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Abstract 

Concrete-Insulation-Concrete Sandwich Panels with Glass Fibre Reinforced Polymer (GFRP) 

shear connectors can be a solution to increasing energy efficiency in building envelopes, while 

also providing many architectural, structural, and economic benefits for building designs.  This 

study consists of extensive experimental investigation of the shear and thermal properties of a 

unique sandwich panel design, incorporating GFRP shear connectors and a concrete “stud” 

system.  The goal of this study is to expand upon the knowledge of alternative connectors’ effect 

on structural and thermal properties of sandwich panels, and to develop a thermally, structurally, 

and economically efficient panel. 

 

In the structural phase fifty 254x254x900 mm specimens representing segments of the precast 

sandwich wall, comprising two concrete wythes and a concrete stud surrounded by insulation 

foam, were tested in a double shear configuration.  Three types of GFRP connectors produced 

from available sand-coated and threaded rods were tested and compared to conventional steel and 

polymeric connectors.  GFRP connector diameters varied from 6 to 13 mm, and spacing varied 

from 80 to 300 mm.  Both circular and rectangular cross-sections were examined, along with 

various end treatments to compare with simple straight embedment.  The shear strength of GFRP 

connectors ranged from 60 to 112 MPa, significantly higher than polymeric connectors but lower 

than steel connectors.  As the connectors bridged a small gap of insulation between the concrete 

wythe and stud, their shear strength was lower than manufacturer reported values due to the 

presence of some bending.  Varying the size, spacing, cross-section shape or end treatment of 

connectors had insignificant effect on their strength.  The connectors failed by longitudinal 

delamination then transverse shear, but did not pull out of the concrete wythe.  Adhesion bond 
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between concrete and insulation was significant and contributed about 28% of resistance, but was 

too variable for use in design. 

  

In the thermal testing phase, ten 254x1550x2400 full-scale specimens were tested in a purpose-

built hot box apparatus under steady-state conditions.  GFRP connectors showed minimal thermal 

bridging regardless of cross-section area or spacing, while steel connectors demonstrated 

significant thermal bridging in recorded temperatures despite a smaller cross-section area, and 

were clearly visible in thermal imaging. 
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Chapter 1 

Introduction 

1.1 General  

A recent increased focus on energy efficiency, combined with higher labour costs, has spurred 

new innovations in concrete sandwich panel technology.  The most promising of these 

innovations is to connect the two outside concrete faces, called wythes, with Glass Fibre 

Reinforced Polymer (GFRP) connectors instead of traditional concrete and steel elements.  This 

has the potential to reduce thermal losses through the panel, while maintaining the structural 

strength of the panel.   

 

Concrete-Insulation-Concrete Sandwich Panels, commonly termed ‘sandwich panels’, have been 

used successfully in the building industry for over five decades.  The panels are widely used in 

commercial and industrial building envelopes, both as a cladding material and as a structural 

building component. Sandwich panels have many inherent qualities which make them attractive 

to architects, design engineers, builders, and owners, including structural efficiency, structural 

strength, low thermal energy transfer, high thermal mass, versatility, and durability.   Panels are 

frequently mass produced in precast concrete plants and shipped to site, which lowers expenses 

and allows high levels of quality control.  In addition, a wide variety of architectural finishes can 

be achieved using pigments and form liners, affording flexibility in building appearance.  Finally, 

the use of sandwich panels also reduces the time required to close a building envelope, allowing 

interior work to commence earlier and reducing the overall duration of a project. 
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Traditionally, sandwich panels have used concrete block regions or steel tie connectors to join the 

two concrete faces, called wythes.  These connectors create a thermal bridge through the 

insulation layer, resulting in significant heat transfer through the panels.  Over the past two 

decades, rising energy prices have encouraged the development of a small number of polymer 

connectors as alternatives to traditional designs.  Both unreinforced polymer (plastic) and Glass-

Fibre Reinforced Polymer (GFRP) materials are significantly less thermally conductive than steel, 

and require less bridging area than concrete to hold the two wythes together.  In addition, while 

connectors using these materials are more flexible than steel connectors, it has been shown that in 

certain configurations GFRP connectors can resist significant in-plane shear forces (Einea et al. 

