819 -0.09884 .001516 002266 582208 -5706867
58215 -13.326 -122167 -000748 002879 -0.02676 004112 -0.09996 001781 002312 58225 -57.0709
5B2797 -11.1417 -1D8ART -DO0618 002823 003151 D03V96 -0104%4 002117 00ME9 583292 -57 0757
582333 055833 0575 000475 O0IBSE 002918 004781 -0 10483 002359 002381 582333 570795
582375 -BASRAZ 8575 000462 002875 002317 0058A4 00985 002516 003234 582375 570823
SBMIT BA1BET  TTS (000534 003089 001591 00747 008433 002641 001812 582417 -57.1008
582058 -THEY 7025 00056 003788 000027 003023 005409 002687 001422 592458 -5700985

SHIS -7.25033 573333 000598 00IETS 002127 012406 -0.00486 002012 001570 5028 -57.0823
582543 V20833 -G.A5T5 000566 004141 004811 014842 002583 .00IE9E 001628 583547 570837
582583 -BBBEEY 613333 .000573 OD4318 003208 013552 00029 002672 OD1BE9 582583 -570795
582625 -G8 -544167 -000586 004084 001785 011942 .0.01318 .002538 002281 582625 -570708
582667 -T44167 -513333 -000547 003602 002188 012128 -0.01332 -002427 002375 5392667 -57.0709
5BI7T0E 963333 6575 -000475 003548 002676 012267 -000753 -00I039 003031 583708 -57 0752
58175 -13025 -885833 000443 00332 Q01853 011108 001981 001677 001562 58375 570752
583783 1585 -130417 000371 003 000046 008477 004631 00131 001562 582797 570667
5B 157167 132583 000378 003151 0018 DOE7S3 D076 -001218 001837 582033 -57 0624
SBATE -0 BEE  .BATS 000498 003105 (002185 004853 008707 001017 002141 582075 570795
SH2T 4 0BEGT 28 000495 002069 003685 00307 000822 000814 002125 S82917 570865
5BF56 093333 1.78333 .000345 001871 003834 002884 011039 .000516 002047 582058 -57.1051

583 20BEGT 2085833 .00028 00265 -0.03576 002687 .0.11087 .0.00078 0.01806 583 .57 0865
583042 05 154167 -000236 002409 -0027FF 003093 -0.10278 000164 001703 583042 -57 0665
582083 -1.73333 -0.326 -0009527 002122 -000BE 004332 -007946 000312 001766 583083 -570823
583176 -3275 -1715 -D00577 001843 0D3I2B2 DOSES4 -003896 0DO002T3 002172 583125 570795
SBHET -4 05 =175 000573 001560 006023 009973 000741 00008 003437 583167 -570581
5 B3108 <445 136667 000553 00151 006358 010425 001077 00025 00356 583208 570539
5BEIZE 4725 AN667 000547 001521 004448 DOB0G2 -001807 00057 001708 SE325 -570752
503292 500167 509167 000632 0001302 003834 008817 003083 00075 001562 583292 570095
563333 -6.08 625 000851 00087 004193 00695 -0.02757 000742 001859 583333 -5T0052
583175 .TIE167 663333 000592 0005 003885 006695 003127 000648 002I66 583375 5707452
583417 -BOIGET -B6 -000534 000162 002571 005294 -005108 000547 00225 583417 570837
5B3GE -B5E333 -711667 000534 000124 00044 00329 007738 000508 002108 583458 -57.083

5835 -B.13333 -760833 -0.0056 -0003V1 001238 001339 -0.09911 00406 002 5835 -57.0623
583547 5875 -F4 000487 000458 002073 DO0BA -010935 000242 002016 583543 571093
5 83583 <26 -365833 000404 00033 002305 001008 -0.11384 000023 002084 583583 -57 1138
583535 0275 -105 000475 000254 002301 D01688 -0 11201 000373 O02TI 583625 571008
SB3HET 008333 -070333 000553 -000345 001587 002015 010332 00077 002156 S5HI6ET -57 0837
SEIT08 030333 409167 000448 000397 000307 004355 008381 000758 002187 S9IT08 570795
5.83T% -10.8503 9.75833 000950 -0.00391 001934 005069 -0.04987 007008 002187 58ITS 570637
S EIMET S TI6T 142833 000468 .000MEE 004633 008804 001183 0013898 0.0239) 583797 .57.088
563833 -16.775 -153917 .000632 000857 004205 010147 -001761 001781 0025 583833 -57 0837
583875 -15.3667 -14.1333 -000592 -0.00796 002514 00807 -0.04019 -002117 002609 583875 -570795
583917 -13.0417 -123417 -000534 -0.00573 003174 010112 -0.02977 -002318 0.02719 583817 -57.0795
SRIN5E -114417 -112333 .000778 -O003ES OO0D47B4 012023 -D00A02 -DOZ414 0D0IE09 583058 -57 0823

584 105667 -103063 000827 -000347 004681 012439 000362 002445 002172 S84 57093
504042 102417 818333 000638 000765 002629 01112 002888 002432 001672 584047 571136
5 B4083 -B93333 -7 B1GET 000443 -0.00143 -00028 DOA734 008707 -002523 001437 584083 -571008
584125 -GOBEET 505833 000397 000158 002638 008637 010135 002588 001437 584125 -£70837
SE41GT 523333 625833 000539 000319 00434 005433 012267 -00MG8 001734 H8416T -5TO7TH2
SB4208 .TEE1EY 611667 .000728 000435 004958 DO5S062 -0.12684 002336 001822 584208 570795
58425 -7.28333 -5.95833 000617 000764 -004785 005166 -0.12058 002258 001644 58425 570823
584292 -1 -569333 -000397 001776 004112 005548 -0.11062 -007141 001766 584292 -657.0837
584333 -7.16667 -564167 -000365 001771 -0.02826 006209 -0.09927 -002108 001869 584333 -570709
5E4375 -BBEEET 6825 -000385 0010 -0007RS DOTE33 -D07888 -D01211 0.02380 584376 570757
564417 120333 830333 000991 002057 002467 010622 -D0351 002373 003584 584417 570795
5E4458 150083 11825 000483 002161 006232 014607 0012 007118 D041 584458 -570752

5845 151667 121503 000534 002400 00B243 014873 002757 00T 002350 5045 570752
SB4542 109833  -047S 000469 002591 00344 011954 -0.00585 001133 002172 584542 570897
5.B4583 .4 10833 .228333 .000306 002806 0018 008995 002873 000781 002F18 584583 571051
5 BAGT5 1375 269167 000182 003001 00136 009338 003626 000633 002281 584625 571051
5B4B6T 2B4167 383333 .000058 003118 001823 003375 .0.04287 000258 0.02359 584687 .57.083
5B4708 141667 230833 000918 0031 001031 006579 -0.05876 0009125 002119 S34708 -570752
5B47% 143333 §.189333 083594 00375 -00019 004402 0.05247 000481 002016 58475 -57.0624
584792 699029 ©89029 178473 068783 001847 O000BES 556863 0O0EIS 001797 584792 -67 0624
504833 EA9029 BRG0TH 622723 57844 030769 031194 3081 00054 004031 584833 -57 0865
564875 99028 BBO02O BEATIE 11 @108 10674 138591 BE1441 00O0BE4 021317 584875 -57 1605
SB4IT BH9028 BRO0ZE ERSTE1 120068 -2ETOBS -284831 TESTD 000DTAR 077822 S84m1T 57 23N
54950 E99029 BOG02O 158118 GTIIOT A B2048 27726 539253 000812 18TITZ 584958 573013

SES5 G99028 GEE0TH .14 ETET 275485 .5 BO0BY 4 36H0T 26093 000E2S 337609 585 .57 I096
SE5047 GA9026 GEH0TE 143097 187643 .5 BEZET 244106 HE9389 000016 S038X8  5.8504F 574351
5B5083 £33028 BSG028 -151315 177702 -4.31284 -263187 224682 000577 EBB2E1 585083 -574421
5B5175 ©99025 ©99029 -1.15964 01603 -246405 -I151544 -689169 -001B05 830228 595126 -57.3095
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585167 699029 609029 -126309 279557 -0.06559 -I64355 -284906 -002727 9.93141 585167 -57.3184
585108 E499028 688029 2437927 20873 0 16SBT -2737007 063952 -004195 115700 585208 -57 7544
58525 6O9079 GUS029 276237 075664 12005 -115845 024828 005857 124TB4  5A525 5728
585282 99028 GBA02O 203498 14627 220307 049218 341280 -00VE0E 142458 5H5292 572005
5H5333 FH9020 BEHOZH 544218 TEATSY 225225 1DTG08 908099 008596 153602 585333 571801
SB53IT5 BUG028 EOG02O 7403 B0qBE 0BS54 267065 118272 001718 16432 5853TH 571435
5B5017 699028 BOB028 873112 14186 363056 290348 152389 09383 1T 538 £85417 571392
SB55E 29030 BER028 533704 130383 130323 308731 2032453 .D.14468 1BERTT 585458 .57.151
5855 B93028 658029 040345 3B3IBZA 052984 343515 4661 .0.10437 188484 5855 -57.1477
5B5542 699025 6889029 -3.94427 435814 -0B2833 344141 231273 000633 J09B56 595542 -57.1349
585583 B99029 BOG02ZO  -B211 425077 -124521 292954 203009 DITEIE J2085 585583 -57 1284
5BSA75 E99029 888029 -341845 413431 -0B103 188113 179944 038781 731844 585825 -671093
5SB5567 EA9029 BRG0ZO 037258 39752 006313 DTEI23 144378 058817 242722 585667 570795
SESI08 BH9028 BRO0ZO 280628 JTIAO) 0BA2ZE D15821 960432 078211 SATEE SEST0A 570411
SB5TS BH902G BBOOZO -OE0GTH 41SBED 1753085 025058 GEM04 100125 264808 50575 570027
5857192 B99020 BUG029 02531 531204 244837 101015 9E2905 12X ITEI04 585792 569856
SBSH33 BA90208 688029 570185 631715 JBEE3E 244532 133484 146062 JESI62 585833 .56.9834
585875 693028 656029 .187435 638061 246331 404397 167375 158064 204341 585875 570283
5B5317 £99028 6502 .130878 559363 207B2E 513408 1B 267 191387 303437 585817 570453
585956 699028 600029 -285977 440319 174236 553069 194867 212266 312837 585058 -57.0453
586 699029 6EB02O -280167 282741 1577RE 498153 201118 233009 323319 586 -57 0453
586042 69020 604020 308978 {25871 151R11 33087 160080 250847 331384 588042 -5T0411
SRE0BI EA9029 BGS0T9 -5M04% 030132 144039 110713 1TEE6 2ABR44 3ZOTHD 586083 570411
SBETIS FH9028 BOR0ZH -BS0111 D44BE3 1 M6TEA -1O0BE1 ITEITI 28B352 D47736 SHOE195 -57 0498
SHEIET BA9028 680020 -BJSIET 13803 O TVTOD 233288 180437 303547 355302 586187 570539
5BE0B FH9028 BEG02O G265 261586 012406 23057 201368 320219 JEME5 SHE208 570498
58615 GI9028 GEE0TY 653548 I GEITMG .0 FH3TH -139882 12105 FIGIGE IGEII 5625 570453
5B6287 699028 666029 626001 43TTE 05553 015556 226613 351636 375666 586232 570411
586333 06930285 685029 553744 5010682 .043146 183318 237817 386852 361608 5386333 -570325
586376 6990289 609029 -571126 567360 -006792 337098 239437 381318 3BT 586376 -5V.0112
SBBA1T 699029 600079 -4 B5E58 B71791 O0416BE 455477 233108 395758 393541 586417 -670027
5BB4SE £A9029 BOG0TO -391335 BGRIES 10832 539841 22710 408281 300185 598458 -57 0155
S865 699029 6RG0ZQ .A60215 B3257A 1 BIOS8 S08409 A TIM 420588 40448 5885 570197
SEESAZ EHO028 BEBOZH 53184 501647 2306BR BIHMEI 0059 437477 ADOIBE SEES4T 57004
586583 B99029 688028 .342214 33 2E0BB3 ET0S48 1B02E) 4A3B25 413634 596503 570368
SBEE25 B99028 609020 385901 181471 24B54 BT4185 163012 453906 41776 SHEE2S 570325
5HGG6T B99028 6BE0TE .54BJ8E 036158 294817 GITES 152206 463414 431583 S5E666T 570112
5BGT0E 699028 686028 708453 024B42 165008 519316 155914 472375 425284 586708 -569841
58575 £99028 GBA0ZS 58623 064134 162503 37347 176458 480625 428827 5A675 564841
5B6TEZ 699025 ©8G029 -3.71667 091471 144155 148069 200704 487703 432344 596792 -57.0027
5BE333 GA9020 600020 -287305 115775 11B011 102487 213938 403781 435164 686833 -67 0069
5BEATS BRA029 66029 313 17617 0TR3ZE 21662 211874 498437 43TIET 506075 570069
SBEA1T 699029 684020 .3 T4961 753845 030441 28634 19TEET 505358 438664 SH6Q1T 570112
SBES58 BI9029 GBO02O -4 06470 340500 -DO07436 351183 17THTE? 51907 440152 506058 -57 0069
587 E99028 60020 436997 A3TEEI 00374 37910 163367 S1BAG1 44,1758 £87 -
507042 B99020 BOG0ZO -4TI014  S2B4T 012325 358489 155540 S210U0 443316 $8T042 -57.0027
SETOE3 GA90268 6ER0TE 478134 563665 055357 IO4ETT 156085 525008 444547 587083 .56 9899
587125 B99028 BBA02S 458354 528839 0630B4 21523 165067 52607 445364 587125 569813
5B7I67 G99028 688029 478523 46184 106312 141131 179633 530109 445666 587167 -569813
567206 699025 689028 -438197 3.85517 0E645E DO7466 193479 S0 445417 587208 -569841
58776 €39029 688079 467895 788518 Q41788 062619 202156 S3IITI1 444842 58725 570112
567282 699020 62G020 483088 729173 003544 OD64125 20504 S53IEID 443307 SATAZ 5TOM5S
567333 EA9029 BRS0T9 456094 J0G65 036024 08508 201715 534055 4413083 5487333 570155
SBTITE BUO028 BEGOTA -4 72287 2123M 040472 108853 181161 533858 43803 587375 -57 0069
SBTANT EN902.9 BOG02O -4 BETIT 20563 04631 12909% 1TH050 S23GE 436527 SATAIT 570027
5BTA56 E99028 BOS02O -4 54905 203561 030062 163977 162189 S3NUY 433000 597450 569841
5875 BHR028 GES0TS .3TTI2T 26BN 001548 183187 153134 530555 430412 5ETS .56 9899
587547 £99025 655028 .3.13008 255308 002258 256876 145883 528055 428658 587542 570027
587583 699028 6BBOZS .281751 2661 0DEOBE 337309 138671 537333 475683 6587593 -57 0155
587675 699029 608029 -285072 176556 001484 417266 132717 575241 4225 587626 -57.0155
5B7TA67 6990289 698019 25588 230873 -0070BE 473191 137818 §7I797 4182 SAETEAT -570027
SBTI08 FA9028 865029 256028 94584 0011188 481509 123973 530453 415741 587708 -56.9858
56775 609009 600029 272598 355157 -00137A 439387 114M 517851 411842 58775 569858
SBTI82 BU9028 BRO0ZO -28TT07 330027 023308 35002  VVENE 514383 40TT08 SE77HZ 568841
5B7933 E99029 BOG02O 307402 206178 054002 248937 122402 S00Z4 4023012 $97933 -57.0059
SBTETE E99020 BEB02O 340404 243411 Q81049 144398 127331 S05E05 3LTETS H470TS 570003
SETATT BA902 6 GEB0TE (365547 1 BA3TT OBESE) 063R94 133411 S01IXT IEIG59 SETANT .5T0368
587958 699028 658029 .385195 088125 074181 013228 1368816 486602 387078 587558 -57.0363
588 699029 689029 -345293 071787 033718 -01712 139841 432125 381344 §88 -570183
568042 6990285 609029 -3.19824 108653 -0.24406 -042233 134097 487734 375733 588042 -57.0112
5BE0BS E99028 606029 -297383 191558 -0BR3SE -070357 133841 4876881 370431 588083 -569884
SBE1IS 699029 6OH029 255215 275804 146019 4103559 110387 477516 365344 588135 -57 0069
5BB16T BR9028 GOG0ZG 21793 318854 .1 05680 130897 101988 47109 IE0136 588167 570083
SEEI0E E99028 BEH0ZH 190547 3 080B3 2063 -142 9E0VE  ABIST 354445 HEE208 -57 0325
5.8825 €99020 BOG02O -1BOTEE 269041 27076 -1337 B.MM623 485628 348181 589025 -ET0197
5BEI82 GH9028 GOB0ZS 1 HISTE 220189 -28THEY 104246 849234 4ABSE 341442 588297 G700
SBEIZ3 99026 68R0TE 163918 1TO0EY 30715 08AT08 842908 44ITIR 3F34Q01 588333 570325
586375 699025 665029 .166A23 123477 .3.25306 -093732 846475 434671 327359 588375 570453
5EBB417 699025 698029 -1.73248 067513 -3.07024 -1.12837 947868 426633 320236 588417 570411
5BB456 ©99029 699029 192906 068411 -2186174 -135865 935216 417531 31.280 598456 -570293
5885 FI9020 500079 214297 074835 -2.70401 187068 B.1125 407014 305353 588 57024
580542 699028 6GG0ZO 211973 046712 24507 105264 TE1829 390187 J07VI5 50654% 570335
5HRSE3 BH9029 688079 189329 006735 239975 -193582 739353 Q8BS0 289804 580583 -57 0496
SEBEIS EH9028 BRBOZE 1125 004251 -204B43 -1 79507 671463 A78M2 W22 SHEE2S 570501
SHEEET E99029 BOG0Z9 1,439 00235 -1 BAI00 144108 581472 IBTES 274220 HR066T 570539
SEETOE BA9026 6880TE .0713897 051831 .1 6I79EE 099026 4B18TE 356641 I6BAIE SE8TOE 570453
SERTS 69028 GUB0TY 016647 OBTTES 151603 057639 FE0TA4 345003 258655 5EETS 5670453
5BETAZ 699028 6SR0ZA 021055 142135 154085 -034437 29883 333078 250658 588792 570581
566933 699028 609029 035993 168685 -1.71827 -033511 217068 370814 242191 588833 -570795
580875 699025 698029 03709 1.64368 -2.01202 -052693 163016 308609 733356 5898876 -57.003
5BEI17 F99029 ©8A029 0713457 173337 -2 36161 -088277 139533 706834 J74433 688917 -67 1003
SBEA5E E99029 B4G0T9 001022 053068 271513 -135018 12880 28GAE3 21.5BM1 588058 571051
SHE B99028 800020 008957 038704 -2 BEEBE -1 BEOSS 106942 28BS 207182 588 -57 08AS
580042 699028 B80020 005397 1M 3AN51 241663 130255 290781 1QBE2E 580042 570757
5BO0B3 B990205 600029 .00N85 17407 304047 209236 120142 20018 1BYT4Y 589003 570752
SBE1T5 G99028 688028 001764 175072 .3 1BEG66 33448 062784 306648 1B0E03 588125 570752
SBEI6T 6990268 688029 008538 .1 30661 .3 FOGIT 374998 052137 S03ETS 17203 589167 570837
565106 693028 B560249 .006337 073164 -343867 405708 -D0278 3.18E7T5 16328 539208 -57.08%65
56315 ©9902.9 G98079 025313 -0.78451 -359871 423236 -0D7016 322047 154444 50925 -57.1008
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5881927 699029 699029 070723 -0.217M -37601 44473 -137668 374398 145750 589297 -57.1003
580333 E99028 688029 115085 042783 304042 458013 195191 376375 13727 589333 -57.1093
SREITS EA9029 6BSS129 155618 058427 -4006G6R 462418 245486 328108 120861 589375 -570623
SHB417T EH9028 BRGOZO 194883 -DABABS 422734 AB3G 2910 328487 120868 589417 570624
SHOA5E 699020 BEA0ZH 232098 00755 4 BO43T A B4BOT 32708 330227 112428 589458 -57 0388
885 EUS02S BOO02O 2819 00TTI8 4300 472079 345149 330187 104277 5095 -5T0360
588547 699028 GSR0TE 311387 00113 434031 4 B8817 349643 326508 60358 H88543 570581
5BBSE3 099026 6BR0ZIA 355124 063 410BB4 .513049 341847 378664 B.7EEZ8 588583 570709
586625 693028 655028 330814 -1.27318 387644 .53825 .32658 328023 B.010B4 589625 -57.0667
589067 699025 6989029 415404 -1.38611 -3673I3 -5587T45 -319932 31715 T.28637 599667 -57.0581
SB847T08 699029 ©08029 471408 -10843 -3 76354 -S6M08 -377055 375014 BA2047 589708 -57 0581
5BITS E99009 680020 53776 -DBOTR -3E3072 551147 33114 324227 5979822 5BOIF -57 0624
586792 699029 689020 622083 091419 350257 533658 376395 372305 534420 584742 570687
5B8033 G99028 BE0020 EO0609 -1 30525 342114 516B37 375808 320247 472082 589833 -570887
SEEETS EH902 6 BRBOZO  TA911S 106771 -JA4604 505265 37082 218055 413234 589875 -57 0867
SB931T E99029 GOG0Z9 TETEN 20875 B30 50084 300 315625 IBOSEZ 589917 570857
SEEE5E GA9026 GEE0JE T VS22 174164 .IGTETE 502404 318576 313 304766 589958 570624
58 £93028 B8602S 780334 -0.7533 440757 -506064 -3.25955 310156 275375 58 -570533
580047 £99025 65R0ZA T 7A778 020833 41185 .507333 333603 307TMAT 241484 590042 570867
590083 699028 609029 7.71494 061123 -510488 -505462 -3.79582 303773 212719 590033 -57.0709
580176 699028 688020 7539817 041717 -574483 -503668 -374403 3O00E0T 188141 5490125 -57 ORET
500167 699029 684020 TI0385 -0 11725 524227 50887 372842 207406 1RTG0E 5490147 570709
580208 BAR028 G9S0T8 G 7HI4T DGDGSD .506BAR 514624 31382 293618 152287 590208 570795
58025 f99028 688028 G34082 - E -5 34663 -3.05418 280055 141234 58025 57088
580282 BI9028 BOBOZO S H4E35 - 564514 -J09657 2 BE038 135187 530292 570823
580333 F99028 BES02O 530514 -0 594897 -36352 281602 133053 590333 570795
580375 GA9028 GEE0TE 479316 .0 B17542 313167 277038 136387 590375 570624
580417 699028 686029 424323 .083043 .4 B326E 628875 307807 272555 140891 5490417 -57.0539
580456 0693028 685028 3856534 -1.34635 462486 -G27643 308881 26818 147718 580458 -57.0539
306 E99028 695079 354900 -1.54751 -43B6B4 -6.15353 -3.10927 263789 158062 5905 -57.0624
500542 E99029 60G0TO 338177 -1 E27H3 415193 505188 -310878 258177 174D47 540547 570752
580583 £A9029 BOG02O 297435 -1 GSBOT -3 G2876 -569274 310167 254184 107062 5490583 -57 0837
580625 E99029 6RS029 26084 -143448 -1E83Z3 509099 J06TE1 248814 T I6TIH 59065 -57 0485
SHOBEY 699028 6BG02O 204284 0 BOBRT 342751 50757 303784 243711 281375 540867 -57.1051
500708 E99029 BOG029 199607 00322 302962 72704 306730 23BN 29TETS 590708 -57.1008
58075 €9902.0 BO00029 1BTI2T OB03M 28276 408506 -2.10339 23278 33278 50078 570423
580783 99028 6BE0TE 143337 OBGEEG .2.55575 400054 307131 226845 3645TE 580792 570795
580333 699028 686028 113757 059355 .232767 -365813 .283719 270773 383812 590833 570795
580875 699028 685028 075156 016335 216181 .33572 281958 214185 4.22108 590875 -57.1083
590917 6990285 ©86029 030096 -094063 -2.08763 -3.1326 -283789 207555 451109 590917 -57.1138
SO0958 699029 BOG02Z8 -0 17437 -1.24753 -2 10587 -797159 278404 2 O00BA5 4 B215E 590958 -57 1051
581 BA902 8 688079 .0f444 -1 03444 -2 156B3 T A2950 -2 74502 193484 514375 581 571093
581047 F99028 696028 11054 06IGED -2 34140 271258 273008 186148 546075 591047 571136
581083 €39028 6BO020 158622 03089 -23467R -2B2027 269942 178798 570562 541083 -571051
581125 E9902.9 609020 206088 -DI3TED 24384 252169 21513 1TIRT BI%06 591125 570065
581167 E99020 6BOG02O 244492 008471 -24TS01 242407 262740 1B3ME 640312 $91167 -57.1008
SE1I0E G99028 6ER0TE 27457 000748 247116 ZITIE1 (260468 15493 GBISH4 591208 571093
58175 E38028 BBA0ZS 300358 -020052 -243273 -240068 -280537 148218 715578 58125 571179
581182 699020 B88R128 .3.2457 032885 .13BOB1 -254127 288939 137242 747047 591292 -57.1179
581333 699029 699028 -348322 -045579 -1.33081 -271629 -2.99614 176094 775822 691333 -57.1136
501375 699029 686028 -3.76335 048883 -1 76558 -I87419 -283885 1.1BBA1 B01SE2 591375 -57.1051
581417 699029 686079 402324 033053 .215720 -297437 260645 10BG0G 623868 591417 571008
581458 EA9029 685029 470743 -0 0GBOD -1 8G036 -300031 269589 099164 844084 591458 .57 1051
5815 BHO028 880070 437720 000348 -1 TE7RA 298584 286250 088516 BENSE 5415 57051
581542 699028 688020 441224 042357 .1 BO742 293407 281127 070625 BEO0B2 591542 571008
581583 E9902.9 609020 445038 106435 -1AS467 299000 27743 08108 BOIT03 $91503 570065
SEIGTS B99028 GEE0TE 450651 .1 50463 .1 34617 .T93093 .2 T4QE2 05TEIT 03391 591625 .57.088
581667 699025 655028 452598 -1 56764 .1.32745 -283629 269567 046675 9.08344 591667 -57.0837
5817068 699028 6BB0ZO 450306 -1.22148 -141641 276726 267992 036281 912141 591708 -57.0965
59176 639029 680029 442279 -0.65417 -1.56656 -276205 -2.74189 026195 912375 58175 -57 0965
5981792 699029 698028 -4 76738 010048 -1 6892 -7A0293 -282475 017 208984 691792 -57 0673
581833 FH9029 BGS079 404803 022334 -1 73043 285043 287313 00R125 801625 591833 57088
581875 EA9029 688079 -3TIET3 Q26061 -1 T0M4 206143 280881 0025 891806 591875 -57 0865
SHINT BH902 8 BEEOZH 327474 0B3ES -1 BEMMT -2E1M04 283587 003M17 BEOITS ST 571083
501950 E99029 BOG029 29303 001328 184150 269030 295004 .0.107F BEE297 591950 571136
592 699028 660029 253378 001855 -1 B4BBO 254717 209418 0185 840062 £92 -57.1136
SEX04T BA902 6 GEB0TE 231055 .0.ZE17T .1.6T00B 239802 301132 026739 BIE31Z 592042 571041
582083 699028 658029 .207788 060215 .1 GETEY 2286875 -29541 .035094 B.044B4 592083 57083
552175 699029 699029 -1.76008 -091654 -1.668B5 -22029 -285883 -043516 7.70822 592126 -57.083
592167 699028 689029 -135703 -1.22005 -1.7310% -2.13769 -2.78718 -051988 753141 592167 -57.083
5087708 699028 686029 -096413 -1 44837 -1 8318 -7 14604 277235 .060I5 737547 693208 -57 0985
58275 699029 698029 051937 148301 185783 -3 23616 .3 7948 .06B4E4 TOI5TE 58235 571083
587197 99029 BOU0Z9 078841 -1 33561 -2 04643 239022 -28480 -0 TER0D 6 744B9 5922927 570N
582333 69028 BEB0ZH 005378 105742 -2 0O6EY -2BOB02 289027 084539 B45837 592333 571174
502375 99029 BLG02O 036092 -1.03704 204364 287278 290849 080T 67287 592375 -§7.1264
5827 U028 GEB0ZS O0BIGSH -0B0GBd 223504 316469 289576 10058 SBETI8 L9217 570307
S8356 0990268 688028 081556 .0 TOTE6 .2 35336 344187 268923 .1 08625 558844 591658 571349
5925 B93028 655029 092428 049115 248934 366368 .2834T1  -1.185 527266 5825 -57.1349
592542 699025 6989029 103261 -0.35547 -2.62467 -3906814 -2B4996 124477 49575 592542 -57.1164
592563 ©99029 699029 173799 -033845 -2.70112 -397926 -283618 -1.330617 4.66626 592533 -57.1179
503875 BA9020 BOG0ZS 153137 047843 273741 -3RO374 -2 B5147 141797 4.407B1 592825 -5T 1051
S8IG67 FA9029 BRG0ZO 186523 -OTEIES 27158 -386099 -2EAG64 -14BB41 417141 SH2BET -57.1093
592708 E99029 688029 212715 -1 02310 276193 SBN69 27879 151555 AOATS 592708 571N
5175 EH9029 BBGOZH 220081 105341 -2B451 376435 -2T4I6E 1 S0477 374031 58275 571349
582702 B99029 608020 247474 000831 -28702 -372601 -2TVEI6 -1ATHGE 355084 592792 570307
58733 BA9026 6OB0TE 285553 046300 302263 376261 270575 .1A37T3 338376 597633 STaIN
SEIETS 699028 GSR0TE 336341 016688 .3 34146 .3 H5508 .2 0EE84 .1 A0EI6 3DMB4  H9IETS 5T 1307
582917 699028 65R02ZA 381135 002025 .32782 -394239 .286834 .137516 3.08266 592917 -57.1435
592056 699028 609029 406795 0.01048 -3.26167 400378 -2.64737 -132907 286126 592858 -57.1477
593 699029 689029 4325791 -0.27962 -3.189316 402857 -262984 -1 24766 285691 5493 -57.1392
593043 699029 ©89029 439733 070G -31246 400389 263231 -1 14786 T TTS4T 693042 -67 1264
583083 F99029 688078 453098 108315 30646 -393312 268282 104237 272084 5393083 57131
583175 99028 B8G0270 455058 1 14447 301387 38408 275013 092875 270719 583125 571392
53167 EH9028 BRO0ZO 4 30088 100685 20585 377084 270822 0816 ITING SAMET 571477
503206 E99029 BOG029 411208 08200 287603 -374559 277641 080014 276207 593208 -571563
58315 G99028 GEBOTY 3 H0065 -0GTIEY 275815 HTHET1 .2 75H02 .05BTEI QHIESH 589325 571863
583187 99028 688029 35071 D37GEY .DB2EES 377003 275182 0ATHI4 284547 593292 571605
583333 693028 B5G028 3722943 .0 19855 .252551 .37508 271479 .037453 308125 593333 -57.1563
593376 699025 ©99029 280642 -0.18672 -247443 -370574 -263915 -0.27773 324681 593375 -57.1435
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-148181
-248134
257127
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Data from Dynamic Test Panel SCI2
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-258331 -2
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-252169
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-2E1
-1.58362
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784218
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5.02021
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562281
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-57.1583
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57778
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-57.152
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&7 0368
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=57 0147
=57 0263
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570411
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570411
-57 0363
-57.0283

-57.024
-57.0197
-57 0283
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570368
ET0411
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<57 0325
=57 0083
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570411
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ST 011
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-57.0283
-ET0325



Appendix D Data from Dynamic Test Panel SCI2

507542 £99029 600029 -1.8888 -0.7653 -1.5B217 -2.2335 -2.18234 006508 755707 547542 -E7.0388
587583 E99020 680079 -158023 -0BOBTE 18351 220871 -276813 003352 745037 547583 570453
587625 GH9029 68S029 148827 0B03T1 -1 65665 216608 -2I6141 000531 735312 5497635 -570539
587667 €99020 608020 131113 -0 TEBET -1 B4BIY 212288 209242 00193 724578 597887 -570599
587708 F93028 GHH0ZO 117945 .0 71B8 -1 62038 -210087 227277 004305 713281 597708 -57 0368
50775 699020 600029 093484 -0.60544 -1 B0BET 211014 -275354 -DO0BEIE 701207 59775 -5702983
SETTE7 699028 GS80TH 073287 .0GRGTI .1 G236 .214072 .273418 008477 GRAGIS SATTAR  .5T.024
587833 £39028 GEROZE 052454 .0EIGTS .1B44B5 .2.18045 211045 011837 675234 547833 570368
5GTETS 039028 BOBOZS .033187 .D4B47 -1B4657 .221342 216889 -D.14328 6GOTIS 597875 570411
587917 E9902§ 600029 -0.16211 -0.28447 -1.B1B11 -225724 -211512 -0.1B57 645078 597917 -57.0388
507958 B99029 B82079 -001126 013087 -158137 -230207 -2.09068 -01E3] 628953 597058 -57.0783
58E E99029 888028 014577 -D0BT78 -1 61113 -2.38758 -2.09907 -0.18484 813158 588 -57.024
506042 £99029 689079 032817 0150838 -1 64414 247385 209218 020625 598172 596043 -570368
506083 BH9028 BRO0ZH 057533 030059 -1 BE2EI 254671 207310 -0IF0E SBINNE 5 H8083 -570453
SHE1IS EI902 6 BRBOZO OBTTSA 0411852 -1 TATSE 263432 205560 023617 SEO0B4 598135 -57 0368
580167 E99029 608029 0.75202 -DA4GER 18465 270969 205164 025078 550812 599167 570411
SEEI0R G99026 GES0TE O0T7A6T 044746 .1 96IB ZTH425 207712 028445 539837 SE8I0B 5T 0496
58325 693028 BBO029 081654 047487 207585 -2OT118 -211373 .027E05 526108 58825 .57.0581
50B292 £39028% BOBOZS DA2M29 05377 216875 -204054 .2.12677 .02B843 511837 588292 570624
508333 E99020 60B029 108945 -0.58565 -2.240BB -3.0024 -2.12357 031445 497578 588333 -E70539
50B3ITS B99029 BBO02O 1.2707 057702 270443 -305307 2134 033734 4B3ISTE 598375 570453
508417 E99000 600020 143878 -047049 231027 308108 -213562 -03B039 4705 598417 670453
586458 EA9029 BGS0TH 158073 051318 230161 -307108 210481 -03BFE 450703 598458 -570539
5985 BH9028 B8R028 170178 09653 223013 301689 206749 -040B02 448287 5805 -57 087
SBRSAZ BOG02 8 BOBOZE @517 -0 O0BEBE -2 13573 -299139 -2 00650 047845 430375 590547 -5T0752
SHE563 E99020 BOS02O 19617 005001 202048 -2H4128 102781 045375 432200 590583 -57.0837
SPEGI5 G99029 GBS0TS 202297 .000TE1 .1 B4936 279842 .1 E9178 .0ATS0E 4.2GIBY 598635 570837
58BEGT E39028& 6GBOZS 21041 -0.1543 -1.83303 -280027 .181843 048414 421822 54BGET 570837
5GETOE £98028 GO00Z9 217344 016732 -1836B5 -279645 182844 051358 418016 598708 570735
5.0875 699029 680029 22153 -0.14414 -1 86120 -2.76205 -1.80789 -053414 417320 5.087F -57.088
S8ETSY 699029 6RO0TH 21998 -011008 -2 02036 -7.70897 -190859 055453 417312 588747 -57.1008
508833 £09029 600020 200087 -010BES 201407 -28574 104322 057082 418875 508833 -57.1051
586875 E99029 GRG0ZQ 192454 006408 -2 21985 -2R1169 1 G8082 058344 431869 590875 -571008
SERINT EH9028 BEBOZH 171855 025545 230253 (250740 188585 058336 420484 520017 57 088
508956 €09020 600020 152250 031064 232744 255404 2009682 0500092 432187 599958 -57.0037
580 E99028 ®OD0ZO 134193 032805 -22THE 254254 201979 080227 439378 599 -§7.008
SEE047 B99026 GBS0ZS 197018 .0ZAERS (213666 353888 200542 .06012% 448338 S88042 .57 0823
508083 £39028 GOBO2S 099746 -0.2458 .184345 .254335 189755 056637 456406 589083 -57.088
580126 699028 668025 081307 023138 174144 .25547 .159905 .058B58 469406 599125 570745
50p1G7 99028 66029 062448 025081 -1.57105 -258397 -1.89079 -06D07 481062 599167 -57.0501
500208 B99020 BOR079 042754 -D.29811 145811 -255588 194797 0650437 403177 599208 570411
58925 EA9029 B8G029 033207 -038133 143413 255401 185877 060344 5052668 59935 570411
50079 €99020 609029 00643 041862 -147838  -1551 199504 .05875 517312 599292 -57.0453
5SHEI3Y 69028 BEA0ZH 012147 -0DAG582 4152147 240679 -1 87185 -0 S58E36 520841 599333 570581
SREITE E9902.9 BOU020 0323008 05112 154350 239555 104500 050237 542806 599375 570539
588417 E99020 BOG029 .03F507 055082 -1 56572 -230445 184125 056172 SS5MIT £99417 570453
SEB5E (99028 GES0TY 049928 057478 .1 58445 .2 1B4S .1 B5561 .05EE25 STMB4 599458 5T 0411
5985 E39028 BOBOZS 055791 058776 161356 .209705 .189002 .057BO5 S5BTIZS 5895 570453
588547 ©99028 BB5029 085927 059373 160187 .2.0OZ21 .203809 .05BBS7 B.O0BTS 599547 570539
5099582 699028 609029 -0.78203 057484 -1.5EB4E -108478 -2.08481 -055845 6.13053 599683 -57.0501
S98876 699028 688079 -093574 -05IBB4 -1 48788 -193377 -208458 -05493 625547 590625 -57 0453
506667 £9029 68S079 108707 048461 14088 -192051 208616 -053703 BI6437 599667 -570325
500708 EH9029 605029 123581 047118 -1.31991  -1.835 211338 052247 §47053 599708 -57.0411
58075 £O9078 BEA0TYH 1391 048151 122111 19385 210843 0S50TI3 G5MITZ 59875 570453
500792 €9902.9 BOG029 137939 050203 102775 -193106 214040 -0ABTIE GEOR0E 599792 -57.0453
500033 E990208 BOS028 147617 052065 -1 04667 192088 20085 -0ATTI8 B.TE531 599833 5703
SEEATS 699028 GES0TS 148633 0 MBEI 08825 189735 20104 04607 GEIIS 598875 .57 0368
5088017 £39026 60B02O .155978 056113 -0.87832 -187708 163071 044233 GBEB41 589917 .57.0496
50805 £99028 GOBOZS .163184 058568 -1.04088 -187326 .163851 042516 SB80B12 599958 -57.0498
G 699028 ©0BO2O -167025 -0E3BM -1, -184805 -1.97114 -D40578 ©B5E4T -57.0453
800042 F9902.8 628020 -186027 -0.TOBBA - -1 80BS54 -1976 -D3BE41  TOD4EQ  BOO0D4AZ -57 0453
-1 77855 -199158 036758 70475 600083 570368
-1 78449 200507 034638 708031 600125 -570155
-1BS611 -2 02106 -DA2HIT 709822 BOO1ET -570112
<1 95631 -202984 030014 70266 600208 570325
207596 -2.05013 028018 T.09  B002% 570539
218774 206172 027315 TO0SB2B 6.00282 570834
-2 26744 -204399 .0 25638 TODS E00333 -570539
-2296168  -2025 024283 ©831B7 B.00375 -E7 0453
-127247 -2016866 -0.23344 EB5531 B.OD41T -ETO0411
-1213 -159108 072758 ©78084 E0OD458 -570388
-214118 -184739 023414 673578 6005 -570411
<2458 19358 021636 B EEIGE BO0542 570411
21334 -1 8884 070742 BE201E BO0DSA3 570411
217987 4100350 010617 654344 E.00625 -ST0411
21126 18678 0IBTTI GA%E59  B00GGT -57.0453
-224369 -1 84635 .0 17814 6.36ES1 BO0TOE 570531
-228817 -1.63001 .D.16BD5 B27BTS 60075 570538
-233752 -1.93489 -D.15741 610172 6.00792 -57.0624
-237759 -1.065689 -0.14B36 ©.10375 6.00833 -E70752
-340288 -185781 -013E87 BO01167 60075 -570795
<241721 183198 012637 591625 BOOMIT 570708
STAT4 81289 (013008 50125 BOO9SE 570624
243331 -1 B0256 011185 5T0047 BT -57 0453
244999 107685 010349 550344 601042 570325
246435 2184777 .00B46T 548718 601083 570187
245509 -1E2184 00BTET 541234 601125 5TOI5S
-241721 .1.73084 .DOB4GEE 534218 BO11BT .57.024
-24069 -1.78611 -00B133 520422 B.O120B -57 0325
-244086 -1.60387 -DOVE2S 524141 &.0125 -570388
-148833 18531 -DO7I58 S21047 B01292 570498
-255308 .18787 007133 518734 601333 570501
284239 -1 B804 DOBBIT SNEBAT BO1A75 570408
BOMYT BH9028 BEA0ZE 127552 001548 - 273239 -1 89237 -DOBE2S S5155TE BOMT ST 04N
BO145E E9902.9 BOG02O 1.6534 009642 -2 279274 198642 00EX0I S14406 B0145E 570368
G015 G99028 GES0ZS 108421 079349 .1 87044 .ZHOBG] .1 E3468 .0 05845 5737871 BO15 -57 0453
BO1547 699028 688079 103301 041808 .1 80637 .Z.TEAS .1B3851 00574 513584 601542 5T 0539
601583 £38028 BGB02S9 098535 -D438B4 -1B4E73 -275081 -18604 005538 514062 601583 570538
601625 £99028 B0BOZ9 09135 040218 -1.BOSGE -2.7127 -1.680885 -DO5EIS 516 E01625F -E70453

600375 699029 699029 -135664 -0.35845 -1:
600417 699029 668028 -1.26354 -046181 -
60458 699028 686029 -111047 -049867 -

A0S f99029 688079 094408 -049674
BO0542 EA9029 BOW029 -0 80456 049004
BODSH3 699028 BEB0ZH 06818 047875 -
BO0E2S €99029 BLG029 054302 04SG5 -
BO0667 E99028 GO8028 03722 042878 -1,
G.O0M0E 699026 688028 .0165499 .0 36639
8.0075 699028 6550279 005638 025769
600792 699025 698028 02625 -0.15163 -1.
600933 ©99029 699029 042598 -0.12422
600875 F99020 BER0ZS D56113 019518
BO0RT EA9029 BRG0TS 0GB932 030605 -
BOMNSE EH9029 688029 080755 03940

01 699028 6BBOZO (Q8M8E 044063 -
5042 699029 688020 092188 .DA5E .
GOI0ES B99026 6EM0TE O08IE3T  .0465) .10
BO01175 699028 GSR0TE 095267 044871 .1
601167 693028 6SR0ZA 101641 -0.33564
601208 699028 689029 108196 -0.31634
6.0125 6990195 698029 1.15788 -0.21344
801792 699029 689029 170817 -0.107H -
601333 699029 688028 124345 004063
B01375 699028 688028 125182 0126E3 .
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601867 699029 609029 085111 -0.365738 -1.79878 -I67633 -167119 -005734 519822 6.01667 -57.0411
601708 E99028 688029 075775 -0.34434 -1 BO4EE -7 62657 -1 88758 -00B04T7 535016 E01708 -57 0363
B0ITS FA9029 68S029 065723 -031491 -1 8114 254209 -1 83300 00636 530844 60175 -57 0368
B01782 F99028 GBBOZO (55645 -0 20VES -1 B0202 24298 178381 006727 537108 B01792 570411
BO1833 F99028 BEH0ZH 047624 -0 20068 -1 TRAVA -233335 1786 -0O0BTEE 543808 B01833 -57 0539
BOIETS EN9029 BLG02O 041081 020159 -1 7TEEE 226003 163283 006617 SS0BET 601975 -570624
BO01917 699028 GSR0TE 035775 027441 16807 LDIGBET 184997 .00BTI8 558118 601917 570709
601956 099026 6BR0ZA 028841 .0 263RI .156548 .207028 .167372 .006EIE S5E6312 601958 570752