1994).   This means that a strong, composite sandwich panel does not have to be constructed 

exclusively using concrete or steel connectors. 

 

Despite their apparent advantages, alternative connector systems continue to face significant 

challenges to their widespread adoption.  GFRP is approximately four times more expensive than 

steel per unit volume, and more GFRP may be required relative to a steel design to provide the 

required strength and stiffness to the panel.   In addition, alternative connector systems are almost 

exclusively proprietary, and many require additional components or specialized equipment for 

installation, which may further increase the cost of their use and increase production time.  Many 

of the alternative connector systems also require the panel design to be performed by the 

manufacturer.  This contrasts with steel and concrete systems, where widely accepted design 

methods are provided in published manuals by various precast concrete associations, allowing 

independent verification of the design of the panel.  Finally, while various polymer connectors are 

now in common use in sandwich panels, and in reinforced concrete in general, there is 

surprisingly little published research on the effect of these connectors on sandwich panel strength 
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and thermal properties, particularly in peer-reviewed journals.  This makes it difficult to 

independently verify the performance of the new alternative systems versus existing systems.  It 

is difficult to see how widespread adoption of alternative systems will occur without addressing at 

least some of these concerns. 

1.2 Objectives 

The primary objective of this study is to assess the structural and thermal performance of a new 

sandwich panel geometry which features concrete studs and GFRP connectors.  Specific goals 

include: 

1. Evaluating various commercial GFRP rebar for suitability as a sandwich panel connector. 

2. Comparing GFRP connector strength in shear with commercially available steel and 

polymer connectors. 

3. Determining the effect of various connector and stud configurations on the thermal 

properties of the panels.   

4. Obtaining experimental thermal data for comparison with analytical models. 

5. Refining the logistic and manufacturing details of the new sandwich panel configuration.   

1.3 Scope 

The scope of this study includes an experimental investigation of the structural properties of 

various sandwich panel connectors, and the thermal behavior of a new sandwich panel system.  In 

addition, a comparison of the results of the experimental thermal testing with respect to 

established theoretical calculations was performed. 

 

The experimental investigation of the structural properties of various steel, polymer, and GFRP 

connectors was intended to assess the strength of each material in dowel action, and determine the 
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most appropriate GFRP material for use in the full scale panels.  The effect of various connector 

properties was studied, including connector diameter, spacing, and end treatment.  A total of fifty 

small scale panels were constructed and tested in double shear, using five different materials: 

steel, a polymer, and three different GFRPs.   

 

Based on the structural tests, ten full scale panels were constructed using a new and innovative 

sandwich panel configuration.  These panels were tested in a hot box apparatus to determine their 

thermal properties, and the effect of various parameters, including the number of connectors and 

the connector material.  Structural testing of the full scale panels was performed as part of a 

related study by another graduate student.  The results of the thermal testing are briefly compared 

to an existing analytical model (Hanna et al. 2012), and traditional wall construction. 

1.4 Outline of Thesis 

The contents of this thesis are listed below: 

Chapter 2: A review of relevant literature, including sandwich panel behavior, innovative 

connector materials and designs, and thermal testing of sandwich panels.  A brief 

discussion of building energy use in Canada is also included. 

Chapter 3: A manuscript which experimentally investigates the structural properties of 

various sandwich panel connectors in double shear testing. 

Chapter 4: A manuscript which experimentally investigates the thermal properties of full 

scale sandwich panels in hot box testing. 

Chapter 5: Several conclusions that were drawn from this investigation, as well as 

recommendations for further work in this area of research. 

References 

Appendix 
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Chapter 2  

Background and Literature Review 

A literature review has been conducted to determine the current state of sandwich panel 

technology.  Of particular interest were developments to improve the efficiency of sandwich 

panels both structurally and thermally, including innovations in sandwich panel connectors and 

geometries.  Finally, a brief examination of thermal efficiency in sandwich panels, and building 

code updates to improve building envelope energy efficiency are included in the literature review.  