602 693028 655029 019206 -0.255682 .145128 -199769 .181785 007006 5.74656 B.02 -570539
602042 699025 699029 008926 -0.25504 -1.37B3 -195489 -195283 -00686§ 5.83031 6.02042 -57.0325
8072083 699029 ©89029 -001895 -033741 -1 366 19597 197433 -006786 561703 602083 -570197
602175 699028 888029 -014627 -045178 -1 36162 -198048 -199094 -00GEJE H00584 602125 -570024
BOMEY E9029 BRG0T O 030293 -0 58BE1 -1 30919 195747 147554 006657 BOMMOE BOXGT -570368
BOZI0E 699028 BBR02O 04735 0B7EM 142741 194036 182909 006786 617B06 602208 -57 0453
BO22S BH9025 BBB0ZO 063145 -06TEED -1 AB082 194113 1817 Q0BTET B26328  BO225 -57 0453
602292 99029 699029 .0.76302 -DEO0BS 151301 -1 93465 166561 007039 B34515 602292 5704483
607333 699026 688029 086973 04773 .1.54H38 .1 9IB05 1 EI156 .007I30 642422 602333 570368
602375 693028 B5G029 096615 -035811 156352 19204 -180132 007305 650172 6.02375 570411
G02417 E83028 B5B02S .10B055 028033 153481 -1 90662 .177318 .007588 B.577R7 B.02417 -570453
602456 699028 688029 -1.16097 -0.27I72 -146101 -188507 -1.72315 -007E59 G6.64B28 6.02456 -57.0581
6025 699029 689070 -176146 -03151 -138116 -1 89167 -1 69765 -007H12 B71156 B025 -57 0624
B02542 F99029 BEG0ZO 133783 038800 133015 19408 172974 007734 BTEIS 602542 -570498
BO583 699029 649029 .1 34688 044642 1 ZE0BT  -19A99 175453 0075 GAORTS 602583 570305
BO2625 6990208 68020 120058 0461 115161 201088 -1 73882 00712 BE4TS BO2625 57004
BO66T B99028 BH80ZE -1 24043 -DA4BX -1 05282 201087 17163 DOTHI8 BETISE BO2EET 57024
BOXI0B E99028 BOS029 129710 043800 10082 200832 411853 007047 B.BOE09 602708 -570M3
60175 B99009 GOS0TY .1 26367 044788 10235 .201052 171514 00ETIT GE8S 60275 5T024
602782 E93028 66B02S .1 26758 048708 -1.08474 -201307 170715 006387 BBOG53 602792 -57.0084
602833 £93028 B8G029 .123335F 049878 116848 200425 -171144 -00B07 BBOIBT 602833 -569534
602875 699028 ©99029 -1.17617 -0.50387 -1.276803 -196256 -1.72001 -005806 6.89406 602875 -57.0069
603917 699029 6880749 -110183 -048764 -1 34065 -187824 -171842 005703 BETSE? 602917 -57004
BOXSE £99029 G070 -096517 040814 -1 3637 178484 170843 005453 BBS0TA BO2G58 57004

603 699029 684029 085716 033 135200 18541 -1 6ATES 005086 6 A1359 B03 -57 0147
BOX42 £99028 BEB02H 071328 028354 -1 3NES -1 56615 -1 6BISE 005125 BTESTA BO30AT 570112
BO3083 E99029 BOG029 (056678 009525 13132 151810 160849 00507 671203 603083 -570027
BO3125 E9902.9 BO9029 047998 034753 132675 153305 15060 004853 BESIBT G015 -S6.98%6
603167 99028 68E03E .030004 .0 13363 136326 .1 62236 160967 004660 6.5ETIS GO0316T 569813
B.0320E £8302.8 B8G028 .032127 012747 14207 -172047 180719 004453 E52B44 B.03208 -563834
B.0375 B98028 EBS0ZS .02903 018408 -141015 -179715 153657 004375 647375 60325 570155
603292 699025 686029 -0.2474 -021576 -1.36544 -186503 -157545 -004318 B41375 603292 -57.0197
602333 699029 6260279 -015344 076188 -1 30718 -194195 -1567572 004477 635125 £03333 570112
B03ITS 69029 B8S029 005352 -0 29835 125458 203345 150782 004625 620822 603375 -569984
BO3417 6990298 689020 001797 O 3853 o1 226X 212938 1 B2584 004555 623547 603417 -569904
BO3A58 E990208 6BA070 005845 -030350 123513 22145 164950 004516 616172 609458 -570089
B03% E9902.9 B8G028 00735 03543 120262 220226 165985 -004TI3 BOOT03  B0IS 67024
B03542 99020 B8G029 012233 009808 135201 2INTE 167912 005391 BO2EY)  E.0ISA2 570325
GO35E3 BR9028 BER0TE 0II7I8 00515 141842 23208 -1 60488 005853 59506 603583 570325
603825 B93028 BBA02S 036823 -012363 -146796 -228796 .163202 .006391 568016 603625 -570363
603867 699028 688029 051157 013762 -146873 -7.19856 .1 65406 .00GBI8 561375 603667 .57.004
603706 699025 689028 0854264 -0.18745 -146023 -209743 -1.65074 -007312 575734 6.03708 -57 0069
80376 €39029 688078 073857 -02 146308 -1 98152 -161308 -007TH068 570166 60375 -569934
603782 699029 629020 080397 022552 -1409B1 18794 .1 6014 008538 564359 603742 570007
603833 6A9029 685020 O0@6237 035404 150831 -1 A5ARE 163406 008281 550381 603833 570455
B03875 699028 686020 091608 .0 28522 .1 67657 105739 165132 010187 555281 603875 -57 0155
BOT E99029 BG0029 08237 03I ) TAQIE -1HT013 -1 EI846 000031 552320 BOINT -57.0069
603950 6990208 609020 087796 033175 -1 BO051 191048 163035 001742 540797 603950 570069

G604 B99028 688078 08J357 033676 .1 82032 .1 98527 164588 013421 547031 B.O4 5TO112
604047 £99025 655028 084342 031445 .1 78152 207573 -16582 013141 544703 604042 570187
604083 699028 6BBO0ZA 05274 028755 -1G6B132 .2.1479 168719 .0.13B36 542822 604093 -57.0325
6041756 699029 668029 097611 -DJ663 -1.54256 -2.18184 -163352 -0.14B41 541766 604126 -570325
804167 699028 698029 096784 027372 -138 -21706 -1§3308 -015608 541358 EO41687 -570783
B04I08 EA9028 B8G020 092598 039134 125714 212288 167935 00631 542078 604208 570197
60475 £49029 B8S079 07604 -031367 -1 A7HIT -20554A -1 67868 017289 543127 60435 57004
B04782 699028 BOA02O 081992 032030 106401 198009 -1 67E19 (080T 5438081 BO4292 57004
604333 6990208 600020 075951 030801 120007 .193TTE 164935 000600 54625 604333 570155
BLO4ITE E99020 BEB029 070168 03113 - 20508 - 189502 08080 550841 G04375 -5TONI2
604417 B9902 8 6EB0TE O06IE3T 034349 .1 40378 - 157985 016148 555853 604417 570069
6044568 ©98028 656028 052513 .035805 .1.52703 -1.53016 018148 561084 604458 -570112
6045 £93028 699079 038121 -032565 -15B935 -1.56308 -0.19373 566187 6045 -57.0197
6.04542 699028 608029 073945 -0.27331 15834 - -1.646885 -0.18445 572047 B04542 -57.024
804583 699028 606079 O0O0B0EE -07568 -15761 -15495 018477 S7TTB7S E04583 570112
604825 699029 698029 -00606 -0 331378 155158 <156748 018334 503562 604625 -56 9504
B4867 EO9029 BOU0Z9 -0 19068 04610 -1 SO9GE <159078 018743 589031 BO4EET 570027
BO4T0B 639028 BRE0ZS 028451 -DEITI4 142022 - -1 E2954 0 1B3IE 5084203 BO4708 -57 0155
B04TS E99029 BBG02O -03WTT 07584 130034 - -1B4019 008125 5991556 B.04TE -ETO15S
G.04782 99029 6O8029 035352 -D.TEEED -1.15082 .1 14506 017884 B.04359 B.04792 57015
604833 (99026 68R0TE 037017 .0.70EW4 .1 02663 2164983 0 17E36 GO9668 604833 570027
604875 699025 655029 .040859 053724 .0.87081 -1.65865 017687 615578 G.04875 -56.9984
604917 699025 698029 -047305 -0.34E31 -1.00034 -1.63316 -0.17586 6.20656 604917 -57.0069
604056 ©99029 ©99029 -05418 -0.21764 -1.086802 -1. -1.60479 -0.17695 625320 604958 -569904

605 699020 6RA029 -0D50234 018118 -11B243 - -15818 017984 820531 E05 -5B 9934
605042 B99028 686029 063971 022363 .124508 <149506 -0 1B317 633635 605047 -57 0063
BOS083 BH9029 688029 070301 030715 139374 -1.45255 018427 BATIAY BOS0B3 570155
BO5125 E99028 BRBOZH 075697 030073 -1 33614 - S148301 018344 GA0584 BO5125 570155
BOSIET 699029 600029 .0.78236 043659 133162 . 151707 (DIB3E BAMED B0S16T -ETON2
BO5SI0E B99026 6EE0TE 078271 047158 1 ITT64 L -1.50803 .0.1B3E 645125 605208 570112
60515 69028 G907 080885 0489684 .1.719864 .1 -14988 .01B3TS B4873¢ 60525 .57.024
605782 699028 65SR0ZA .084733 050215 -1.01015 -151348 -0 18445 G45661 G05292 570363
605333 699028 609029 -0.88991 -048047 -1.02431 - -1.53097 -0.1BE09 646344 6.05333 -570325
605375 699025 696029 -090553 -04528 -0.950BE -15378 -D.1B637 646984 6.05375 -570155
805417 F99029 ©88029 -087279 -043747 -0.90107 -154815 -0 1BEQY B4T437 B05417 570027
605458 E99029 B49079 078082 039935 -087M4E -1.55471 019311 647469 605450 -56 9904
153746 0985 BABRED  B0SS 570027
15217 G098B3 BARIEY G05542 570027
151118 020312 BASTS 605593 570089
2148012 020703 644622 GOSEIS 570027
14266 020845 GA307T8 GOSHET .56 9634
-1.39973 020814 638234 G.05708 -57.0027

6.0575 ©99025 698079 -0.5082 -0.23724 -1.56004 -1.41502 -020625 633156 60575 -57.0027
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605792 6990289 699029 -047813 -0.23073 -1.50039 - 6.05792 -569984
805333 E99028 686028 -047507 -019473 163016 B05833 -67 0027
BOS8TS EH9029 68%029 031128 08177 -142158 177966 138579 020625 621016 605875 -570027
BOSIIT £N9028 BRBO2O 018678 -0 0308 -1 34207 -1 BINA -1 3512 020538 818 BOS817 569899
BO5958 F99028 BEH0ZO 007767 02168 128505 -1 BOIGT 13571 020328 613837 605958 -56 9856

GOE B99029 609020 0071 073 .1 25666 .1 94137 130046 010858 600609 BOE 559771
G069 699028 GSR0TE 002938 008751 .1 Z45644 .1 9TSTT 141583 (006641 G006 6O0G04T 569643
6.0G0BZ 699028 BEROZA 0086 005468 .1.2437 .1 89708 .141884 018453 587766 6.06083 569843
606125 693028 655028 016751 012783 12605 -201017 -142452 018312 583359 6.06125 -569843
606167 699025 688029 02625 01173 -12849 -202779 -143274 -0.18141 500109 606167 -56.96
BO0BI0E 699029 ©89029 037448 003585 -13413 -705303 143139 -01B93 584672 E06208 -669723
80875 £99079 5880749 048G 007265 -1 3BETE -207017 -1 39996 .0 1BES4 5B04DB  BORIS -5R 9813
BO6I92 EA9029 BRG0Z9 057598 015831 141432 208218 137425 01837 ST6E59 606392 -564899
BOBI33 G99028 EEB0ZE 060651 020345 -142046 20198 132583 017658 573584 BOBIIZ -5 9856
BOBITS EH9028 BR824 DB 0218 143865 -18804 -1 30162 017148 570328 BOGITS -SEATT
BOBAIT E99029 6OG029 081901 024779 -1AT84 198063 130197 006047 SETSAT BOBAIT -569695
G.OBISE BA9026 GE80JH 063099 0 DAIEG .1 46216 .1 95808 .1 35768 015100 565156 GO665E 5696
6085 £93028 688029 064927 -0.32656 -148761 105086 135154 .0.14562 562806 6085 -5B 9843
606547 B99025 B5B0ZA 067721 037507 -1.50074 -194681 .134785 .0.14125 560837 606542 -56.3899
606563 699028 609029 059993 -039717 -181 -194588 -1.37274 -0.13667 550641 G.06583 -57.0069
BOBAIS 6490298 6BG02ZO 070143 035607 15261 18418 140008 -D12897 550047 BOBBIS -57 0089
BOEGET FI9029 BRGOZO OGRSAR -0 I65TH -1 S4S6R 19343 141888 017547 550031 BOBEAT -56 9084
BOETOR EA9029 BSS079 084115 017383 4156259 -193349 143334 013941 550344 BOGTOR -56 9841
BOETS FH9029 BEG028 0STBE3 -0 11558 -1 5EEMT 184832 14319 011844 SEO062  BOBTS -57 0027
BOETS2 BO9028 BOBOZH 051393 -D08585 -1 5485 191716 143853 0011687 SE1516 BOGTE? -56 9504
BOBS33 B99028 BRS0ZO 0A63E -0.01419 150258 201017 142626 012217 563641 BOGHIG 669884
GOBETS 99028 6OB0T8 043467 015345 14251 202533 141432 00357 566084 GOGETS 570069
606317 E93028 66G02S8 038342 .018BRI 132201 -201735 .137846 012637 S5B0062 606817 -57 0155
606356 693028 685028 035755 023862 120617 -199199 .133533 .0.13218 572656 606858 .57.024

607 699029 689029 031302 -0.30632 -1.13053 -1.97982 -1.34135 -0.13297 576344 607 -570283
B0O7047 699029 6RO0T8 0215137 -047081 -1.11076 -19811 -13783 .013397 S70578 EBO7047 -57 0147
BOTOBS £A9029 BGG0ZO 017376 -Q53307 100785 194102 -1 37216 013641 582484 607083 -57 0089
607125 699029 685029 006646 -058603 -1 92186 -1 88237 135073 014156 585828 607135 -570027
BOTIGY E99028 BBB0ZH 0O0B458 058112 -1 16053 -1 77618 135386 014406 500047 BOTI67 -570112
BOTI0B E99029 BOG029 006354 -0A95TT  -1.2064 -1 TOBBY -1.37042 0143494 595084 60708 -570325
B.0725 €9902.0 BO0D02Y 010588 038013 123478 18487 138010 004281 S005TE E.07TIS 570763
GO7TI83 699028 68E03E  .0.9337 .0 3258 173617 159654 143968 014787 GO63E1 607292 57024
607333 099028 686028 .0.1623 -033678 -1.21833 -155796 .1.46413 .0.14238 611766 607333 -57 0155
607376 B93028 B8B02S .022077 -040417 118882 -152846 .145885 014237 616344 607375 -57.024
607417 699025 ©86029 -030723 -048131 106775  -1518 -1.4544 -0.14352 B.19869 607417 -57.0453
B07458 699020 680029 -03B971 -051B49 117073 -1 57989 -145457 -014336 622069 EB07458 -57 0581
BO7S BA02 S AOS02Q 04401 -0496H -1 13366 -1 55075 144166 (014258 635906 6075 570498
607542 6990298 688020 046997 04450 -1 06254 158722 141988 014078 620875 607542 -57 0368
BOTSEI EH9028 BHO02O 0506851 -DA0M -085033 155101 -1 39452 013027 B3B2A BO7SE -57 0197
B.OTEZS E99020 B8G029 054473 -DITIE0  0B3IB4 149413 134123 003703 E.344B4  GOTEIS -570027
BOTEET B99020 60G029 .0S58260 034401 .0 TSSB1 143077 129374 00307 BIGESY  E.OTEET -56.9899
GOTI0E 99028 688028 060357 030462 .0 V4676 -1.42046 130811 012589 638626 GOTT0B -568894
8.0776 E38028 BBA0ZS 082935 -023242 0785 -1418B5 -1.33509 011833 B40287 BO7TS -5TONN2
607782 699028 688029 .067837 .0.13845 .0B4T08 -142197 .133567 .0.11344 B416B7 607792 -57.0069
607933 699025 689028 -0.7403 -0.07773 -0.92084 -142718 -13373 -0.10822 643141 607833 -570112
807375 699028 B2G020 .0 78373 -0 DREWA .0 DESEE -143761 -135919 .D10497 B 44812 BOTATS -57 0155
BO7TAT EA9029 68079 080397 015448 -1 DI63F 14412 -1 37080 010038 46344 GOTAIT -57 0069
BO7A5E EA9029 6RS029 -0T7E0TH -0 FIBT4 -1 00438 143997 139861 008511 B47787 607958 -57 0069

BOB GH9028 BOO02O 073867 02887 086304 -1 44818 140308 -0OB055 649037 EOB 570197
B.0B042 699020 680029 .0BB4TT 030364 001335 1450905 140934 00BTE) BA014) 608042 570325
BOB0B3 E99029 609020 .0BI201 025573 -0BTII 140408 139560 -00BE1T B4TEIZ 608083 -570203
GOBITS 699028 688028 060104 079466 .0B4583 .1.5122 .138062 008484 645562 608125 570197
6.0BIEY £33028 §8B028 .057402 -0.15857 -0.B3538 -152812 -137019 .00B406 B43406 B.08187 -570155
GO0BIDE 699028 8GB02ZS .053368 018452 .0B2837 -153268 .133753 .00B352 841344 B.08208 -570027
6.0875 639029 GBG0Z9 -047965 -0.23646 -0B1651 -151383  -1281 -0.0B460 630 60825 -569841
BO0B182 F99028 6880249 -041377 038315 -08178 -148707 -1 34719 -00B4ES G 36109 608292 -569899
BOEII3 FAI028 BGS079 034238 047487 085276 -1 47606 126339 0087 63EIF 608333 -569884
BOBITS EA9029 685079 076576 049163 -0BTAIA -144710 13712 00833 639287 608375 570197
BOBAT BH9028 BEEOZH 018125 -0B67VEI -0BEVIE 139685 -1 J62S58 -0O0BE1T 626469 BOBMTT -57 0325
BOBISE E99020 BOS029 011348 098901 080628 ) 355T1 135041 002 B24234  B.O045SE 570325
BOBS E99029 680029 006516 002200 087288 135316 -1.26756 .D0B016 621703  6.095 570203
GO0BS42 BAS008 6EG02S 005404 015585 .1.0B173 -138757 .1.29548 .0 08164 618 608542 570325
60B583 ©99028 656028 001003 016585 .1.936864 -144201 -133243 008312 G16BTZ 608583 -570411
608875 6990289 698029 007643 0.079843 -1.1823 : ] A . -57 0438
608807 699028 689029 011569 -0.05734 -1.16868 -1.53375 -1.33741 -008739 610667 6.08667 -57.0453
BO0BT0E E99028 686029 014141 Q17617 -116517 -1 55888 -1 32803 -009877 BOE703 608708 -570783
G08TS EA9029 B8H029 018014 -0.23845 -1 12636 157904 131702 010247 802108 60875 -570112
BOBTS2 EH9029 BOW0Z9 024954 070148 -1 DBGE4 -1 BOTED 109629 010875 597884 BOG7E -57 0069
BOBEI3 EH9028 BEE0ZH 031751 08263 -1 DSABS -1 BI6O9 -1 27508 011719 504078 BOBEID -57 0155
BOBITS EN9029 BLG029 034095 0016 103430 -1B4OTT -1 2480 003453 SBOTI9 BOOOTS 570325
GOBSTT (99028 698028 032747 00877 101100 IESBTI 199783 003198 5Ba54T 608917 570539
G.OBI5E 99026 68R0TE 031523 004805 .1.01551 -1 67564 -11764 013516 576344 608958 570624