2.1 Introduction 

Sandwich panels are widely used in the building industry, particularly as exterior architectural or 

structural elements in industrial, commercial, or high-rise residential structures.  They are 

generally preferred in these cases due to their aesthetic advantages, quick assembly on-site, 

suitability as a thermal and vapour barrier, durability, and high quality control.   

 

Although sandwich panels have been used successfully in buildings for over a century, increasing 

energy and labour costs over the past two decades have spurred a renewed interest in sandwich 

panel design.  The use of sandwich panels has the potential to significantly reduce energy 

consumption for heating and cooling of buildings, due to both the thermal mass of the panel and 

the potential to create a building envelope highly resistant to heat transfer.   In addition, though 

sandwich panels are used extensively in larger structures, they enjoy only limited use worldwide 

in low-rise residential construction, where they may significantly reduce the number of trades 
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required to produce a building envelope, and the time required to seal a structure from the 

elements.   

 

2.2 Traditional Sandwich Panels 

The available information on the structural behaviour of sandwich panels, as well as various 

commercial sandwich panel designs and connectors is reviewed and summarized in detail in three 

Precast/Prestressed Concrete Institute (PCI)  State-of-the-Art papers (Einea et al. 1991; Seeber et 

al. 1997; Losch et al. 2011).  Further information on traditional sandwich panels is readily 

available in PCI and Canadian Precast Prestressed Concrete Institute (CPCI) manuals (PCI 2004; 

CPCI 2007).  The structural and thermal behaviour of traditional sandwich panels as relates to 

this thesis is summarized below. 

2.2.1 Structural Behaviour and Characteristics 

Concrete-Insulation-Concrete sandwich panels typically consist of three layers: an exterior 

concrete wythe, a middle insulative layer, and an interior concrete wythe, plus an element to 

connect each layer.  Structurally, these panels may be either non-composite, composite, or 

partially-composite; this is a measure of the degree of interaction between the two concrete 

wythes, and is governed by longitudinal shear transfer between the wythes (analogous to the 

behaviour of a composite beam).  In the non-composite case, the interior wythe is typically used 

as the structural element, and the exterior wythe is an architectural veneer, though alternatively 

both wythes can resist a portion of the applied load based on their relative stiffness.  The wythes 

are connected by pin connectors, which hold the wythes in place, but do not transfer significant 

longitudinal shear.  In composite sandwich panels both wythes act as a single unit to resist 

applied loads, greatly increasing the moment of inertia of the panel and the efficiency of the 
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section.  In order to accomplish this, full transfer of the longitudinal shear forces must be 

achieved by the connecting element.  Partially-composite panels fall between these two extremes.   

 

Sandwich panels can be designed to resist only local out-of-plane lateral loading (such as wind 

loading), gravity loads, or in-plane lateral loading (such as wind or seismic loads).  In addition, a 

temperature gradient between the interior and exterior sides of the building envelope can result in 

significant stresses within the sandwich panel.  As fully-composite panels have a more efficient 

structural section for both flexure and axial compression, they traditionally require thinner wythes 

than non-composite panels to resist the lateral and gravity loads stated above.  However, 

differential temperatures in the wythes will induce significant curvature in a fully-composite 

panel, as the expansion of one wythe is restrained by the other.  This increases the lateral 

deflection of the panel, causing cracking and increasing the P-Δ effects on the panel under gravity 

loading.  In a non-composite panel the exterior wythe is free to expand relative to the interior 

panel (and vice-versa), so no significant lateral deflections in the panel occur.  As an alternative 

to reducing the shear transfer between the wythes, it is common to prestress the panels where 

multi-storey spans are required. 

2.2.2 Thermal Behaviour and Characteristics 

The thermal characteristics of sandwich panels are dependent upon three variables: the insulation 

layer, the connector element, and the interior wythe.  As the exterior wythe is located outside the 

insulation layer and generally provides little resistance to heat transfer, it has little effect upon the 

thermal efficiency of the sandwich panel. 