608 693028 685029 033867 -0.21068 -1.05026 -1.70184 -1.1081 .0.13625 576203 B.08 -57 0531
608042 699025 6989029 040338 -0.25458 -1.0732 -1.7031 -1.73397 -0.13798 575797 609042 -570539
608083 ©99029 ©99029 04808 -028508 -1.07608 -1.67333 -172702 -0.13884 576406 6.09033 -57 06824
BORIJS BA9020 BEG02Z9 05347 027174 -1 DE154 -1 B3087 -1 72881 014358 5 TE031 B09125 -57 0887
BOS167 FI9028 BRS0Z9 055057 023587 -1 01306 -0 SATT 124463 014468 574460 BO16T 570581
BB BH9029 688079 054616 00808 -1 0T0SE -1 54885 -1 35957 004656 S5757TH BOG0B -57 0368
G975 E99029 BBOO7H 054661 -0 15378 -1 24243 -1 51628 1 0N107 004858 570437 G095 57045
BO6202 €39029 6OG029 055508 01580 131332 149506 109772 00524 SE9M4Y 609292 -57.0453
608333 BA9026 6880TE 05416 0ZI6E1 .1 3TIET 148031 129351 .0.15788 570047 608333 570624
GO83TS 699028 GSB0TE 046564 03179 140588 149355 .1 2858 .0063T STI0TE G09375 570580
608417 £33028 BSR02Z8 044401 -041771 -14D517 -1.49587 .1723146 -D1BB7TS 573806 6.08417 -570411
608456 699026 655029 041374 -047044 -1.36324 - -1.77486 -0.17358 575062 6.09458 -57.0325
6085 699028 699079 039920 043884 -1.2B262 -1.34354 017644 G57SETS 6095 570325
608543 F99029 ©88029 034387 -033773 -1 18684 -1.19853 -D1B336 S77I72 E09542 -570783
B.08583 E99029 B490TS 073926 020514 112555 -119833 -0 186AT 578703 609583 -57 0368
BO8525 E99028 BHA0ZO 013073 0127839 -1 10366 - 1748 DABTIT SR041 BOREYS -57 0453
BOBEET G99028 E8B02E 00666 -014349 105733 -1 A NBE -DABEE 581562 BO9EET 570411
BOUTO0B E99029 BOS029 005058 024082 -08E1TT - 11983 (DIBBAE 5083312 G09TOR 570293
B.0875 GI9026 GEBOTYE (004048 -0 35651 0E125% S1M061 018492 S BS531 60875 570183
G.0ST82 FA9020 688028 000417 044336 .0.BE48T | -172267 .0.1BXT3 5SBEINT G0STAY .57 0368
606333 £93028 BSG028 .DO4848 -047233 .0BOBT! -157897 -126142 -0.1B07 581344 B.09833 -570453
609875 699025 699029 -006788 -04573 -009758 -1.5495 -130556 -0.17893 5.94B28 6.0987% -57.0539
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609017 £99028 6009029 -0.13581 041719 -1.06832 -1516681 -1.32791 -0.17656 508656 6.09917 -E7.0824
A0BI5E BI90I0 BEG0ZS 018547 040832 - fDJ375 09958 -57 0539
B1 699028 699029 027155 0427114 1. 605869 .1 570411
BA0042 EH9028 BBBOZH 025755 -D46E2 - BO9281 B 10042 -57 0453
BAD0BS E39028 BEH0ZH 03127 038811 -1 611084 610083 -57 0581
B.0T2S E99029 BOG029 036322 -0.35202 4172 610128 570709
B.IDIGT 699028 GS80TH .03IETAT 030664 1. 6.15868  E.1016T 570709
G6.1020B 699026 EGEB0ZS 037865 .0 26504 .0 B1T78T 6.10208 .57 OBGT
61025 £33028 655079 .036634 .0.22563 .0 2 519203 61025 570539
610292 E9902§ 60B02.9 -038531 -D2056 -0 -141757 -1.13795 -0.18298 6.20408 610292 570411
810333 F990249 B82079 04498 -01778 -145778 1172 -D1BI81 621828 610333 570388
B.10375 E99029 508029 -048547 -0 17067 - -1476B4 -1.17524 -0.1BD8T 823084 610376 -57.0411
610417 699028 698019 048288 007754 . <147398 1171689 047718 623375 610417 570539
B1DA5B 699028 E8B0ZH -046081 -005169 . -148101 -11783 017516 623047 610458 -57.0752
E105 699025 688028 043584 006464 -1.4434 -118741 017468 623375 6105 -570837
B.I0542 €99029 6OG029 04122 091061 -1 -1A2389 119957 0TETE B.25266 610542 570795
G.I0583 99028 GEE0TY 041568 017548 .1 -1 40656 -1 11826 017671 626806 610583 570708
6.10625 £38028 BOBOZH .042643 -0.23262 -138568 .1.22482 .0.17637 B25B12 6.10625 570887
6.1DB6T E£3902% B5BOZS .045293 .0.25283 -1.3866 -121382 .0.17672 623531 B.10BBT .57 0624
61070 E99028 60029 -046942 -0.22B08 -1. -141027 -1.20884 -0.477F B.21516 B.10708 -570708
81075 BA9028 BEG02Q -044803 -017552 - -143475 170814 D1TEIR B 19718 81075 570752
610782 £99029 688029 -040038 012634 -145348 119814 017677 618004 610742 -57.0539
610833 £99029 849079 035938 010378 - -144537 -1.15254  04B1E B16381 B10833 570411
BADBTS £99029 BOR0ZO 033216 -0 10716 - 142348 10325 GDAEI2 B4B44 BI0B75 570539
BI0S1T BI9028 BOB07O .0 2652 011847 - -14346 -1 16181 -D0B18 B13T03 BI081T 57 DEET
B.I0956 E99028 BOS029 020932 012682 -0, 145197 11932 017B83 GAME8 6100950 570539
611 [499028 GBS0ZS 011439 071814 .0 44745 17013 01TETT B10BET B11 570411
B.11047 699028 668029 .005311 -0.09303 -0 -1.43749 .1.19505 .0.17375 608516 611042 570183
B.11083 698025 685029 .003359 -0.08818 -0 -144201 -1.1815 .0.1BE31 B.DEZST 611083 570112
611125 E99028 ©00029 -000788 007135 -1 -1.45579 -1.18301 -D.1B281 ©.04212 E.11125 -E70069
611167 699029 BBO029 004584 -0 10078 - -146784 -170584 -D1675 BO0MEI E11187 -57004
B.11208 699029 BGG079 011587 -9126M -1, -147317 -1 72588 -015273 AO0453 B11208 -570539
6811215 699028 688028 018145 013164 597781 6.1135 570709
B11287 688028 688028 (22558 01735 . 504062 611292 -570709
B.11333 E99029 600029 023788 001211 -1, 589109 611333 -5T0624
T8 E9902.9 8E9029 021992 001348 - 505672 611375 -57.0581
601417 E99028 GOBOZE 020612 014577 585219 E.11417 570453
B.11458 £39028 68BO2S 022441 020011 - 585406 611458 -570197
6115 [99026 668025 027533 .024M9 5 B4BES B.115 570068
6.11542 £99028% ©6B029 0.3263 -0.2MB05 -0 503375 E.11842 -57.024
611583 £99020 600079 034874 -02308 - 5B1156 B 11583 -57 0539
B11625 639029 686029 034408 -0.21801 . 579908 6.11825 -570709
B.11667 £99029 889079 035077 -0.23457 - 579033 611887 -570709
BI1T0B E39028 6BG028 03582 .027E3 - 50625 B11708 -57 0667
61178 E9902.9 609029 034082 032065 - 5081266  ©.1175 -5T0667
B.11792 599020 684029 03972 035352 -1/ 582708 611792 570752
611833 0H9028 6BBOTS 0622 033314 -1 SBaTIS 6.11833 5T 0708
6.11875 E3902& BOBOZSO D211 -0.28358 GBEBSE G.11875 -570496
611917 £99020 88BIZS 0.18421 023633 1. 5BBIGE E.11917 -570453
6.11958 699029 609029 D0.18478 -0.21361 589734 E.11058 -570824
612 699029 682028 0.1218% 021582 581608 B12 -57 D6ET
613042 639029 689079 006841 -023112 593635 612042 -57 0498
BB EA9029 885029 006055 -025844 595406 612083 -57 0453
BI2125 £H9028 BEE02E 0015 -0301M 587108 B12126 -57 0453
BA216T E9902.9 660029 001087 -0.33365 - 509004 G12167 -57 0496
G206 E99028 609029 003501 -0.334%57 -0, 01437 612208 -570539
6.1275 FH9028 GBE07H 003307 031263 .0 G04TEE 61225 570581
6.12282 £3902 5 608029 001771 -0.28783 60BBBT 6.12237 -570824
612333 699028 6BB0ZS .00237 -03054 .0 611084 6.12333 -57 0867
6.12375 £99029 ©0B029 -005488 -0.31643 -0 614516 612375 -57.0501
813417 §99028 608028 01015 034961 616734 612417 -57 0498
612458 £93028 668028 016204 -0 38464 E1BTS B 12458 -57 0453
6175 699029 689079 -023077 -036042 - G204B8  B125 570533
612542 EU9028 BOG07O 076548 033457 - 62225 612542 570539
512583 €99029 BOG029 02972 020619 -0 24484 612593 570496
612625 €990209 660029 031641 -0.25671 - B2TET2 B.12625 570453
612667 EO900 & GOBOZS .033424 .0.208ET . 631062 612667 -57 0453
612706 £38028 60025 .035397 -DAT1: 633406 612708 -570453
61275 599029 699019 -D36582 -0.15024 -0 634734  BI278 -ET.0411
6.12782 699028 ©0BOZO -037585 -0.15839 - 835812 B.12792 -57.0363
812833 699070 600029 -0.30499 015573 - 6365 B 12833 -570411
B12875 £99029 68%029 041699 -014434 G367 612875 -57 0498
B1MNT 9029 BOU029 043125 027N 63664 B1291T 570824
B256 639028 BEB0ZH 047533 -0 11029 - BABIS 12950 -57 O8A7
613 B99028 600028 040716 00825 -0 636922 E13 -57.0581
G.03042 99028 6GE8028 038115 D.0166T -0, 635806 613042 570329
6.13083 099028 6880279 .0.3832 .0013773 .0 636812 6.13083 570155
6.13125 693028 685029 038314 .0.14B48 . 633641 G6.13125 570155
613167 69902§ 60B0Z9 -038902 015768 632234 B.13187 -57.0143
613200 £499029 E0S0Z9 -0.3975 -0.15872 -134911 -1.08057 -0.10482 6.30B41 6.13208 -E70411
61325 699009 §BO029 -037357T 014038 - -133558 -1.04887 010453 820125 61325 570453
613192 E99029 BRS0TH 033208 009867 -0, <1 28865 100834 .0 10445 627381 613397 570368
B.13333 BH9029 688079 025938 004497 - -122772 02430 -010B41 625266 613333 570388
613375 699028 6BBOZO 017402 000443 -1 168737 -08942 010838 B 23301 619375 570488
BEMIT E39029 604039 .0.90299 002819 -0, 110957 084602 011102 B21734 613417 -E70501
G.i3458 B99028 688079 .0.0457 001367 .00 -1.06022 080605 011381 618766 613458 570531
6135 699028 GS8078 000475 .0.03781 -0 <1 05906 .0@1382 011558 G174Ed 6135 570591
613542 £3902& G5B0Z9 002939 -008450 -0 -1.08428 .083779 .D.1IE17 BA51T2 B.13542 570498
6.13583 E99020 608029 006224 -0.11683 -0 -1.11744 -0.84181 011837 812766 B.13583 -57.0453
612625 699025 608029 008698 -0.11712 -0 -1.13159 -0.83851 -D.12203 6.10212 613625 -57.0498
813667 F99025 B02079 0178908 -008542 B04 -1 18148 -083553 012305 BOTR3T 613667 -57 0581
B.13708 B99029 688028 01528 004473 . -1.21011 -0.85539 012387 605469 613708 -570561
61375 EH9029 BHA078 018113 002135 10678 089512 (012523 BO2641 81375 570408
B13782 F99028 6RA0ZE 096738 -0.0M08 L2111 02883 012817 S O84E0 B13792 570581
B.13933 E99029 BOB029 008418 005137 -0 S1ME3 104282 003133 506641 613833 570709
613875 E9902@ GOBOTS 020026 -0.08848 -0 213644 104945 .0.13484 584108 B13875 .57 0624
613817 £H9028 GEB0ZS 018583 014861 -0 -1:36886 105381 .0.13E83 582006 613917 570411
6.12356 £38028 B5B02S D.17767 -0.18348 -0 -138347 104516 .0.14218 5B0B59 613958 570368
6.14 ©9902.8 698028 017734 -0.20345 -00701 -1.3305 -1.02964 -0.1457 589734 B4 -ET0411
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6.14042 £99028 6009029 0.2194 -0.71668 -0.0BEDE -1.30034 -1.01053 -0.14853 &5BEED) 6.14042 -E7.0539
814083 699029 B88079 07837 077662 -083651 -124718 0898952 -015297 588219 B14083 -57 0411
14125 EH9029 685029 032096 -021843 -080628 -130223 -0425309 015758 5875 614135 570325
BA4167 EH9028 BRBOZE 031953 0232 081833 -1 20548 09379 006096 5 EES31 B 14187 570411
B14208 F99028 GEH0ZH 028928 .0 23457 084474 123212 W08BT7H 01628 505703 B14208 -57 0498
B.1425 E99029 60029 027798 023622 005600 125146 087173 00688 SPSIT2Z 61425 570495
6.14287 (99028 GOB02S 026383 -028513 085574 -126281 08161 00725 585047 614292 570411
6.14333 039028 GBBOZE 025625 027715 -0.B5261 -127718 .083888 .01T5 5B4BTS 614333 .57.0325
614375 £39028 BOB02.S 024499 .0.30435 -0.B4BG7 -129409 -1.01412 017458 584203 614375 570368
614417 E99026 600029 0322938 031161 -0.8432F -1.3044 -1.09836 -0.17383 503281 614417 570411
614458 699029 BRA0Z9 021491 031402 -083756 -130708 -105875 -D17477 SBIB44 614458 -57 0325
B145 E99029 588029 0320475 -030B4 -093431 130278 -107181 -D175687 5B3672 B 145 -67 0325
614542 E99029 BRG029 018087 -0 38444 -083AB3 -1 29791 107566 017637 SA5747 614547 570411
B14583 B99028 BRO0ZO 016966 026080 084566 -1 209258 -1 08455 017713 SETEEQ B14583 -570581
B14625 E39026 BBBOZO 014277 -027ES -0BATEI -1 70019 -1 09677 017531 SEETS B 4625 57064
6T €99020 600029 0.10462 -0.2009 003327 -125447 -1.09069 017227 501266 614667 -57.0624
G.14708 699028 G88079 00625 .03306 .0B9IE .1.0086 .1 06438 .0.1707E SH2BF8 G14T0B 5T 0539
61475 693028 BBO029 003353 -0351B5 .0EB32B0 115497 -1.04329 .0.1BE36 594584 81475 .57.0368
6.14782 £3902% B5BOZS 002201 -D.38021 -0.7BSBI 113169 .109405 .0.1BB41 586547 614782 570197
614833 699029 600259 001204 -038418 -0.73276 -1.11908 -1.15022 -0.16523 550734 614833 -57.024
614875 639029 665070 -001BA7 -038763 -0EB203 -111374 -114339 016434 BOOTB1 B.14875 -57.0411
8.14917 £99029 608020 00737 -0 37337 -0ETOX 113551 100022 -09E38T 602301 614917 -57.0408
B 14958 699029 689029 01458 03461 .0 TO4OE -1 18949 -1 DOATY 016108 BO3RI2 614858 570453

B15 B99028 608020 021139 030247 -0VEO0BE 12554 101702 035719 605328 B15 -57 0368
B 15042 BO9028 BOBOZO 025456 -0 M587 -0BOBE3 -131030 1033 015388 BDEBET 615042 -57 0368
B.IS0B3 E99028 BOS029 027064 019047 -0B2543 13366 105918 01531 B.08 615083 -570539
B.15125 099028 GBS02ZY 026719 .012753 .0E10E3 -133336 10715 015484 609578 615135 570709
6.15167 E39028& 66B02S .027083 009427 07857 -130822 107204 .01575 611218 G15167 570708
6.15208 £38028 E£80029 .0.2975 -D.10158 -0.77052 -127208 .106462 .0.15858 612859 6.15208 570735
B6.1525 699029 690029 -030586 -0.130B8 -0.77157 -123652 -1.04922 -0.16094 613844 61525 -E7.0752
615797 699029 600029 -031029 -017018 078558 -170304 -102807 -0.16109 614301 615292 -57 0581
B.15333 £99009 BGG020 03087 02041 -070AZ5 -1 18A44 -1 00834 016141 14672 615333 -57 0383
615375 699020 689029 031706 -0.21653 -0 7AST 111791 098813 018555 6.151B8 615375 -570283
B.15417 £99028 600029 033372 -0.20308 075431 -105791 -081531 017156 616062 615417 -570783
B.15450 E99029 BOG029 033027 00703 074956 103068 080535 007305 664 615458 570203
B.155 E99028 BH9029 03235 002708 077180 .pD4B44 09306 0OTIZS 6350 8% 570328
615547 99028 GBS0ZY 026733 007817 .0.VB418  .1.0735 063466 .0.1TI03 615868 615542 5T 0368
6.15663 [39028 60BO2O .027454 003418 078502 .109764 062562 -0.17482 61508 6.15583 -57.0411
615625 £99028& B6B02S .028523 001303 -0.7B76T -1.12578 -D9357 017536 614406 615625 -57.0368
B.15667 ©€9902% ©6B029 -026602 005568 -0.BODDE -1.15914 -0.66118 -0.17561 ©.14021 E.15667 -570325
B.1570B 699029 6268029 -076862 002715 -0B1188 -118111 099367 017686 613531 615708 -570743
61575 €09029 BO8029 -025723 004468 -0 BOMME -1 21198 -1 03088 017587 612375 61575 570364
BA5792 F99029 689079 073474 041378 077028 -1 21625 104933 017578 610625 615792 -570368
B15833 E99028 6HA0ZO 017012 -0E1RG2 D725 -1 20807 -1 (407H 017484 BOM25 615833 -57 0453
615075 E00020 609020 .0.11263 060031 -0.E0701 -1.19404 102466 017117 EOTESO 615075 -£7.0539
B.15917 €99020 600029 007205 -0.33045 -0E7200 117976 -1.01122 016617 606069 615917 -57.0539
615058 0H9028 6BB0TS .005228 OO0GEBS 068237 -1.16297 063852 .0.16062 GOG37TS 6.15958 -57.0496

6.16 B33028 BRA0ZS 003952 040469 -0EB347 -1.14003 -0.85453 .0.15422 6055 G116 .57 0383
616042 £99020 808179 .007324 051419 -.0.70958 -110889 .0.81103 -0.14822 BD4DTB 6.16042 570197
6.16082 699029 609029 -000586 03916 -0.74226 -1.10042 -0.69500 -0.14539 602516 6.16093 -57.0068
816175 699029 ©80029 000495 013703 -DBOIBE -111779 -0B4775 -014177 BD1D47 B16125 -57 0027
616167 £99020 689079 001887 -01278 -0B4211 -1 11652 -067744 .0.1407 599781 616187 -570197
BAEI0B EA9029 685029 004753 0 376ED -0B5ME 10052 (004240 01388 590516 616208 -570368
B.1825 699020 BBO02O 00998 -0.28503 -0B5B03 100119 -D8113 013695 506828 61625 570411
616292 €9902.9 660029 014005 020044 -0BE27I 100617 081238 013148 505234 616292 570325
6.0E333 €99020 609020 09668 01165 -0BTEAT 11077 064164 012600 SOITEE 616333 57004
6.IB3TS EHU028 GOBOTS 016699 003710 -0.B9G43 -1138T76 087315 012366 582562 616375 570335
616417 £39026 6£0B02S 016797 002357 081032 -1.16633 080884 .0.12078 581B12 616417 570325
616458 £9902% GOBOZS 017968 004434 -0.B0386 -118208 -D9613 012031 581437 E.1B45B 570197
6165 699028 ©8BO29 0.19655 -0.018E9 -0BTI76 -1.19764 -1.00763 -0.12094 500084 6165 -57.0027
B1B542 99028 6080289 031177 -DI7ES -0.B20BE -118B48 -1.07033 -011086 5805 B.16547 -56 9984
BI6583 699028 669020 021445 03565 .0.TETT4 117907 -1.01007 011881 590406 616583 -570155
B1BGI5S 69029 688079 071536 043378 072364 118207 09331 011844 590203 6 16EIS -570453
B.GSET €U9020 6OG020 0288 -032B04 -0EBY44  -113TE  -09445 011831 580047 6.1BBBT -570581
B.IET0E E99020 600020 02054 -0.00652 066523 .1.11202 069650 01232 59034 616708 -570539
61575 €99020 660029 0.17487 010755 -QE8T24 -1.12603 -0.07550 012489 590719 6675 -57.0495
G.IGTHT BY9902 8 GES0TH 014017 00043 073404 -115885 08968 (013493 S81I03 GOGTER STO0411
6.16833 £38028 G5OG02S5 011908 -D10052 -0.74B0E -1 15636 -080211 012711 58176 616833 570283
616875 £99029 609029 O0.11784 -0.28629 -0.73276 -1.11304 -0.81045 -0.13125 582108 6.16O75 -E7 0155
616917 E99029 E©0B0Z9 0.1263 -0.53008 -0.71203 -106312 -0:63906 -0.13459 592609 6.16917 -57.0183
616958 E99020 608079 017956 052378 -D.700B1 -F03439 -0.08805 -0.13625 S5037EE E1B58 -57.0411

617 B99028 688079 013638 039468 .0 E984T7 10264 088215 013617 585031 6AT 570388
617043 E99028 GO4079 014089 023418 070241 107234 089478 013609 596437 B17042 .57 0966
EATOB3 699028 688028 012708 009762 -1 01424 -0.89732 013734 567781 B1T083 -570411
B.I7TI25 8990208 680029 006212 .0.00332 .0 -1.00439 -0.09583 0.7 §89100 617125 870325
BITIGY 699028 698029 005098 004305 .0 099512 -0.97972 .0.14555 600787 GATIET 57024
617208 039028 6BROZS 001777 00138 -D98261 088748 .0 15008 GO2BIZ 617208 570187
61725 693028 685028 000345 .0.11073 .0 -D96153  .0984 .0.15338 BD4TO3 BI1715 57004
617292 69902% 60B0Z9 -000267 -0.29815 -0 -D92435 -0.85771 -D.15B48 BO5TE 617292 -57.004
617333 £499029 05029 -0.01934 -044841 -0 -D87026 -0.92585 -0.15B67 608422 6.17333 -E7.0197
817375 £39020 508079 004977 047044 - -0 83585 -003385 016008 807437 617376 570183
617417 699028 688029 -00BGA5 -0.36538 . -DAI0TE 08606 0 1B008 AOBSS4 617417 570453
B17458 BH9029 689028 01374 07 ~081327 -0 %7A88 016148 B0M09 B1745R 57 0498
B.175 E99028 6BB0ZH 015 -0 11823 - 078917 086583 0BT BVETS 175 G704
B.I7692 €99029 604029 .0.1752 011807 -0, 0705 08483 016273 613881 617542 570368
G.IT583 B99028 688079 .018383 02013 .0 -0.B05S -0.84439 .01GOTE 615437 617583 -5T0411
BITHI5 699028 688079 .021055 .0 28808 .0 D838TS 086373 015617 616381 BATE2S 5T 0498
6.1T66T 699028 656029 .021003 -0.30612 .0 -D.8662 -0.892111 .0.15184 617203 B.1TE6T -570411
617708 E990208 60B029 -021048 -0.23845 - 088311 -1.01296 -0.1482F 817703 B.AT70B -E7.0197
6.1775 699005 6BB029 -071669 -0.14121 -0 -D.90037 -1.02501 -D.14734 G.ABTE 81776 -EEAENM
B.17792 B99029 B82079 -025371 -0.06842 -0 92087 -1.02501 -D14B56 620287 B.17792 -56 9858
B.17833 EH9029 BRG0ZH 027285 -0037M 093582 101273 014547 621547 617833 -569904
BATETS EH9028 BHB07H .027975 002305 - -0 A36A8 089984 014358 B2207H BITETS 570187
BATANT BH9028 BEO07H 076885 000089 - 092319 -098738 004117 622078 617917 -57.0368
B.ITI50 99020 60G029 02947 003118 .0 099053 -0.95632 013002 E22031 6758 -S70MOT