 

In modern sandwich panels, the insulation layer consists of between 25 mm and 100 mm of either 

expanded or extruded polystyrene insulation.  This insulation, which acts as both a thermal barrier 
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and a vapour barrier, provides a resistance to heat energy transfer based on its thickness.  It also 

has very low water absorption, so it does not draw water away from wet concrete when cast.   

 

The resistance of the insulative layer is reduced by penetrations through the insulation, termed 

thermal ‘bridges’.  The principal source of thermal bridging in sandwich panels is the connector 

elements.  The heat transfer through the connectors depends upon the number of connectors 

required, material used for the connector, and the size of the connector.  The number of 

connectors required is highly dependent on the type of panel used; fully composite panels can 

require large connector cross-section areas to provide shear transfer, and typically have more 

thermal bridging than non-composite panels.  Of the two traditional materials used, steel and 

concrete, neither performs well to resist heat transfer.  Steel connectors are widely used in 

industry, but also have the highest thermal conductivity of the connector materials available.  

McCall (1985) demonstrated that if steel connectors bridge as little as 0.08% of the area of a 

panel, the resistance of the panel to heat transfer can be reduced by 38%, though less steel is used 

in typical modern sandwich panels.  Concrete is also used to connect wythes in fully composite 

panels, however a large area of concrete is required to achieve this, which creates a large thermal 

bridge.  Recently both GFRP and CFRP connectors have been introduced commercially as 

alternative connector materials, however GFRP is structurally less efficient, and CFRP has a 

thermal conductivity comparable to steel.   

 

One additional advantage of concrete-insulation-concrete sandwich panels in building envelope 

applications is the large thermal mass of the interior concrete wythe.  Thermal mass is a measure 

of an object’s ability to absorb heat energy.  As the exterior temperature fluctuates over a 24 hour 

period, a building with a low thermal mass will experience interior temperature extremes very 
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close to those of the exterior, unless supplemental heating or cooling is provided to maintain a 

comfortable interior temperature for the occupants.  In a building with a high thermal mass, the 

building itself requires more energy to heat or cool, so the rate of temperature change inside the 

building is reduced.  In cyclical 24 hour periods, this has the result of reducing temperature 

extremes within the building, so less supplemental heating or cooling is required.  This concept 

can be further augmented by positioning windows to allow or prevent the sun’s radiative heat to 

enter the structure, a key component of “net zero” building design.  However, any additional 

thermal mass significantly benefits the temperature regulation of a structure, and the thermal mass 

of the interior wythe of a sandwich panel can be significant in achieving this. 

2.3 Sandwich Panel Alternative Connector Research and Development 

Research papers on the behaviour of sandwich panels is relatively limited in proportion to their 

use in construction, due to the complexity of the structural behaviour, the expense of testing, and 

the desire of manufacturers to protect information seen as proprietary (Einea et al. 1991).   A 

significant portion of sandwich panel research has been conducted by the manufacturers and is 

available only as consultant reports, which are not publicly available and are not peer reviewed 

scientific papers.  Despite this, these reports have been included in the literature review where the 

research conducted was a substantial advancement in sandwich panel knowledge as relates to this 

thesis, and the report was either available or cited in peer reviewed papers with significant other 

material available from the research.   

 

Significant research investigating improvements to the thermal efficiency of sandwich panels or 

the use of FRP materials in sandwich panels is presented below. 
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2.3.1 Thermomass GFRP System 

The original use of glass fibre connectors in sandwich panels was developed by Wade, Porter and 

Jacobs (Jacobs 1987; Wade et al. 1988).  This research tested individual connectors and small-

scale samples to determine the behavioural properties of glass-fibre composite connectors and 

optimize an end condition for a connector which allows maximum strength with a minimum 

number of exposed fibres.  The specific tests performed were pull-out and push-through tests, 

including tests with preloading and sustained loading to examine creep effects, and significant 

repetition was performed for both the pull-out and push-through tests.  The specimens were 

manufactured from rectangular 3/8” x 3/16” (9.525 mm x 4.76 mm) glass-fibre composite rod 

stock with a vinyl-ester resin matrix, and all specimens featured various tapers or notches which 

reduced the cross section area to a minimum 3/16” x 3/16” (4.76 mm x 4.76 mm).  The study also 

included two push-through tests without connectors, in an attempt to ascertain the strength of the 

concrete-insulation bond. 

 

In this testing, the pull-out failure mechanism of the connectors varied relatively equally between 

shear failure parallel to the fibres, tension failure, and failure of the concrete surrounding the 

connector.   Though a tapered configuration was used in the final series of pull-out tests and is 

stated to be the optimal configuration, the failure load of all configurations is not reported, 

therefore this is difficult to verify and the degree to which the tapered end treatment improves 

performance is unknown.  Also, no test specimens without notches or tapers appear to have been 

tested, so the overall effect of any notch or taper is not included in the results.  The test results do 

state, however, that the pull-out resistance of a connector was more dependent upon embedment 

and concrete consolidation than end treatment.  In push-through tests only the tapered 

configuration was tested, and the connectors failed in brittle shear at the point of the smallest 
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cross-section.  The additional push-through tests of the concrete-insulation bond demonstrated 

that roughening the insulation had a significant effect on the bond strength, however the bond was 

still extremely brittle, with failure of the roughened sample occurring at a displacement of 0.020 

inches (0.5 mm). 

 

Any submission of this initial research into glass-fibre composite connectors to peer-reviewed 

journals could not be located; publishing of this research appears to be confined to reports from 

the Engineering Research Institute at Iowa State University, in support of the development of the 

Thermomass sandwich panel connector system (Composite Technologies Corporation 2011).  

Further research appears to have been considered proprietary, therefore the availability of any 

further research, including full-scale testing, is at best extremely limited. 

2.3.2 NU-Tie GFRP System 

Following the Thermomass System research, Einea et al. (Einea 1992; Einea et al. 1994) 

developed the first FRP connector to provide significant composite action in composite sandwich 

panels.  The initial testing consisted of twenty small-scale specimens in shear, two small-scale 

specimens in four-point flexure, and two 8’  x 30’  (2.4 x 9.1 m) specimens in flexure under 

uniform loading, and was supported by analytical modelling.  The shear tests suggested that even 

in a truss configuration 15 to 20% of the stress in the connectors was due to bending, and the 

connectors failed at 50% of their ultimate tensile strength.  Anchorage of the connectors around 

longitudinal reinforcement in the wythes appeared to improve the strength of the panel, but 

ensuring this anchorage and preventing concrete voids behind the truss required additional 

detailing.  The small scale tests achieved 81% composite action if the concrete-insulation bond 

was present, and 65% composite action if the bond was broken.  
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The full scale specimens demonstrated high levels of composite action, attributed to prestressing, 

which was not present in the small-scale specimens.  While this is undesirable in long panels as it 

would result in thermal bowing, further analysis was performed using the analytical model which 

demonstrated that even a small degree of composite action causes up to 82% of the thermal bow 

of a fully composite panel in long panels (Salmon and Einea 1995).  Comparisons of two full 

scale panels with FRP truss connectors and two panels with steel truss connectors found that the 

FRP connectors developed significantly higher levels of composite action, which was attributed 

to the buckling of the small diameter steel connectors (Salmon et al. 1997). 

 

Similar to the research conducted at Iowa State University, the research by Einea et al. was used 

to develop a commercial product, alternatively called NU-Tie, NU-Wall, GR-8 Wall or Aslan 

700.  A final report on the connector by Maximos et al. (2007) indicates that minor modifications 

to the connector have been made to create a commercially viable product.  The report 

recommends that 80% composite action be assumed for design, and eliminates the requirement of 

anchorage reinforcement for the FRP trusses.  The report also includes a comparative test with the 

GFRP Delta-Tie connector, which is available from Dayton Superior and consists of a lattice 

truss, and a traditional steel truss connector.  In push-through testing the Delta-Tie and steel truss 

connectors resisted 52% and 156% of the NU-Tie load per unit area, respectively.  An 

experimental residential structure has been constructed using the system (Holmes et al. 2005), 

and walls using the system are now in commercial production. 