G1E G99028 GBS0 025938 00487 .0 J0H33ES 080431 013887 621884 G.1E .56 9856
G.IE04T 699028 688079 021738 00143 .0 -0.7872 -0.89172 013605 621625 618042 .569643
6.1B083 £38028 B5B029 01735 -0.080BS -042325 -D78743 .0.80501 .0.13234 B20BB1 6.1B083 563728
6.1B125 E99028 B09029 -0.14505 -0.18879 -04E60B -079937 -0.62318 -0.12773 ©.19969 6.18125% -56.9841

D-12/13



Appendix D Data from Dynamic Test Panel SCI2

6.1B167 699028 699029 -0.13353 -0.24473 -0.50341 -0980133 -082748 -0.137T19 819406 618167 -E7.0112
B 1BJ0E E499028 ®88029 -011855 021608 -063272 -080539 -093003 -013786 619287 618208 -570197
61835 699028 698029 -00860% 012548 056506 082541 093165 01368 618406 61825 57004
B.IE282 EH9028 BRBOZH 007715 -002435 -0BO2GE -DBS002 -082771 017305 6180453 618292 570197
BIBI33 FH9028 BEH0ZH 00582 003615 -0E3002 -DBGETA 082713 012031 616808 B18333 -57 0069
B.IBITS B9G020 BOG029 003203 004349 -0 BISET 092099 082911 002125 BITEI2 618375 -56.9994
B.IB41T 699028 6SR0TE .65E.05 O0013H 061913 09547 (08I 013414 GIGEET  BIBG1T 570027
6.1BA5E 099028 6BR0ZIA 001258 00207 .058468 .0AT5E 064508 013711 G581 618458 570112
6185 £43028 655028 001455 004064 056146 -099142 085505 012581 613141 6185 .57 0155
618542 699025 6885029 -000475 -0 04676 -0.5B079 -100242 -09408 -0.13081 612125 6168542 -57.0155
618583 699029 ©89029 -0.0099 -00G517 -05E195 -100613 -DO057 -013781 610562 618583 -670112
6.1B675 6499029 §88028 000033 -01 -087245 -D98B64 -0 B5485 -0 136568 609B81 E186I5 -5T0113
BABHET EA9029 BRG0ZO 00194 014712 056734 -D9ETHT -0 G08EG 014047 BOMDE 6 1BBET -570117
BABTOE B99028 6B0028 004088 -007617 -0B0I0E 088667 -081002 -014108 B0B344 BI18708 -57.0027
BI8TS BH9025 BBBOZO 005637 019648 -0 BISSE -1 00BO4 -0 E2985 014125 BOEBAT  B18T5 -57 0063
BBTE2 E99029 6OG029 007539 019837 0BS5S 099373 064085 004477 605207 619792 570325
G.1E33 G99026 GER0JE 000348 .098TM 06TIET O86ET1 084419 .0.04B58 GO03ITS 618033 ST0410
6.1B37T5 693028 B5G029 008681 017715 .0.71017 -DO6061 -0.B5867 .0.15133 B.01562 618875 -57.0283
616317 £99028 65R0ZA 008918 017581 .0.76207 -087219 089539 .015X42 BOOBTZ 618817 570112
616956 699028 689029 008171 -0.17467 -0.B05B6 -099049 -0.83373 -0.15133 6.00391 616058 -57.0027
618 699028 688020 0073987 -D1638 -0B2985 -100358 -085331 -0.16107 & 00094 618 -57 0077
B.16042 F99029 BRG0ZO 00277 014318 -0B33%4 101373 008061 -015247 500303 619042 -570027
B15083 £A9029 BGS079 011367 012427 -0022F 1 0NTT 065784 015461 590109 619083 -570027
BA8125 FH9028 BHB0ZH 01293 -0 1460 -0BOSES -1 DJ60A -0836EI 015602 SO7ISH B1MI5 570155
B IB16T BA9028 BOBOZO 003757 005579 -0 7BA0E -1 02339 -0807F2 015659 SOGBSE BIRIET 570155
B.IB208 B9028 688020 013678 -0.21585 .0.7T0IE -1.00902 06008 015648 587141 B.19208 570012
6.1915 G99028 GEE0TE 012904 .0.ZH0T3 0747071 098331 0845 015766 588344 671925 570027
615287 699028 686029 011838 .0.32077 -0.71504 .0.8481 .0.79253 .0.15844 588718 618292 -56.9884
616333 0693025 685028 010423 031823 .0.6GTDE -D93176 -0.76496 .0.15687 6.00359 619333 -56.9384
618375 699028 669029 006245 -0.17174 -0.71041 -094879 -0.79339 -0.15239 G.00016 6.19375 -56.9856
618417 699029 6RO0T9 008108 -020077 -071944 096501 -079207 -D15031 SH0584 619417 569813
B.104568 £99029 BOG070 008919 014038 07155 -DO5339 -0 78830 014797 500853 610458 -569813
6195 698028 688029 007635 -011169 -0 71689 -D 96385 -078875 014317 600656 B 195 -56 9893
618542 £99028 BEB028 005188 014874 073183 -DOE053 07974 013758 BOOT03 E19542 -56 9841
B.19500 E99029 6BOG029 00138 020749 Q75036 101111 081025 013484 B00207 619503 -56 9994
619525 €9902.9 809029 002383 027305 -0 704ES 104309 063230 003125 §00280 619625 570027
618667 699028 688039 (005378 03250 .0.ATOS .1 06728 085313 012516 601084 619667 .57 0069
618706 699028 686028 .006229 .034551 .0.7ETTE -1.07459 .0.85462 017 BO225 619708 -570197
61975 £99028 6BS0ZS -0.10378 -0.33314 076137 -1.06837 -0.84929 011852 603125 61975 570112
6.19782 699025 ©86029 -0.11295 -0.29602 -0.73056 -1.05652 -0.B4828 -0.117427 6045 619792 -569984
618333 699029 ®88028 -011458 -0 25671 -0 70183 -10403 -0E3078 011607 G 0OSE9 619833 -56 9858
618875 699029 6SG029 012038 D3NS OETTSY 101988 .0 79847 011538 607E41 619875 568771
B18317 F99029 696029 013971 03002 065376 -D93072 07506 011516 G0O0G2 619917 568728
BUBSSE EH3028 GHB02ZH 017174 -D07E .0B5088 -0898818 0716863 011414 BOBET? 619958 568728
B2 B99028 BU0029 019505 -0.05475 -0 B@SE2 098331 -0.72813 001038 B.095T0 B2 -56.9813
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Moment-Curvature Model

Appendix E

Concrete Section Model

Properties
Concrete Section Forces/Loading
125|MPa Type: Rectangular . F 0.00 kN

Ve 2450|kg/m® h= 38)mm #of layers =| a0] M= 1287.19 kNmm

= 37000.00|MPa b= 534 mm &= 0.0018 a= 457.5 mm (length of shear span)
&= 0.004 L= 915/mm & = -0.0100 P 5.63 kN (total applied load)

n= 8.15| Ag= 20292|mm*

k=] 2.69) 1= 2.44E+06/mm*
o= 8.00|MPa c= 5.75 mm

Diayer Aconcrete Econcrete. Oconcrete Feoncrete
Layer b (mm) (mm) d (mm) ?_:_J (mm/mm) (MPa) Oconcrete (MPa) (kN) y (mm) M, (kNmm) Concrete Strain Concrete Stress
Top 0| 0| 0.0018|  -65.94 -65.94 0.00 0.00 0.00

1 534] 0.95 0.95 507.3 0.0015]  -55.04 -55.04 -27.92 0.95 -26.52 & (mm/mm) o (MPa)

2] 534 0.95 1.9 507.3 0.0012| -44.14 -44.14 -22.39 1.90 -42.54 -0.0120 -0.0100 -0.0080 -0.0060 -0.0040 -0.0020 0.0000 0.0020 0.0040 6000 -50.00 -40.00 -30.00 -2000 -10.00  0.00 1000  20.00
3| 534] 0.95 2.85] 507.3 0.0009] -33.24 -33.24 -16.86 2.85 -48.06 7

4 534] 0.95 38 507.3 0.0006] -22.34 -22.34 -11.33 3.80 -43.07 a II

5| 534] 0.95 4.75 507.3 0.0003] -11.44 -11.44 -5.81 4.75 -27.58 51—

6, 534] 0.95 5.7 507.3 0.0000]  -0.55 -0.55 -0.28 5.70 -1.58 215

7 534] 0.95 6.65 507.3]  -0.0003]  6.91 6.91 3.50 6.65 23.30 5 e

8| 534] 0.95 7.6 507.3[  -0.0006]  8.25 8.25 4.19 7.60 31.82 6 6

9 534] 0.95 8.55 507.3  -0.0009]  8.55 8.55 4.34 8.55 37.07 78 7 —
10 534] 0.95 9.5 507.3]  -0.0012] 8.76 8.76 4.45 9.50 42.24 = 5 —
11 534] 0.95 10.45 507.3[  -0.0015]  9.05 9.05 4.59 10.45 47.98 o 0 i—
12) 534] 0.95 11.4) 507.3  -0.0018]  9.32 9.32 4.73 11.40 53.89 10— 10—
13 534] 0.95 12.35 507.3[  -0.0020] 9.21 9.21 4.67 12.35 57.70 o s 11—
14 534] 0.95 13.3] 507.3]  -0.0023]  8.86 8.86 4.50 13.30 59.81 —— 12—
15 534] 0.95 14.25 507.3]  -0.0026]  8.48 8.48 4.30 14.25 61.28 13—
16 534 0.95] 15.2 507.3 -0.0029 8.06 8.06 4.09 15.20 62.14 14—
17, 534] 0.95 16.15 507.3]  -0.0032] 7.39 7.39 3.75 16.15 60.55 o —
18 534 0.95| 17.1 507.3]  -0.0035]  6.77 6.77 3.43 17.10 58.72 o —
19 534] 0.95 18.05 507.3]  -0.0038]  6.20 6.20 3.15 18.05 56.80 M ”
20 534] 0.95 19 507.3[  -0.0041]  5.68 5.68 2.88 19.00 54.80 7 15— m
21 534] 0.95 19.95 507.3]  -0.0044] 5.24 5.24 2.66 19.95 53.07 E e H
22) 534] 0.95 20.9) 507.3]  -0.0047]  4.80 4.80 2.44 20.90 50.92 £ i H
23 534] 0.95 21.85 507.3[  -0.0050]  4.51 4.51 2.29 21.85 50.00 K ook 2
24 534] 0.95 22.8] 507.3]  -0.0053]  4.05 4.05 2.06 22.80 46.87 23
25 534] 0.95 23.75 507.3]  -0.0056]  3.84 3.84 1.95 23.75 46.27 2 mm

26 534] 0.95 24.7] 507.3]  -0.0059]  3.58 3.58 1.82 24.70 44.87 25

27, 534] 0.95 25.65 507.3  -0.0062]  3.32 3.32 1.68 25.65 43.18 26 mm

28 534] 0.95 26.6] 507.3[  -0.0065]  3.04 3.04 1.54 26.60 41.04 27 mm

29 534] 0.95 27.55 507.3  -0.0068]  2.81 2.81 1.42 27.55 39.22 28 mm

30 534] 0.95 28.5] 507.3  -0.0071]  2.65 2.65 134 28.50 38.29 29 mm

31 534] 0.95 29.45 507.3]  -0.0073]  2.45 2.45 1.24 29.45 36.59 o

32 534] 0.95 304 507.3[  -0.0076]  2.25 2.25 1.14 30.40 34.69 3L .

33 534] 0.95 3135 507.3[  -0.0079]  2.08 2.08 1.06 31.35 33.11 -

34 534] 0.95 32.3] 507.3]  -0.0082] 1.88 1.88 0.96 32.30 30.87 ww "

35 534] 0.95 33.25 507.3[  -0.0085] 1.77 1.77 0.90 33.25 29.79 = m

36 534] 0.95 34.2] 507.3]  -0.0088]  1.65 1.65 0.84 34.20 28.59 *m

37 534] 0.95 35.15 507.3[  -0.0091] 1.54 1.54 0.78 35.15 27.45 & 15

38 534] 0.95 36.1] 507.3]  -0.0094]  1.39 1.39 0.71 36.10 25.49 15

39 534] 0.95 37.05 507.3]  -0.0097] 1.26 1.26 0.64 37.05 23.65 9 @

40| 534] 0.95 38 507.3[  -0.0100] 114 1.14 0.58 38.00 21.96 08

Bottom 534] 0.95 38.95 507.3] -0.0100] 114 114 0.58 38.95 22.51
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Appendix E Moment-Curvature Model

Tab 2: 'Stress-Strain*

Step  |ss 23 M (kNmm) |P(kN) ¢ (1/mm)

0| 0.0000 0.0000 0.00| 0.00 0.00E+00
1] -0.0001 0.0000 0.00| 0.00 2.63E-06
2 -0.0002 0.0001 657.62 2.87] 8.88E-06
3] -0.0003 0.0002 1135.81 4.97 1.41E-05]
4| -0.0004 0.0003} 1461.47] 6.39] 1.89E-05
5| -0.0005 0.0004 1672.01] 7.31] 2.33E-05
6] -0.0006[ 0.0004 1826.03 7.98, 2.75E-05
7 -0.0007| 0.0005 1945.83] 8.51] 3.15E-05
8| -0.0008] 0.0005 2042.34] 8.93 3.54E-05
9| -0.0009| 0.0006 2125.80 9.29] 3.92E-05
10[ -0.0010| 0.0006 2201.50] 9.62] 4.29E-05
11f -0.0011| 0.0007 2264.49| 9.90| 4.66E-05)
12| -0.0012] 0.0007| 2324.35 10.16 5.03E-05
13[ -0.0013| 0.0007 2377.52] 10.39 5.38E-05
14| -0.0014] 0.0008}| 2428.53 10.62 5.74E-05
15[ -0.0015| 0.0008 2478.16| 10.83 6.09E-05
16 -0.0016| 0.0008 2521.19 11.02 6.44E-05
17| -0.0017| 0.0009 2564.73] 11.21 6.79E-05
18[ -0.0018| 0.0009 2601.95 11.37| 7.14E-05]
19| -0.0019| 0.0009 2636.26 11.52 7.48E-05
20| -0.0020] 0.0010] 2666.34| 11.66 7.82E-05
21| -0.0021] 0.0010| 2684.29 11.73 8.15E-05
22 -0.0022f 0.0010 2710.00] 11.85 8.49E-05
23| -0.0023] 0.0011] 2719.17| 11.89 8.82E-05
24 -0.0024 0.0011] 2735.74] 11.96 9.15E-05
25| -0.0025| 0.0011] 2741.81 11.99] 9.48E-05
26| -0.0026 0.0011] 2749.56 12.02 9.80E-05
27 -0.0027| 0.0011] 2755.37| 12.05 1.01E-04]
28 -0.0028| 0.0012 2764.79| 12.09 1.05E-04
29| -0.0029 0.0012] 2765.89 12.09| 1.08E-04]
30| -0.0030] 0.0012] 2751.03 12.03 1.11E-04
31 -0.0031f 0.0012] 2741.75] 11.99| 1.14E-04]
32| -0.0032] 0.0012] 2731.04] 11.94 1.17E-04]
33[ -0.0033] 0.0013 2713.90] 11.86) 1.20E-04
34| -0.0034 0.0013 2702.70] 11.82| 1.23E-04]
35 -0.0035| 0.0013 2683.74) 11.73] 1.26E-04
36| -0.0036| 0.0013 2665.17| 11.65 1.29E-04]
37[ -0.0037| 0.0013 2647.77| 11.57| 1.32E-04
38 -0.0038] 0.0013 2622.01f 11.46| 1.35E-04
39| -0.0039 0.0014| 2596.23| 11.35 1.38E-04]
40| -0.0040[ 0.0014] 2576.05 11.26| 1.41E-04
41 -0.0041f 0.0014| 2550.36) 11.15] 1.44E-04]
42| -0.0042] 0.0014] 2527.23 11.05] 1.47E-04
43| -0.0043) 0.0014| 2505.07| 10.95] 1.50E-04
44 -0.0044| 0.0014| 2476.98] 10.83| 1.53E-04]
45| -0.0045[  0.0014] 2453.40| 10.73] 1.56E-04
46 -0.0046| 0.0014| 2424.29 10.60] 1.59E-04]
47] -0.0047, 0.0015) 2400.33 10.49) 1.62E-04
48 -0.0048| 0.0015 2371.23] 10.37] 1.65E-04]
49| -0.0049 0.0015 2349.50| 10.27| 1.68E-04]
50[ -0.0050] 0.0015 2325.60) 10.17] 1.71E-04
51| -0.0051] 0.0015 2300.56] 10.06| 1.74€-04]
52[ -0.0052] 0.0015) 2271.83 9.93] 1.77E-04)
53| -0.0053] 0.0015 2247.84 9.83 1.80E-04]
54 -0.0054] 0.0015| 2223.19 9.72| 1.82E-04]
55 -0.0055] 0.0015] 2195.58| 9.60)| 1.85E-04
56| -0.0056] 0.0015 2168.73] 9.48 1.88E-04]
57| -0.0057| 0.0016| 2144.00| 9.37| 1.91E-04
58| -0.0058 0.0016 2120.96] 9.27| 1.94€-04]
59 -0.0059| 0.0016| 2099.07| 9.18] 1.97E-04]
60[ -0.0060] 0.0016| 2073.11f 9.06| 1.99E-04
61) -0.0061] 0.0016 2050.96) 8.97| 2.02E-04)
62[ -0.0062] 0.0016| 2027.77| 8.86| 2.05E-04|
63| -0.0063] 0.0016 2000.29 8.74| 2.08E-04]
64 -0.0064] 0.0016| 1978.61) 8.65] 2.11E-04|
65| -0.0065] 0.0016 1955.41 8.55 2.14E-04)
66[ -0.0066] 0.0016| 1932.62| 8.45) 2.16E-04]
67 -0.0067f 0.0016 1910.26 8.35 2.19E-04
68| -0.0068| 0.0016] 1886.87| 8.25 2.22E-04
69| -0.0069| 0.0016 1865.30 8.15) 2.25E-04
70[ -0.0070 0.0016 1846.53] 8.07] 2.27€-04
71] -0.0071 0.0016 1820.96 7.96) 2.30E-04
72 -0.0072f 0.0017| 1797.11] 7.86 2.33E-04
73[ -0.0073 0.0017| 1779.44] 7.78] 2.36E-04
74| -0.0074| 0.0017| 1758.60 7.69) 2.39E-04
75 -0.0075 0.0017| 1737.18| 7.59] 2.41E-04
76| -0.0076| 0.0017| 1714.07| 7.49 2.44E-04]
77[ -0.0077f 0.0017| 1695.71] 7.41] 2.47E-04
78] -0.0078] 0.0017| 1679.84 7.34] 2.50E-04
79| -0.0079| 0.0017| 1656.87| 7.24] 2.53E-04
80[ -0.0080 0.0017| 1638.43] 7.16| 2.55E-04
81] -0.0081 0.0017 1618.13 7.07| 2.58E-04
82 -0.0082f 0.0017| 1597.95 6.99] 2.61E-04
83| -0.0083] 0.0017| 1578.49 6.90) 2.63E-04
84| -0.0084| 0.0017| 1557.71 6.81] 2.66E-04
85 -0.0085[ 0.0017| 1539.46 6.73] 2.69E-04
86| -0.0086] 0.0017| 1520.31 6.65) 2.72E-04
87 -0.0087| 0.0017| 1501.43] 6.56 2.74E-04
88| -0.0088| 0.0017| 1483.37| 6.48| 2.77E-04]
89 -0.0089 0.0017| 1468.56 6.42] 2.80E-04
90| -0.0090| 0.0017| 1450.90] 6.34] 2.83E-04
91] -0.0091] 0.0017| 1435.18 6.27| 2.85E-04
92 -0.0092f 0.0018 1419.79| 6.21] 2.88E-04
93| -0.0093] 0.0018| 1400.64f 6.12 2.91E-04]
94 -0.0094| 0.0018 1382.72] 6.04] 2.94E-04
95| -0.0095| 0.0018| 1366.12 5.97| 2.96E-04
96| -0.0096] 0.0018| 1349.94| 5.90) 2.99E-04
97[ -0.0097| 0.0018| 1334.88| 5.84] 3.02E-04
98] -0.0098] 0.0018| 1317.77| 5.76| 3.05E-04]
99 -0.0099 0.0018 1303.39 5.70] 3.07E-04
100| -0.0100] 0.0018| 1287.19 5.63] 3.10E-04]
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Moment-Curvature Model

Appendix E

Sheet 3: LD Data’

Section1 Section? Sections Sectiond Sections Section & Section Sections Sections
Sorvied aver data FINAL i oismm = 183 mm n= 2msmm P 366 mm a= sismm = 505 mm a5 mm = 732 W sssom
step__|MOtim) o (/) [pew | 6 (mm) | witknm) @ (1/mm) | 6 (mm) v (kNm) |9 (1/mm) | 6 (mm) v (km) @ (1/mm) | 6 (mm)_|wi(kNm) |9 (1/mm) | 6 (mm) | (km)_[@ (/) | 5 (mm) | (kNm) [0 (1/mm) | 6 (mm) | w1 (km)_[© (/) |5 (mm) |1 (kNm)_[@ (/) |6 ()| w1 (kNm)_[@- /) |5 (mm)
o ood| oooeso] oo o o o o o q q q o o q o q q q o q o q q q o o q o q q o
i oo 263608 o0 [ o o o q J J q o o q q J q q o q q J q o o o q q q q o
B 66| ssaeos] 287 0.406266| 0.1315231] 26326 06| 00110161] 0.2630a62] 2,632 06| 0.033088a] 0.3945693] 26326 06| 0.055080e| 0.5260924] 2632 06| 0.0771128] 0.6576155] 8884t 06| 02300081 0.5260524] 2632 06| 0.2520003| 039a5693] 2.632¢ 06| 0.1432098| 0.2630062] 2 6326 08| 01652418] 0.1315231] 26326 08| 0187274
3 11| _1ateos| a07] 0.8823752] 02271616| 26326.06] 00110161 0a543231] 26326-06] 0.0330484] 0 6812847| 5 88aE-06] 0 1335984] 0 9086as2| 8 asaE06| 0260321] 1.1358078| 1.4126-05] 0.4a43913| 09086ssz| s smae-06] 0.5187688| 0.c814847| 588ar 06| 0 aa3a533| 04543231 2632606 _0.3amas| 02271616] 2632606 0.187272)
4 46| _189e 05| 635| 7.2518692] 029229%| 26326.06] 0.0110161] 05845872| 26326 06| 0.0330484] 08768808| 5 884E-06] 01335984] 11691743| 14126 05| 0.3480753| 14614679] 0.0003101] 6726131] 11691743| 1.4126.05| .8443856| 0.6768808| 58848 06| 06150848| 05845872| 2632606 _0.3a845| 02922936] 2632606 018727
5 167 233605 7.31] 17.266936] 03344026| 26326-06] 0.0110161] 0.6686051] 5 884E-06| 0.0653936| 10032077| 5 884E-06] 01859436 13376105| 0.0003101] 5.3032637] 16720128] 0.0005101] 11 681315| 13376105| 1.4126-05| .8443856| 10032077| 58845 06| 0.6150845| 0.6688051] 5 884E 06| 0.5578308| 0.3344026| 2.6326.06] 03966548
o 183 275e0s|  7.98] 17.266936| 0.3652055| 2.6326-06] 0.0110161] 0.7304117| 8.884£-06] 0.0853936] 1.0956176] 8.884E-06] 0.1859436] 1.4608235) 0,0003101] 5.3032637] 1.8260293| 0.0003101| 11.681315| 1.4608235| 1.4126-05| 6.8443856| 1.0956176| 8.884e-06| 0.6150848| 0.7304117| 8.854£-06| 0.5578308| 0.3652059| 2.6326-06] 0.3966543]
] 95| 31505 651] 17.398568] 03891656| 26326.06] 0.0110161] 0.7783311] 8.884E-06] 0.0853936| 11674967| 1.4126.05| 0.2517593] 15566622] 0.0003101] 53690794| 19458278] 0.0003101] 11 G81315| 15566622| 1892605 6.964751] 11674967| 1.4126-05] 08890202] 07783311 8 884E-06] 0.711400| 0.3851656| 2.6326-06] 0.3966548)
o 2035005 _s.03] 17.398568] 0.4084687| 2.6326.06] 0.0110161] 0.8165375| 8.884E-06] 0.0853936 12254062] 1.4126.05] 0.2517593] _1.633875| 0.0003101] 5.3690794| 20423437| 0.0003101] 11.681315| 1633875| 18926-05| 6964751 12254062] 1.4126-05] 0.8890202] 0.816975| 8.884€-06] 0.7114008| 0.4084687| 2.6326-06] 0.3966548)
o 213 392605  9.20| 17.398568| 0.4251595| 2.6326-06] 0.0110161] 0.8503191] 8.884€-06] 0.0853936| 1.2754786] 1.4126-05] 0.2517593] 1.7006381] 0.0003101] 5.3690794] 2.1257976 0.0003101| 11.681319)| 1.7006381| 2.3336-05| 7.0754895| 1.2754786| 1.4126-05| 0.9997586| 0.8503191| 8.8845-06| 0.7114008] 0.4251595| 2.6326-06] 0.3966543]
19 220 2905  o2] 2483135 0.aa02997] 26326-06] 0 0110161 0.8805995| s asae-06] 0.0853936] 13208992] 0.0003101] 3 96s1508] 1.761195] 0.0003101] 5.0854706] 22014987] 0.0003101] 11.es1315] 1761195| 23336-05] 7.0750m95] 1.3208992] 1.a126-05] 0 9997586| 0.a805995| s 884e-06] 0.7114008] 0.4002097] 2.6326-06] 0 3966513]
1 26| aeseos| oo 2483135 o asames| 2632e06] 0.0110161] 09057971] s asae 06| 0.0853936) 13586956| 0.0003101] 3 9681508] 18115942] 0.0003101] 5.0854706| 22684927] 0.0003101] 11.681315] 181159a2| 23336 05] 7.0754895] 1.3586956| 1.4126-05] 0.9997586| 09057971 s 884e-06] 0.7114008] 0.a528985| 2.6326.06] 0 3966513
1 252 soseos| 1016| 2483135 oaseasor] 26326.06] 0.0110161] 05297382| s.asae-06] 0.0853936)| 13946073| 0.0003101] 3 9681508] 18594764| 0.0003101] 5.0854706| 2 3243456| 0.0003101] 11.681315] Las0aTed| 2.75¢-05] 7.1802895] 1.3946073| 1.4126-05] 1 1085586| 0.9297382| 5 8aE-06] 0.7114008] 0.asams91| 2.6326.06] 03966543
1 236 s3seos| 1035| 2483135 04755046| 26326.06] 00110161 09510093| 5 e84E 06| 0.0853936| 14265139] 0.0003101] 3 9681508| 19020185| 0.0003101] 5.0854706| 23775231] 0.0003101] 11.681315| 19020185| _2.75¢-05| 7.1602895]| 1.4265139| 1.4126-05] 1 1045586| 0.9510055| 5 884E-06] 07114006 0.4755046| 2.6326-06] 03966543
14 2.3 _s74c05| _1062| 24.83135 04857051] 26326-06] 00110161 09714102] 5 884E-06] 0.0853936| 14571153] 0.0003101] 3.9681506| 19426205| 0.0003101] 5.0854706]| 2.4285256| 0.0003101] 11 681315| 19426205| _2.75¢.05| 7.1602895| 14571153| 1.4126-05] 1 1045586| 09714102] 5 884E-06] 0.7114006| 0.4857051] 2.6326.06] 03966543
15 26| 60905 1083| 24.83135 04956317| 26326.06] 0.0110161] 09912634| 5 884E.06] 0.0853936| 14868951] 0.0003101] 3.9681506| 19825266| 0.0003101] 5.0854706| 24781585| 0.0003101] 11 G81315| 19825268| 3 156.05| 7.2608821] 14868951| 1.8926-05| 13455776| 0.9912634| 8 884E-06] 08518271] 0.4956317| 2.6326.06] 03966545
19 252 cascos| 1102| 2483135 05012372] 26326.06] 0.0110161] 10084743| 5.684E-06] 0.0853936| 15127115| 0.0003101] 3.9681506| 20169486| 0.0003101] 5.0854706| 2.5211858] 0.0003101] 11 G81315| 2016948e| 3 156.05] 7.2608821] 15127115| 1.8926-05| 1.3455776| 1008a743| 8 88ac-06] 08518271] 0.5042372] 2.6326-06] 03966545
1 256 679605 1121] 24.83135 05129463] 26326.06] 0.0110161] 10256927| 5.684E.06] 0.0853936| _1.538835] 0.0003101] 3.9681506] 20517853| 0.0003101] 5.0854706| 2.5647316| 0.0003101] 11 G81315| 20517853| 3.5396.05] 7.3785912| _1.538836| 1.8926-05| 1.4432866| 1.0258927| 8 884E-06] 0.8518271] 05129463] 2.6326-06] 0.3966545)
19 260 710605 _11.37] 24.83135] 0.5203903| 2.6326-06] 0.0110161] 10407806| 8.6845-06] 0.0853936] 1.5611705] 0.0003101] 3.9681506| 2.0815613| 0.0003101] 5.0854706| 2.6019516| 0.0003101] 11.681315| 20815613| 3.5396-05] 7.3785912] 15611705| 1.8926-05| 1.4432866| 10407806| 8.884€-06] 0.8518271] 0.5203903| 2.6326-06] 0.3966548)
19 264 _7asc0s| _11.52] 24.83135] 0:527252] 2.6326-06] 0.0110161] 10545041] 8.8845-06] 0.0853936] 1.5817561] 0.0003101] 3.9681506] 2.1090082| 0.0003101] 5.0854706]| 2.6362602] 0.0003101] 11.681315] 2.1090082| 3.5396-05] 7.3785912] 1.5817561] 1.8926-05| 1.4432866| 10545041 s.884c-06] O8s18271| 0.527252] 2.6926-06] 0.3966548)
2 267 7ae0s| 1166| 24.83135 o5332682] 2632606] 00110161 10665364] 8.884e-06] 0.0853936] 1.5998047] 0.0003101] 3 9681508] 2.1330725] 0.0003101] 5.0m54706] 2 e663411] 0.0003101] 11.681315] 2.1330725] 3919e-08] 7.4739a43] 1.5998047| 1892€-05] 1.5386397] 10665364| s 880E-06] 08515271] 05332682] 2.6326-06] 03966543
2 256 s1seos| 11.73] 24.83135 o5368571] 26326.06] 0.0110161] 10737141] 8 a8ae-06] 0.0853936) 16105712] 0.0003101] 3 9681508] 2.172282| 0.0003101] 5.0854706) 2 e8e2853| 0.0003101] 11.a81315] 2172282] 3919e-08] 7.4739a3] 16105712| 1892605 1.5386397] Lo37101] s 8maE-06] 0518271] 05368571| 2.6326-06] 0396654
2) 271| saseos| 15| 2483135 05420001] 26326.06] 00110161 10840001] 5 e8ae 06| 0.0853936) 1.6260002] 0.0003101] 3 9681508] 2.1680002] 0.0003101] 5.0854706| 2.7100003| 0.0003101] 11.681315] 2.1680002| 3.919e-05] 7.4739443] 1.62560002| 18926-05] 1 5386397] 10sa0001| 5 8aE-06] 0.8518271] 05420001] 2.6326-06] 0 3966543
2 272| seaeos| 11ss| 2483135 05438332] 26326.06] 00110161 10876664| 5E84E 06| 0.0853936| 16314995| 0.0003101] 3.9681508| 21753327| 0.0003101] 5.0854706| 27191655] 0.0003101] 11 681315| 21753327| 3919E-05| 7.4739443| 1.6314995| 18926-05| 15386397] 1L0876664| 6 884E 06| 08518271] 05438332] 26326 06| 03966543
24 27 o1sce0s| 1106| 24.83135] 05e714s| 26326.06] 00110161 10942975| 5.884E.06] 0.0853936| 16414465] 0.0003101] 3.9681506| 2 1885955| 0.0003101] 5.0854706| 2.7357448] 0.0003101] 11 G81315| 2 1885955| 39196-05| 7.4739443| 1 641065| 1892605 15386397] 10942975| 8 8mac-0] Os18271| 0.547145| 2.6326.06] 03966543
2 274 _oaseos| 1159 24.83135] 05e83621] 2,632 06| 00110161] 1.0967243] 8884 06| 00853936| 1.6450864] 0.0003101] 3.9681506| 2.1934485] 0,0003101] 9.0854706| 2.7418106] 0.0003101] 11681515| 2.1934485| 3.919€ 0| 7.4739443| 1.6450864] 1.852€ 05| 15386397| 1.0967243] 6884 06| 0.8518271] 0.5483621] 2.632€ 06| 0396654
26 275 osoos| 1202| 24.83135] oses912] 2632606 0.0110161] 1.095824| 5.884E.06] 0.0853936| 1.649736| 0.0003101] 3.9681506] _2.199645| 0.0003101] 5.0854706| _274956| 0.0003101] 11G81315| 2.199645| 3.9196.05] 7.4739443| 1.649736| 1.8926.05] 15386397] 1.099s2a| s.8sac-06] 0sseri| 0.549912] 2.6326-06] 03966545
2 276 1010y 1205 24.83135 055107a4] 2.6326.06] 0.0110161] 1.1021485| s.684E-06] 0.0853936] 16532233] 0.0003101] 3.9681506] 2.2042977| 0.0003101] 5.0854706| 2.7553721] 0.0003101] 11.681315| 22042977| 4.295¢.05] 7.5682877] 1.6532233| 1.8926-05| 1.6329831] 1.1021085| 8.884E-06] 0.8518271] 0.5510744] 2.6326-06] 0.3966545)
2] 276| v0se0| 12,09 24.83135[ 0.5520577| 2.6326-06] 0.0110161] 1.1059155| 8.8845-06| 0.0853936| 1.6588732] 0.0003101] 3.9681506] 2.211831] 0,0003101] .0854706] 2.7647887| 0.0003101| 11.681319| 2.211831| 4.2956-05| 7.5682877| 1.6588732| 18926-05| 1.6329831] 1.1059155| 5.884¢-06| 0.8518271] 0.5529577| 2.6326-06| 0.3966543]
2 277 voseod]  12.0s| 24.83135 o5531778] 26326-06] 00110161 1.1063556| 8 a84e-06] 0.0853936] 1.6595334] 0.0003101] 3 9681508] 22127112] 0.0003101] 5.0854706| 2.765885] 0.0003101] 11.e81315] 22127112| 295 08| 7.5682877] 1689533a] 1m92€-05] 1.6329831] 11063556| s 8saE-06] 08518271] 05531778] 2.6326-06] 0 3966513
3 275 1ol 1204 2.632¢ 06| 0.0110161] 1.1004117] 5 884t 06| 0.0853936] 1.6506175| 0.0003101[ 3.9681506] 2.2008234] 00003101 0.0854706] 2.7510292] 00003101 11 681319] 2.2008234] 3919 05| 7.4739a43] 1 6506175| 1892 05| 1.5386397] 1.100a117] s 8mae 06| 0:8518271] 0.5502058] 2,632 06| 03966548
3 27 11aeod 11 2.632¢ 06| 0.0110161] 1.0967001] 5 884 06| 0.0853936] 1.6450501] 0.0003101[ 3.9681506] 2.1934001] 0.0003101] 9.0854706] 2.7217502| 00003101 11.681319] 2.1934001] 3919 05| 7.4739443] 1 6450501] 1892 05| 1.5386397] 1.0967001| 5 8sae 06| 0:8518271] _054835| 2,632 06| 03966548
3 273 170l 11 2.632¢ 06| 0.0110161] 1.0524153| 5 884 06| 0.0853936] _1.638623| 00003101 3.9661506] 2.1848306| 0.0003101] 9.0854706] 2.7310383| 00003101 11.681319] 2.1848306| 3919 05| 7.4739443] 1 638623| 1892 05| 15386397 10924153| 6 86ae 06| 0.8518271] 05462077] 2,632 06| 03966548
5 271 120e0i 11 2.6326 06| 0.0110161] 1.0655591| 5 884€.06| 0.0853936] 1.6263387] 00003101 3.9661506] 2.1711182] 0.0003101] 9.0854706] 2.7138975| 00003101 11.661319] 2.1711182] 3919 05| 7.4739443] 16283387| 1892 05| 15386397] 1.065591| 6 884E-06| 0.8518271] 0.5427796| 26326 06| 03966548
s 20| 1ol ue 2.6326 06| 0.0110161] 1.0610786| 5,884 06| 0.0853936] 1.6216175| 00003101 3.9661506] 2.1621571] 0.0003101] 5.0854706] 2.7026964| 00003101 11.681319] 2.1621571] 39196 05| 7.4739443] 16216178| 18926 05| 1.5386397] 1.0610786| 6 884E-06| 0:8518271] 0.5405393| 26326 06| 03966548
3 268 126e0d] 117y 2.6326 06| 0.0110161] 1.0734942| 5.884€.06| 0.0853936] 1.6102414] 00003101 3.9681506] 2 1469885 0.0003101] .0854706] 2.6837356| 00003101 11.681319] 2 146885 3 9196.05| 7.4739443] 16102412| 18926 05| 1.5386397] 1.0734942| 6 884E.06| 0:8518271] 0.5367471] 2.6326.06| 03966548
s 267 1z0e0d e 2.6326.06| 0.0110161] 1.0660677] 8.884€.06| 0.0853936] 1.5991015| 0.0003101( 3.9681506] 2.1321354] 0.0003101] .0854706] 2.66516%2| 00003101 11.681319] 2.1321354| 3.9196.05| 7.4739443] 1.5991015| 1892 05| 1.5386397] 1.0660677| 5.884€.06| 0:8518271] 0.5330338| 2.6326.06| 0.396654g
3 265 _13e0d] 115 2.6326.06| 0.0110161] 1.0591072] 8.884€.06| 0.0853936] 1.5886608| 0.0003101( 3.9681506] 2.1182145] 0.0003101] .0854706] 2.6477681| 00003101 11.681319] 2.1182145] 3.5396.05| 7.3785912] 1.5886608| 18926 05| 1.4432866] 1.0591072| 5.884c-06| 0:8518271] 0.5295536| 2.6326.06| 0.396654g
| 262 135004 116 24.83135| 0520a01] 2632¢.06| 0.0110161] 1.0488043] s.s8a-06] 00853936 1.5732064] 0.0003101| 3.9681506| 2.0976086] 0.0003101] 9.0854706| 2.6220107] 0.0003101| 11.681319] 2.0976086] 3.539E-05] 7.3785912| 1.5732064| 1.892€ 05| 1.4432866] 1.0as8043] s asac-06] 0.:8518271] 05248021 2.6326.06| 03966548
39 20| 1aseod 1135 2483135 o5192055] 2632606] 00110161 10384915| 8 884e 06| 0.0853936] 1.5577378] 0.0003101] 3 9681508] 2.0765837] 0.0003101] 0854706 2.5962297| 0.0003101] 11.681315] 20765837] 3539 08| 7.3785912 1.5577378| 1892€-05] 1.4a32866| 1038a915| 8 880E-06] 0.8518271] 0 5192a50| 2.6326-06] 0 3966543
0] 256 tateod 11.26| 2483135 o5152092] 2632e.06] 00110161 10304184| 8 asae 06| 0.0853936) 1.5456276| 0.0003101] 3 9681508] 2.0608355| 0.0003101] 5.0854706] 2 5760461] 0.0003101] 11.681315] 2.0608365| 3.539e-05] 7.3785912] 1.5a56276| 1.8926-05| 1.4a32866| 1030a154| 8 8aE-06] 08518271] 05152092] 2.6326-06] 03966543
4 255 taseo 1115 2483135 05100722] 26326.06] 0.0110161] 10201484| 5 e8ae 06| 0.0853936) 15302166| 0.0003101] 3.9681506| 2 0402888| 0.0003101] 5.0854706| _2.550361] 0.0003101] 11.681315| 20d02888| 3. 15¢.05] 7.2608821] 15302166| 1.8926-05| 13455776| L02o1aaa| s 8seE 06| 0518271] 05100722] 26326-06] 03966543
4 253 147604 11.05| 24.83135] 05050452] 26326-06] 0.0110161] 1010690¢| 5 E84E 06| 0.0853936 15163355| 0.0003101] 3.9681506] 20217607| 0.0003101] 5.0854706] 2.5272255| 0.0003101] 11.681315| 20217807| 3. 15¢.05| 7.2608821] 15163355| 1.8926-05| 1.3455776| 101089a|_8 884E-06] 08518271] 05054452] 2.6326-06] 03966543
4 251 1soe0d] 1055 24.83135] 05010143] 26326 06| 00110161] 1.0020286] 88845 06| 00853936| 1.5030429] 0.0003101] 3 9681506| 2.0040572] 0.0003101] 9.0854706| 2.5050715] 0.0003101] 1681515| 2.0040572] 3 15 05] 7.2808821] 1.5030429] 1.852€ 05| 13455776| 1.0020286] 884 06| 0.8518271] 0.5010143] 2.632€ 06| 0 396654
P 248 _1s3e0d] 1083 24.83135] 0.4953967] 2.632606| 0.0110161] 0.9907935| 8 .884€ 06| 00853936| 1.4861502] 0.0003101] 3.9681506|_1.961587] 0,0003101] 9.0854706| 2.4769837] 0.0003101] 11681315| 1961587 3.15€ 0| 7.2808821] 14861502 1.852€ 05| 13455776| 0.9907935| 884 06| 0.8518271] 0.4953967] 2.632€ 06| 0396654
4 245 _vsee0d] 1073 24.83135] 0.0306798] 2.632¢ 06| 0.0110161] 0.9813595| 8 .884€ 06| 00853936| 1.4720393] 0.0003101] 3.9681506|_1.962719] 0,0003101] 9.0854706| 2.4533988] 0.0003101] 11681315| 1.962719] 3.15€05| 7.2808821] 1.4720393] 1.892€ 05| 13455776| 0.9813595| 884 06| 0.8518271] 0.4906798] 2.632€ 06| 03966545
46| 243 1soeod] 1060] 24.83135] 0.sass7a| 2.632¢.06] 00110161] 0.9697144] .884€-06| 00853936| 1.4545716] 0.0003101] 3.9681506| 1.9394268] 0,0003101] 9.0854706|_2.424286] 0.0003101] 11681315| 1.9394288] _2.75€.05| 7.1802895| 1.4545716] 1.412€.05| 1.1045586| 0.9697144] .884c.06| 0.7114008| 0.4848572] 2.632€.06| 03966545
4 200 _vo2e0a] 1045 24.83135] 0.0800654] 2.632¢-06| 0.0110161] 0.9501308] 6.884¢-06| 0.0853936| 1.4401962] 0.0003101] 3.9681506| 1.9202616] 0,0003101] 5.0854706|_2.400327] 0.0003101] 11.681315| 1.9202616] _2.75¢.05| 7.1802895| 1.4401962] 1.4126.05| 1.1045586| 0.9601308] &.884¢-06| 0.7114008| 0.4800654] 2.632¢.06| 03966545
2] 297 veseol| 1037] 24.83135] 0a7a2a63] 26326-06] 00110161 09a8a92e| s asae 06| 0.0853936] 1.4227385] 0.0003101] 3 9681508] 1.8965852] 0.0003101] .0854706] 2.3712315| 0.0003101] 11.681315] 1896sms2| 275e-05] 7.1802895] 1.4227385| L.a126-05] 11085586| 0.9Ba926| 8 880E-06] 0.7114008] 0 ara2a63] 2.6326-06] 03966513
a9 235 veseod 1027] 2483135 oaesnsoe| 2632606] 00110161 09397992| s asae 06| 0.0853936) 1.40969%8| 0.0003101] 3 9681508] 18795984] 0.0003101] 5.0854706| 2.349498| 0.0003101] 11.a81315] 18795984| 275e-05] 7.1802895] 1.409698| 1.a126.05] 11085586| 0.9397952| 8 88aE-06] 0.7114008] 0 a698996| 2.6326-06] 0 3966543]
5 233 17teo 1011 2 4651208] 2,632 06| 00110161] 0.9302417] &.854% 06| 00853936| 13953625] 0.0003101] 3 9681506| 1.8504833] 0.0003101] 9 0854706| 2.3256042] 0.0003101| 11681315| 18604833] _2.75% 0] 7.1802895| 1.3953625] 14126 05| 11045586| 0.9302417] 884 06| 0.7114008| 0.6651208] 2.6326 06| 0 396e54s
51 230 174604 1006| 24.83135] 04601124] 26326-06] 0.0110161] 0520227| 5 e84E 06| 0.0853936] 13803371] 0.0003101] 39681506 18404454| 0.0003101] 5.0854706] 2 3005618| 0.0003101] 11.681315| 1 8404454| _2.75¢-05| 7.1602895] 13803371] 1.4126-05| 1 1045586| 0.5202247| 5 884E-06] 07114006 04601126| 2.6326-06] 0 3966543]
5 22| 177604 503| 24.83135] 0ase3ss| 26326-06] 0.0110161] 09087326| 5 684E-06| 0.0853936) 1363095| 0.0005101] 3.9681506] 16174652] 0.0003101] 5.0854706] 22718315| 0.0003101] 11.681315| 1L 817a652| 2:333E.05| 7.0754895| 13630985| 1.4126-05| 0.9997586| 0.9087326| 5 884E-06] 07114006 0.4543663| 26326-06] 03966543]
53 225 vsoeod] o3 24.83135] .aass6es| 26326 06| 00110161] 0.8991372] 8884 06| 00853936| 13487057] 0.0003101] 3.9681506| 1.7962743] 0,0003101] 9.0854706| 2.2478429] 0.0003101] 1 681315| 1.7982743] 2.333€ 0] 7.0754855| 1.3487057] 14126 05| 0.9997586| 0.8991372] 884 06| 0.7114008| 0.4495686] 2.632€ 06| 0396654
54 222 _1mod] 072 24.83135] 0.aaea71| 2632 06| 0oni0161] 0.8852742] .84 06| 00853936| 13339112] 0.0003101] 3.9681506| 1.7765483] 0.0003101] 9.0854706| 2.2231854] 0.0003101] 1 681315| 1.7785483] 2.333€.05| 7.075485| 1.3339112] 1.412€.05| 0.9997586| 0.8892742] 884 06| 0.7114008| 0.4446371] 2.632€ 06| 0396654
55 220 vsseod] o6 24.83135] 0.a391155| 2.632¢.06| 00110161] 0.8762309] .884€-06| 00853936| 1.3173464] 0.0003101] 3.9681506| 1.7564518] 0.0003101] 9.0854706| 2.1955773] 0.0003101] 11.681315| 1.7564618] 2.333€.05| 7.0754895| 1.3173464] 1.412€.05| 0.9997586| 0.8762309] .884€.06| 0.7114008| 0.4391155] 2.632€ 06| 03966545
56| 217 188e.04 948 17.398568| 0.4337461| 2.6326.06| 0.0110161] 0.8674922] 8.884¢-06| 0.0853936| 1.3012382| 1.4126-05| 0.2517593] 1.7349843] 0.0003101] 5.3690794| 2.1687304| 0.0003101] 11.681319] 1.7349843] 2.3336-05| 7.0754895| 1.3012382] 1.4126-05| 0.9997586| 0.8674922] 8.884€-06] 0.7114008] 0.4337461] 2.632€-06] 0.3966548]
57 214 1ote0d  037] 17.398568] 0.a287991] 26326-06] 0.0110161] 0.8575982| s asae 06| 0.0853936] 1.286397a] 1a126-05] 0.2517593] 1.7151965] 0.0003101] 5 3690794] 2 1039956| 0.0003101] 11.681315] 1.7151985| 23336 08] 7.0754895] 1.286397a] 1.a126-05] 0 9997586| 0.8575982| 8 m84e-06] 0.7114008] 0.0287991] 2.6326-06] 0 3966513]
s 212 1saeod  027] 17.398568] 04241922] 26326-06] 0.0110161] 08as38aa| s asae 06| 0.0853936) 12725766| 1a126-05] 0.2517593] 1.6967688| 0.0003101] 5.369079a] 2.120961] 0.0003101] 11.681315] 1696768e| 2.3336-05] 7.0754895] 12725766| 1.a126-05] 0.9997586| 0.as38aA| 8 88aE-06] 0.7114008] 0.4241922] 26326-06] 03966543
59 210 1o7e0d  o1e] 17.398568] o.419814] 26326-06] 0.0110161] 08396275| 5 a8ae 06| 0.0853936) 1.259a415| 1a126.05] 0.2517593] 16792555| 0.0003101] 53690794 2 0990655| 0.0003101] 11.681315] L792555| 2:333e-05] 7.0754895] 1.2594419| 1.4126.05] 0.9997586| 0.8396275| 8.88eE-06] 0.7114008] 0.419814] 2.6326.06] 03966543
0] 207 1990 06| 17.398568] 04146215| 26326-06] 0.0110161] 0.825243| 5 884e 06| 0.0853936) 12438645| 14126.05] 0.2517593] _1.65648e| 0.0003101] 5.3690794| 20751075| 0.0003101] 11.681315| 165ease| 18926 05| 6964751 12438645| 1.4126-05] 08890202| 0520243| 5.884E-06] 07114006 0.4146215| 26326-06] 03966543]
51 20| 20004 57| 17.398568] 0.4101925| 26326-06] 0.0110161] 0.520385| 5 8845 06| 0.0853936] 12305775| 14126.05] 0.2517593] _1,64077| 0.0003101] 5.3690794| 20509625| 0.0003101] 11681315| _164077| 18926.05| 6964751 12305775| 1.4126-05] 0:8890202] _0.520385| 6 884E-06] 07114008 0.4101925| 26326-06] 03966543]
& 20205604 s.66| 17.398568| 0.4055545| 2.632¢ 06| 0.0110161] 0.8111085] 8845 06| 00853936| 12166636] 14126 05| 025175%3| 1.6222178] 0,0003101] 53630754] 20277723] 0.0003101| 11681315| 1.6222178] 1892 05| 6.964751] 1.2166634] 14126 0] 0.8890202] 0.8111089] 884 06| 0.7114008| 0.4055545] 2.632€ 06| 03966545
& 200208604 _5.74] 17.398568| 0.4000587] 2.632€ 06| 0.0110161] 0.8001174] 8845 06| 0.0853936| 1.2001761] 14126 05] 0.2517593| 1.6002348] 0,0003101] 53630754] 2.0002935] 0.0003101] 1.681315| 1.6002348] 1.89205| 6.964751] 1.2001761] 14126 05] 0.8890202] 0.8001174] & 884€.06| 0.7114008| 0.4000587] 2.632€ 06| 03966545
o 196 211604 s.65| 17.398568] 03957225| 2.6326.06] 0.0110161] 0.7910451] 5.884E.06] 0.0853936] 1.1871676| 14126.05| 0.2517593] 1.5826901] 0.0003101] 5.3690794| 19786127| 0.0003101] 11 681315| 1.5826901] 18926.05| 6964751 11871676| 1.4126.05] 0.8890202] 0.7910451| 8.884E-06] 07114008 0.3957225| 2.6326-06] 0.3966542]
o 1.96| 210604 _s.55| 17.398568] 0.391082] 2.6326.06] 0.0110161] 0.7821635| 5.8845-06] 0.0853936] 1.1732455| 1.4126-05| 0.2517593] 1.5643275| 0.0003101] 5.3690794| 1.9554098| 0.0003101] 11.681315] 1.5643278| 1.8926-05| 6964751 1.1732455| 1.4126-05] 08890202 0.7821639| 8.8845-06] 0.7114008| 0.391082] 2.6326-06] 0.3966545]
o6l 193 26604 s.as| 17.398568] 0.3865235| 2632¢-06| 0.0110161] 0.7730469] 8884e-06] 00853936 1.1595704| 1.412€.05| 0.2517593| 1.5460936] 0.0003101] 5.369079| 19326173| 0.0003101| 11.681319] 1.5960938] 1.8926-05] 6.964751| 1.159570a|_1.412€.05| 0.8890202] 0.7730469] 8.884e-08] 0.7114008| 0.3865235| 2.632¢.06| 03966548
o] 191 219004 5.35] 17.398568] 03820515| 26326-06] 0.0110161] 0.760103| s a84e-06] 0.0853936] 1.106150a| 1a126-05] 0.2517593] 1.5282055] 0.0003101] 5 3690794 1910257a] 0.0003101] 11681315 1.5282055| 18926 05| 6964751 1.185150a] 1.a126-05] 0.8890202] 0.760103| s 880e-06] 0.7114008] 03820515| 2.6326-06] 0 3966543]
& 15| 222604 5.25] 17.266936] 03773746| 2:326-06] 0.0110161] 07547a92| 5 884e 06| 0.0853936) 1.1321238| 5 asae-06] 01859435 1.5094984| 0.0003101] 5303267] 1.8868731] 0.0003101] 11.681315] 1509a084| 1892E-05] 6964751 1.1321238| 5 88aE-06] 0 7350502] 0.7547a52| 8 880E-06] 0.5578308] 0.3773746|_2.6326-06] 0 3966543
& 157 22500{_515| 17.266936] 037306| 26326-06] 0.0110161] 07451201] 5 884E 06| 0.0853936) 11191501 5 884£-06] 01859435 14922402| 0.0003101] 53032637 18653002] 0.0003101] 11.681315] 14922402| 18926 05| 6964751 11191801 5 884E 06| 07354502| 07451201 5 884E-06] 0.5578308] _037306| 2.6326.06] 03966543
7] 85| 227604 5.07] 17.266936] 03693051] 26326-06] 0.0110161] 07386103| 5 884E 06| 0.0853936] 1.1079154| 5 884E-06] 01859435 14772205| 0.0003101] 5302637 18465257| 0.0003101] 11 681315| 14772205| 18926 05| 6964751] 11079154| 5 884E-06] 07354502] 0.7386105| 5 884E-06] 0.5578308| 03693051] 2.6326-06] 03966543]
7| 82| 230004 7.96| 17.266936] 03641926| 26326-06] 0.0110161] 07283851] 5.684E-06| 0.0853936] 10925777| 5 884E-06] 0.1859435] 14567705| 0.0003101] 53052637 18209626| 0.0003101] 11 681315| 14567705| 1.4126.05| .8443856| 10925777| 5.884E-06] 0.6150845| 0.7283851] 8 884E-06] 0.5578308| 03641926| 2.6326-06] 03966545]
7| 10| 23304 7.86] 17.266936] 03594214] 26326.06] 0.0110161] 0.7188425| 5.684E.06| 0.0853936| 10782643| 5 8845-06] 01859436 14376857| 0.0003101] 53032637 17971072] 0.0003101] 11 681315| 14376857| 14126.05| 6.8443856| 10782643| 5 884E-06] 0.6150845| 0.7186426| 6.884E-06] 0.5578308| 0.3594214] 2.6326-06] 0.3966545]
7| 176 236604 7.76| 17.266936] 0.3558885| 26326.06] 0.0110161] 0.711777| 5.8845.06] 0.0853936) 1.0676655| 5.884E-06] 01859436 14235541] 0.0003101] 5.303267] 17794426| 0.0003101] 11 681315| 14235501] 1.4126.05| 6.8443856| 10676655| 8.884E-06] 0.6150848| 0.711777| 8.884E-06] 0.5578308| 0.3558885| 2.6326-06] 0.3966542]
7| 1.76| 239604 7.65] 17.266936] 0.3517207| 2.6326-06] 0.0110161] 0.7034410| 5.8845-06] 0.0853936] 10551621 5.8845-06] 0.1859436] 1.4068826| 0.0003101] 5303267 1.7586035| 0.0003101] 11.681315] 1.4068825| 1.4126-05| .8443856| 10551621 5.8845.06] 0.6150845| 0.7034414| 8.884E-06] 0.5578308| 0.3517207| 2.6326-06] 0.3966545]
75 172 241604 7.59] 17.266936] 0.3474354] 2.6326-06] 0.0110161] 0.6948705| 5.8845-06| 0.0853936] 1.0423063| 5.8845-06] 0.1859436] 1.3897417| 0.0003101] 5.3032637] 1.7371772] 0.0003101] 11681315 1.3897417| 1.4126-05| 68443856 10423063| 5.8845-06] 0.6150845| 0.6948705| 5.884E-06] 0.5578308| 0.3474354] 2.6326-06] 0.396654s]
74 171 2aae0  7.45] 17.266936] 03428142] 2.6326-06] 0.0110161] 0 6m6285| s asae 06| 0.0853936] 1.0280427| s asae-06] 0 1859435 13712565] 0.0003101] 5.3032697] 1.7140712] 0.0003101] 11.681315] 1.3712565| 1a126-09] 6 8aazmse] 10284427] s a8ae-06] 0 6150843| 0.cmse2ss| s asee-06] 0.5578308] 0328102] 26326-06] 03966513
7 70| 2470 7.1] 17.266936] 03391425| 26326-06] 0.0110161] 0.678285| s a8ae 06| 0.0853936) 1.017027| 5 asae-06] 01859436 _1.35657] 0.0003101] 5.3032697] 16957125| 0.0003101] 11.681315] _1.35657] 1.126-05] 8aazase| 10172275| s asar-06] 0150843|_o.678285| s.asae-06] 0.5578308] 03391425] 2.6926.06] 03966543
74 16| 2500 7.34] 17.266936] 03359683| 26326-06] 0.0110161] 06715366| 5 884 06| 0.0853936] 10079045| 5 a84E-06| 01859435 13436732| 0.0003101] 5.3032637] 16798415| 0.0003101] 11.681315] 13438732| 1.4126-05| 84a3856| 10079045| 5 884E 06| 0.6150843| 0.6719366| 5.884E-06] 0.5578308| 03359683| 2.632E.06] 03966543
79 166| 25302 7.24[ 17.266936] 0.3313744| 2.6326-06| 0.0110161| 0.6627485| 5.884E-06] 0.0853936] 0.9941232] 5.884E-06] 0.1859436] 1.3254976] 0.0003101] 5.3032637] 1.656872| 0.0003101| 11681319 1.3254976| 1.4126-05] 6.8443856| 09941232 5.884-06| 0.6150848| 0.6627488| 5.854E-06| 0.5578308| 0.3313744| 2.6326-06| 03966543
80| 162| 255004  7.16| 17.162246] 0.3276865| 2.6326-06] 0.0110161 0.655373| 2.6326-06] 0.0330484] 0.9830594| 8.884€-06] 0.1335984] 1.3107459] 0.0003101] 5.3032637] 1.6384324] 0.0003101 11.681319| 1.3107459| 1.4126-05] 6.8443856| 0.983059| 5.8846-06| 0.6150848| 0.655373| 2632606 0.34845| 0.3276865| 2.6326-06] 0187274
a1l 162 asseod]  7.07] 7.2518692| 0.3236262| 2.6326-06| 0.0110161] 0.647252¢| 2.6326-06| 0.0330484| 0.9708785| 5,884k 06| 0.1335984] 1.2045047] 1.412€ 05| 0.3480753] 1.618130] 0.0003101] 6.726131] 1.0945047| 1.4126-05] 6.8443856| 0.9708785| s 88ar 06| 0.615084s| 06472524 26326 06] 0.34845] 03236262 2.6326.06] 0.187274)
&) 10| 261604 6.95| 7.2518692] 03195908| 2.6326.06] 0.0110161] 06391816| 2.6326.06] 0.0330484] 0.9587725| 5.8845-06] 0.1335584] 12783633| 14126.05| 0.3480753) 15979501] 0.0003101] 6726131 12783633| 14126.05| 6.8443856| 09587725| 5.884E-06] 0.6150845| 0.6391816| 2632606 _0.34845] 0319508| 2632606 0.187274]
& 156 26304 _6.90| 7.2518692] 03156975| 2.6326-06] 0.0110161] 0.6313956| 2.6326.06] 0.0330484] 0.9470928| 5.8845-06] 0.1335584] 1.2627917| 1.4126.05] 0.3480753] 1.5784896| 0.0003101] 6726131 1.2627917| 14126.05| .8443856| 0.9470938| 5.8845.06] 0.6150845| 0.6313958| 2632606 _0.34845] 03156976| 2.6326.06] 0.187274]
a4 156| 26604 681] 7.2518692] 0311502] 2.6326.06] 0.0110161] 0.623084] 2.6326.06] 0.0330484] 0.934626| 5.8845.06] 0.1335584] 1.206168| 1.4126.05] 0.3480753| _1.55771] 0.000310 6.726131] 1.206166| 1.4126.05] 6.8443856| 0.934626| 5.8045-06] 0.6150848| 0.623084| 2632606 _0.3a8a5| 0:311502] 2632606 0.187274]
& 15| 2e0r0d 63| 7.2518692] 03078924] 2.6326-06] 0.0110161] 0 6157845| 26326 06] 0.0330484] 0.9236773| s asae-06] 0 1335984 1.2315698| 1a126.09[ 03080753 1.5390622] 00003101 6.726131] 1.2315698| 1a126-08] 68aazase 09236773| s asae-06] 0 615084| 06157845| 26326-06] 034845 03078920] 2632606 0187274]
5 152 272604 0.3010613| 2.6326.06] 0.0110161] 0 6081226| 2.6326-06] 0.0330484] 09121838| 5 asae-06] 0.1335584] 12162851]_1.4126.05] 0.3480753) 1.5203064] 00003101 6726131 12162851] 1.a126-05] 6 8aa3ase| 0 9121838| s aar-06] 0 6150843| 0.6081226| 26326-06] 034845 03080613] 2692606 0187274]
5] 50| 274604 0.3002855| 2.6326.06] 0.0110161] 06005711] 2,632 06| 0.0330484] 09008566| 5 a84e-06] 0.1335584] 12011421] 1.4126.05] 0.3480753) 15014277| 0.0003101] 6726131 12011621] 1.4126.05| 6 84s3856| 0 900856e| 5 a84E-06] 0.6150845| 0.6005711] 2632606 034845 0 3002855| 2632606 0187274]
a5 e8] 277604 0.2966738|_2.6326-06] 0.0110161] 05933476| 2.6326.06| 0.0330484] 0.8900213| 5 854E-06] 0.1335984] 11856951] 14126 05| 0.3480753] 14833685| 0.0003101] 6726131 11866951| 1.412E.05| 8443856 08900213| 5 884E-06] 0.6150845| 05933476| 26326 0] _0.34845] 02966738| 2632606 0187274]
59 1a7] 260604 02957115| 2.6326-06] 0.0110161] 0.5874225| 2.6326.06| 0.0330484] 0.8811344| 5 884E-05] 0.1335984] 11748455| 14126 05| 0.3480753] 1.4685573| 0.0003101] 6726131 11748455| 14126 05| 6.8443856| 08811544| 5 884E-06] 0.6150845| 05874225| 26326 06 034845 02937115| 2632606 0187274]
o vas| 283604 0.2901508| 2.6326-06] 0.0110161] 0.5803617| 2.6326.06| 0.0330484] 0.8705425| 5 884E-06] 0.1335984] 11607234| 1.4126.05| 0.3480753] 14509042] 0.0003101] 6726131 11607234| 1.4126.05| 8443856 0.8705425| 5.884E-06] 0.6150845| 0.5803617| 2632606 _0.34845] 02901508| 2632606 0.187274]
o vaa| 265604 0.2870367| 2.6326.06] 0.0110161] 0.5740734| 2.6326.06] 0.0330484] 0.8611102| 5 884E-06] 0.1335584] 11481465| 1.4126.05| 0.3480753] 14351836| 0.0003101] 6726131 11481465| 14126.05| 68443856 0.8611102| 5884E-06] 0.6150848| 05740734 2632606 _0.34845] 02870367| 2632606 0.187274]
o 12| 288604 0.283959] 2.632€ 06| 0.0110161] 0.5679175] 2.632€ 06| 0.0330484| 0:8518765] 5.884.06| 0.1335984| 11358358 1.412€ 05| 0.3480753] 1.4197948| 0.0003101|_6.726131] 11358358 1412 05| 6.8443856] 0.8518765| 5884 06| 0.6150848] 0.5679175| 2.6326.06| _0.34845] 0.28395| 26326.06| 0187274
o 10| _25160{_6.12] 7.0763607] 0.2801281] 2.6326-06] 0.0110161] 0.5602561] 2.6326-06| 0.0330484] 0.8403842| 5.8846-06] 0.1335584] 1.1205123| 5.8845-06] _0.260321] 1.4006403| 0.0003101] 6383768 1.1205123| 8.884E-06] 67127542 0.8403842| 5.8845-06] 0.4834533| 0.5602561] 2632606 _0.34845] 0.2801281] 2632606 0.187274]
o) 138 25004 6.0a] 7.0763607] 02765045| 2.6326-06| 0.0110161] 0.5530899| 2.6326-06] 0.0330484] 0.829634| s 884¢-06| 0.1335984| 1.1061797| 8.88ae-06] 0.260321] 13827246| 0.0003101| 6 6383768| 1.1061797] 8.88ae-06] 6.7127542| 0.8296348| s 88at.06| 0.4834533] 05530899 2.6326-06 _0348as| 0.276545| 2.6326.06 0187274
o 137 2960 5.07] 7.0763607] 0.2732232] 2.6326-06] 0.0110161] 0.5454a53| 26326 06| 0.0330484] 0.8196695| s asae-06] o 1335984] 10928926| 8 a8ae 06| 0260321 13661158| 0.0003101] b 6383768 1.0928926| 8 884e-06] 67127542 0 8196695| 5 aaE-06] 0.4m34533| 056aasa| 26326-06] _03a8a5] 02732232] 2632606 0187274]
o 135 2500 s5.00] 7.0763607] 0269988| 2.6326-06] 0.0110161] 05399761] 2.6326-06| 0.0330484] 0 5099641| 5 asae-06] 0.1335984] 10799521] 8 asae 06| _0260321] 1.3099401] 0.0003101] b 6383768| 10799521] 8 a8ae 06| 67127542 0 8099641] 5 asar-06| 0.4834533| 05399761 26326-06] _034845| 0.269988| 2632606 0187274]
o] 133 30260 54| 7.0763607] 02665752| 26326-06] 0.0110161] 05339503| 2,632 06| 0.0330484] 08005255| 5 884e-06| 0.1335984] 10679007| 8 884E 06| _0260321] 13348758| 0.0003101] 66383768 10675007| 8 884E 06| 67127542 08009255| 5 884E-06| 0.4834533| 05339503| 26326.06] 034845 02669752| 2632606 0187274)
o] 132 3050 5.76| 7.0763607] 02635547| 26326-06] 0.0110161] 05271095| 2.6326-06| 0.0330484] 0.7906642| 5 884E-06| 0.1335984] 10542185| 8 884E 06| 0260321 13177737| 0.0003101] 66383768 10542185| 8 884E 06| 6.7127542| 0.7906642| 5 884E-06| 0.4834533| 052710%5| 2632606 034845 02635547| 2632606 0187274)
o 130| s070{ 70| 7.0194533] 0.2606776| 2.6326.06] 0.0110161] 0.5213552| 2.6326.06| 0.0330484] 0.7620528| 5 884E-06| 0.1335984] 10427105| 5 684E.06| _0260321] 13033881] 0.0005073] 6.5614694| 10427105| 5.884E-06| 66558465 0.782028| 5 884E-06| 0.4834533| 05213552| 2632606 _0.34845] 02606776| 2632606 0.187274]
100 125 310004 s3] 0.8823752] 0257a3s2] 26326.06] 0.0110161] 05148763| 2.6326.06] 0.0330484] 0.7723145| 5.884E-06] 0.1335984] 10297527| 5684506 0260321] 12871905| 14126.05| 0.4443913] 10297527| 8.684E.06] 0.5187688| 0.7723145| 5.884E-06] 0.4834533| 0.5148763] 2632606 _0.34845] 0.2574382] 2632606 0.187274]
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Appendix E Moment-Curvature Model

Sub Macrol()

Application.ScreenUpdating = False
Sheets("Data™).Select
Range("H7").Select
ActiveCell.FormulaR1C1 ="0"
Range("H8").Select
ActiveCell.FormulaR1C1 = "0"
Sheets("Stress-Strain™).Select
Dim counter As Integer
For counter =0 To 100
Cells(counter + 5, 1).Value = counter
Cells(counter + 5, 2).Value = Cells(couter + 1, 2) - ((0.01 / 100) * counter)
Cells(counter + 5, 2).Select
Selection.Copy
Sheets("Data™).Select
Range("H8").Select
Selection.PasteSpecial Paste:=xIPasteValues, Operation:=xINone, SkipBlanks _
:=False, Transpose:=False
Range("K5").Select
Selection.GoalSeek Goal:=0, ChangingCell:=Range("H7")
Range("H7").Copy
Sheets("'Stress-Strain™).Select
Cells(counter + 5, 3).Select
Selection.PasteSpecial Paste:=xIPasteValues, Operation:=xINone, SkipBlanks _
:=False, Transpose:=False
Sheets("Data™).Select
Range("K6").Select
Selection.Copy
Sheets("Stress-Strain™).Select
Cells(counter + 5, 4).Select
Selection.PasteSpecial Paste:=xIPasteValues, Operation:=xINone, SkipBlanks _
:=False, Transpose:=False
Sheets("Data").Select
Range("K8").Select
Selection.Copy
Sheets("Stress-Strain™).Select
Cells(counter + 5, 5).Select
Selection.PasteSpecial Paste:=xIPasteValues, Operation:=xINone, SkipBlanks _
:=False, Transpose:=False
Next counter
Application.ScreenUpdating = True

End Sub
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SDOF Model

Appendix F

Single Degree of Freedom Model

Predictor Method Model

tance Function

Forcing Function

Note: Once parameters for resistance function and forcing function are inputted, functions will be plotted.
If there is an issue with the plot, troubleshoot using the respective sheet.

8903|N F,=| 101788.657|N
Xe = 2.316|mm At=| 0.00041667|s Input
Xmax =|  36.397 mm Output
Ax = 1mm

Predictor Method

Initial Conditions Equations Outputs Actual
t= 0ls 1 Xmax= 37.30407 mm Xmax= 36.85312 mm
Xo = 3'mm X = §+§E+m$>m X'max = 4.528831 m/s
. X1 = X + KoAL = m/s’
X'o oa\m F ) < R() X" max = 3637.012 m/s
X"y = m/s W=
At=| 0.000417[s
= 25539 kg
SDOF Model UAI3
n t(s) Roy(N) | Pu(N) | Za(m/s?) | xa(m/s) | xp(mm) [Xactuar(mm) 12000
0 0 0 0 0 0 3| 3.000625
1 0 0 0 0 0 3] 3.0034375
2[0.000417] 8903 0| -348.604096 0 3] 3.0034375
3[0.000833] 8903 18.30167] -347.887479] -0.145252] 2.96973922| 3.00296875 10000
4| 0.00125]  8903] 974.39] -310.451075| -0.290205] 2.87901911] 3.00578125
5[ 0.001667]  8903| 17402.68| 332.811936] -0.419559] 2.73115154] _3.0846875
6{0.002083]  8903| 61624.61] 2064.35675| -0.280888| 2.58522502| 3.47765624 8000
7| 0.0025]  8903| 101788.7] 3637.01229] 0.579261] 2.64738607| 4.38968747
8[0.002917]  8903| 98517.41] 3508.92391| 2.094683 3.20445769 5.78203119 z
9[0.003333]  8903| 58766.88] 1952.46027| 3.556734| 4.38183632] 7.4649999 g
10| 0.00375]  8903| 18622.41| 380.571245] 4.37026] 6.03329348| 9.28437486 T
11] 0.004167] 8903 0| -348.604096| 4.528831] 7.88727077| 11.1651561 ki
12| 0.004583] 8903 0| -348.604096| 4.383579] 9.74402297| 13.027656
13| 0.005] 8903 0| -348.604096| 4.238328| 11.5402536| 14.7262497 4000
14] 0.005417] 8903 0| -348.604096] 4.093076| 13.2759627| 16.1556247
15/ 0.005833] 8903 0| -348.604096| 3.947824] 14.9511503| 17.3542184
16| 0.00625] 8903 0| -348.604096| 3.802572| 16.5658163| 18.4292184
17| 0.006667] 8903 0| -348.604096| 3.657321] 18.1199608 19.4664059 2000
18] 0.007083] 8903 0| -348.604096| 3.512069| 19.6135837| 20.5240621
19] 00075 8903 0| -348.604096| 3.366817] 21.046685| 21.6299996
20 0.007917] 8903 0| -348.604096| 3.221566| 22.4192648 22.7717183 0
21 0.008333] 8903 0| -348.604096| 3.076314] 23.7313231| 23.9154683 0.002 0.004 0.006 0.008 0.01 0.012
22| 0.00875] 8903 0| -348.604096] 2.931062| 24.9828598| 25.0464058 Time (s)
23/ 0.009167] 8903 0| -348.604096] 2.78581] 26.173875| 26.1485932
24| 0.009583 8903 0| -348.604096| 2.640559| 27.3043686| 27.2018745 Resistance Function ~ —— SDOF Displacement
25 001] 8903 0| -348.604096| 2.495307| 28.3743406| 28.1873432
26| 0.010417] 8903 0| -348.604096] 2.350055| 29.3837911| 29.0803119
27/ 0.010833] 8903 0| -348.604096| 2.204804] 30.3327201| 29.8745306
28] 0.01125] 8903 0| -348.604096] 2.059552| 31.2211275| 30.6029681

45

40

35

30

25

20

15

10

Displacement (mm)
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SDOF Model

Appendix F

Resistance Function

ru= 8903 N
xe = 2.316 mm
xmax = 36.397 mm
Dx = 1 mm
Step X r
0 0 0
1 1 3844.128
2 2 7688.256
3 3 8903
4 4 8903
5 5 8903
6 6 8903
7 7 8903
8 8 8903
9 9 8903
10 10 8903
11 11 8903
12 12 8903
13 13 8903
14 14 8903
15 15 8903
16 16 8903
17 17 8903
18 18 8903
19 19 8903
20 20 8903
21 21 8903
22 22 8903
23 23 8903
24 24 8903
25 25 8903

0.1 mm

Disp. (mm Load (kN) Load (N)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9

2
2.1
2.2
2.3
2.4
2.5

0
0.4
0.8
1.2
1.6

2
2.4
2.8
3.2
3.6

4
4.4
4.8
5.2
5.6

6
6.4
6.8
7.2
7.6

8
8.4
8.8
9.2
9.6

10

0
400
800

1200
1600
2000
2400
2800
3200
3600
4000
4400
4800
5200
5600
6000
6400
6800
7200
7600
8000
8400
8800
9200
9600
10000

1st

x1
x2
yl
y2
m

Load (kN)

25

20

15

10

2nd

x1= 3
x2= 12
yl= 12
y2= 20.5
m= 0.944444
b= 9.166667

3rd

4th
x1= 12
x2= 14
yl= 20.5
y2= 20.5
m= 0
= 20.5

x1= 14
X2= 30
yl= 20.5
y2= 6
m= -0.90625
b= 33.1875

UHPFRC Resistance Function -

10

Ambient Temperature

20

30

Deflection (mm)

40

50

x1= 30
X2= 45
yl= 6
y2= 2
m= -0.26667
b= 14

60
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SDOF Model

Appendix F

Time MGCplus_1 (Sampl Force Hammer

S

4.520834
4.52125
4.521667
4.522084
4.5225
4.522917
4.523334
4.52375
4.524167
4.524584
4.525
4.525417
4.525834
4.52625
4.526667
4.527084
4.5275
4.527917
4.528334
4.52875
4.529167
4.529584
4.53
4.530417
4.530834
4.53125
4.531667
4.532084
4.5325
4.532917
4.533334
4.53375

S

0
0.000416667
0.000833333

0.00125
0.001666667
0.002083333

0.0025
0.002916667
0.003333333

0.00375
0.004166667
0.004583334

0.005
0.005416667
0.005833334

0.00625
0.006666667
0.007083334

0.0075
0.007916667
0.008333334

0.00875
0.009166667
0.009583334

0.01
0.010416667
0.010833334
0.011250001
0.011666667
0.012083334
0.012500001
0.012916667

kN

-0.06394
-0.03255
0.018302

0.97439
17.40268
61.62461
101.7887
98.51741
58.76688
18.62241
-4.79052
-13.8555
-10.2247
2.166083
14.61423
24.54578
34.76471
42.03638
40.98102
33.59236
25.95142
21.37878
20.29504
22.44167
26.00632
27.65973
26.24517
23.86977
22.49935
22.21695
22.52194
23.44108

N

0

0
18.30167
974.39
17402.68
61624.61
101788.7
98517.41
58766.88
18622.41
0

0

0
2166.083
14614.23
24545.78
34764.71
42036.38
40981.02
33592.36
25951.42
21378.78
20295.04
22441.67
26006.32
27659.73
26245.17
23869.77
22499.35
22216.95
22521.94
23441.08

Force (N)

120000

100000

80000

60000

40000

20000

-20000

Forcing Function
UAI3 (1000 mm)

0.01 0.02

0.03 0.04 005 0.06

0.07

0.08

L — |

0.09 0.1

Time (s)
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SDOF Model

Appendix F

Time MGCplus_1 (Sa

S

4.520834
4.52125
4.521667
4.522084
4.5225
4.522917
4.523334
4.52375
4.524167
4.524584
4.525
4.525417
4.525834
4.52625
4.526667
4.527084
4.5275
4.527917
4.528334
4.52875
4.529167
4.529584
4.53
4.530417
4.530834
4.53125
4.531667
4.532084
4.5325
4.532917
4.533334
4.53375

0
0.000417
0.000833

0.00125
0.001667
0.002083

0.0025
0.002917
0.003333

0.00375
0.004167
0.004583

0.005
0.005417
0.005833

0.00625
0.006667
0.007083

0.0075
0.007917
0.008333

0.00875
0.009167
0.009583

0.01
0.010417
0.010833

0.01125
0.011667
0.012083

0.0125
0.012917

Laser
mm

0.000625
0.003437
0.003437
0.002969
0.005781
0.084687
0.477656
1.389687
2.782031

4.465
6.284375
8.165156
10.02766
11.72625
13.15562
14.35422
15.42922
16.46641
17.52406

18.63
19.77172
20.91547
22.04641
23.14859
24.20187
25.18734
26.08031
26.87453
27.60297
28.28906
28.92891
29.52875

3.000625
3.003437
3.003437
3.002969
3.005781
3.084687
3.477656
4.389687
5.782031

7.465
9.284375
11.16516
13.02766
14.72625
16.15562
17.35422
18.42922
19.46641
20.52406

21.63
22.77172
23.91547
25.04641
26.14859
27.20187
28.18734
29.08031
29.87453
30.60297
31.28906
31.92891
32.52875

Displacement (mm)

45

40

35

30

25

20

15

10

0.02

0.04

0.06

Actual Displacement

0.08

0.1
Time (s)

0.12

0.14

0.16

0.18

0.2
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Data Sourced from Static Bending and Impact Tests

Static Bending data from UHPC Panels spreadsheet

Panel:

Load
kN

0
0.003125
0.003125
0.003125
0.003125
0.002865
0.002604
0.002604
0.002604
0.002083
0.002083
0.002083
0.001693
0.001563
0.001563
0.001302
0.001042
0.001042
0.001042
0.000651
0.000521
0.000521
0.001042
0.001563
0.002474
0.003776
0.005729
0.008203
0.011328
0.014844
0.019531
0.024349
0.030078
0.036458

0.04349
0.050911
0.058984
0.067448
0.076563
0.086068
0.096094

0.10651
0.117318
0.128646
0.140234
0.151953
0.164193
0.176563
0.189063
0.201953

Appendix G

UAS1
Stroke LVDT Bottom
mm mm

0 0
-0.00482 0.006562
-0.00472 0.006406
-0.00459 0.00625
-0.00439 0.005937
-0.0042 0.005703
-0.00397 0.005469
-0.00371 0.005156
-0.00355 0.004844
-0.00329 0.004531
-0.00306 0.004297
-0.00286 0.003984
-0.00264 0.003672
-0.00241 0.003437
-0.00225 0.003203
-0.00202 0.002969
-0.00186 0.002734
-0.00169  0.0025
-0.00153 0.002344
-0.0013 0.002187
-0.00107 0.001875
-0.00068 0.001719
-0.0002 0.001562
0.000391 0.001328
0.001172 0.001094
0.002116 0.000937
0.00319 0.000625
0.004395 0.000391
0.005827 0.000312
0.007324 0.000312
0.009017 0.000312
0.010905 0.000312
0.012826 0.000469
0.014909 0.000859
0.017155 0.001328
0.019499 0.002031
0.02194 0.002969
0.024414 0.003906
0.027018 0.005078
0.029753 0.006406
0.03252 0.007812
0.035384 0.009375
0.038346 0.011016
0.041276 0.012734
0.044303 0.014687
0.047331 0.016641
0.050521 0.018672
0.053613 0.020781
0.056803 0.022969
0.059993 0.025312

Energy Conservation Calculations

Impact data from UAI3 (1000mm drop) Spreadsheet rows 10858-11266

Time MGCForce NoriForce SoutForce Harr Laser

S

4.5225
4.522917
4.523334

4.52375
4.524167
4.524584

4.525
4.525417
4.525834

4.52625
4.526667
4.527084

4.5275
4.527917
4.528334

4.52875
4.529167
4.529584

4.53
4.530417
4.530834

4.53125
4.531667
4.532084

4.5325
4.532917
4.533334

4.53375
4.534167
4.534584

4.535
4.535417
4.535834

4.53625
4.536667
4.537084

4.5375
4.537917
4.538334

4.53875
4.539167
4.539584

4.54
4.540417
4.540834

4.54125
4.541667
4.542084

4.5425
4.542917

G-1/2

kN

0.041121
-0.39291
-1.73287
-3.62408
-4.20741
-2.91842
-0.80133
1.651204
4.488889
7.783189
10.33697
11.18962
10.20457
8.559041
7.399317
7.400823
8.209572
8.961793

9.04612
8.372665
7.084714
5.683826
4.904036

5.27366
6.736056
8.680202
10.25762
10.71354
9.886491
8.069761
5.771164

3.56535

1.95712
1.176635
1.202002
1.776072
2.527252
3.159007

3.55423
3.700296
3.691261
3.566161
3.465154
3.530484
3.742343
3.961384
4.088453
4.095287
3.957909
3.793426

kN

-0.05039
-0.43542
-1.31969
-2.1399
-1.98144
0.00417
1.839897
2.257244
2.003106
2.105734
3.073869
4.734572
6.877257
9.277323
11.32815
12.28331
11.93118
10.58983
9.140408
8.549774
8.647306
8.638502
8.092348
7.206107
6.510297
6.160596
5.884449
5.360419
4.480665
3.316192
1.984225
0.629322
-0.49496
-1.16853
-1.24231
-0.64369
0.516153
2.016195
3.549481
4.790519
5.528493
5.757496
5.630542
5.339917
5.101647
5.074195
5.255937
5.442197
5.379995
4.979907

kN

101.7887
17.40268
61.62461
101.7887
98.51741
58.76688
18.62241
-4.79052
-13.8555
-10.2247
2.166083
14.61423
24.54578
34.76471
42.03638
40.98102
33.59236
25.95142
21.37878
20.29504
22.44167
26.00632
27.65973
26.24517
23.86977
22.49935
22.21695
22.52194
23.44108
24.50419
24.38211

22.7704
21.05514
20.27535
20.20608
20.75235
22.21417
24.05372
25.15784
25.36889

25.5248
26.14995
27.29022
28.91432
30.66965
31.81629

32.0556
31.93664
31.95239

32.1763
32.69245

mm

36.85312
0.005781
0.084687
0.477656
1.389687
2.782031
4.465
6.284375
8.165156
10.02766
11.72625
13.15562
14.35422
15.42922
16.46641
17.52406
18.63
19.77172
20.91547
22.04641
23.14859
24.20187
25.18734
26.08031
26.87453
27.60297
28.28906
28.92891
29.52875
30.12281
30.72547
31.31797
31.87625
32.40422
32.92047
33.42828
33.9
34.30984
34.66
34.96859
35.24578
35.49641
35.72297
35.92781
36.11172
36.27109
36.41172
36.53781
36.645
36.73266
36.80094

Reactions
kN

40.2815
-0.01853
-1.65665
-6.10511

-11.528
-12.3777

-5.8285
2.077123
7.816897
12.98399
19.77785
26.82167
31.84837
34.16365
35.67273
37.45494
39.36827

40.2815
39.10325
36.37306
33.84488
31.46404
28.64466
25.99277
24.95953

26.4927

29.6816
32.28414
32.14792
28.73431
22.77191
15.51078
8.389345
2.924328
0.016217
-0.08062
2.264773

6.08681

10.3504
14.20742
16.98163
18.43951
18.64731
18.19139

17.7408
17.68798
18.07116
18.68878
19.07497
18.67581
17.54666



Energy Calculations Panel: UAI3

Energy Conservation Calculations

Appendix G

Variables Formulas
t=Time P, = Hammer impact load u(ty) — u(ti-1) M, - v(t)?
a, = Acceleration of hammer ap= 9.81 m/s’ Py, = Panel bending load (from reactions) vit) = ti—tig Ky(t) = 2
M, = Mass of hammer M, = 137 kg I = Impulse from hammer RPVH.\.wnAwY&H~QTL+EADIDLV Up(t) = Qwﬁﬂuuu+E.:Aﬂv\:mﬂub
hy, = Drop height of hammer h, = im K, = Kinetic energy of hammer 2 .
x = Panel displacement @ midspan K, = Kinetic energy of panel Kn(t:) = W “Mp|2-aphn—( Y2 My — ?w: ) W) =Ww(ti-)+ E u(t) — ulti-1)
Vv, = Panel velocity @ midspan Uy, = Strain energy of panel
M, = Equivalent panel mass M. = 25.539 kg W = Work done by hammer
E, = Energy absorbed by panel
Outputs Check: E; = U, +K,
t(s) P(N) | Py (N) x(m) v(m/s) | 1(N-s) Ky (1) Ky (1) Up () W (J) Ep () =] 36.85312/mm 948,81
0 17402.68 -18.5333 5.78125E-06 0 0 0 0 -0.00011 0.100609 -0.00011 K, = 1343.9) Wactual = 901.3 )
0.000417 61624.61 -1656.65 8.46875E-05 0.189375 16.46402 71.93722 0.457951 -0.0662 3.218483 0.391753 K, 260.2 ) Off by -5.3 %
0.000833 101788.7 -6105.11 0.000477656 0.943125 50.50845 214.4139 11.35827 -1.59126 35.32664 9.767011 U, = 688.6 J
0.00125 98517.41  -11528 0.001389687 2.188875 92.23888 377.5161 61.18088 -9.63222 126.6693 51.54866 W = 901.3 )

0.001667 58766.88 -12377.7 0.002782031 3.341625 125.0064 496.678 142.5901 -26.2747 236.1662 116.3154
0.002083 18622.41 -5828.5 0.004465 4.039125 141.1292 552.4329 208.3284 -41.5949 301.2881 166.7334

0.0025 -4790.52 2077.123 0.006284375  4.3665 144.0109 562.1982 243.4674 -45.0075 313.8708 198.4599 1000
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