2.3.3 Delta-Tie GFRP System 

The P-24 Delta-Tie connector was developed by Dayton Superior Corp. with Wiss, Janney, 

Elstner Associates Inc.(Mylnarczyk et al. 2004).  In developing this connector, nine full-scale 

panels 36’ (11 m) in length, with three different connector spacings, were tested in flexure due to 
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uniform loading.  The ties were found to develop 29 to 54% composite action, using connector 

spacing that resulted in 2 to 5 feet of panel area per connector.  The degree of composite action 

was governed by the stiffness of the connector, rather than the ultimate shear strength of the 

connectors.  This system is now in commercial production with no discernible modifications. 

2.3.4 Additional Systems to Improve Sandwich Panel Performance 

A limited number of other connectors and systems have been researched and developed to 

improve the thermal and structural performance of sandwich panels.  These include three-wythe 

systems, CFRP systems, and various GFRP and polymer pin connectors, which are summarized 

below. 

 

In addition to the GFRP systems previously discussed, two additional GFRP pin connectors were 

located internationally as part of the literature review.  The first is the GSP pin developed by 

Edilmatic S.l.r of Italy, which has been evaluated at the University of Brescia, Italy (Metelli et al. 

2011).  This connector has a 50% fibre composition, and features a tapered shape for embedment 

into each wythe (Edilmatic S.l.r. 2012).  The second GFRP pin connector is the Nirvana 

Connector Pin by Reid Construction Systems of New Zealand, which similarly features two 

tapered ends, but with a round cross-section (Reid Construction Systems 2008).  Of particular 

note is the Nirvana connector’s frequent use in residential construction.  This contrasts with most 

regions where alternative connectors are used primarily in commercial or industrial buildings.  

The discrepancy can be partially attributed to the ‘Leaky Houses Crisis’ suffered by New 

Zealand, where relaxed construction standards and a change in architectural style resulted in 

increased mould growth and rot in wood structures, the cost of which is estimated at NZ$11.3 

billion (Price Waterhouse Coopers 2009).  Similar to the ‘Leaky Condo Crisis’ experienced in 
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regions of British Columbia, the increased use of sandwich panels in response to the crisis 

emphasizes the durability and moisture resistance of concrete sandwich panel construction. 

 

Only one CFRP connector system could be located, developed by AltusGroup Inc. with North 

Carolina State University (Frankl et al. 2011).  This wall system is based on the C-GRID CFRP 

truss manufactured by Chromarat, and has been commercialized as CarbonCast walls in North 

America (AltusGroup Inc. 2012; Chromarat 2010).  The thermal conductivity of CFRP 

connectors in sandwich panels is discussed in Section 2.4.1 . 

 

HK Composites of Lehi, Utah manufactures a polymer tie that does not contain fibres, under the 

commercial name HK Ties (HK Composites 2013).  These connectors are now recommended for 

use in sandwich panels by Owens Corning with their FORMULAR rigid foam insulation (Owens 

Corning Insulating Systems LLC. 2013).      

 

A more conventional approach to increase the thermal efficiency of sandwich panels is the 

introduction of a panel with three concrete wythes, separated by two layers of rigid insulation.   

Developed at Lehigh University in Bethlehem, Pennsylvania, this approach uses regions of solid 

concrete to join the wythes, but staggers the location of these regions, increasing the length of the 

thermal short-circuit path (Lee and Pessiki 2004).  Finite element analysis was performed to 

determine the thermal and structural behaviour of the walls, and the structural behaviour of the 

walls was also examined experimentally (Lee and Pessiki 2006; 2007; 2008).  The structural 

finite element analysis was found to overestimate the composite action of the panels by up to 15% 

in the two experimental tests performed, but both tests demonstrated high values of partially 

composite action (Lee and Pessiki 2008).  The finite element analysis also found that the panels 
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performed better than two wythe panels with solid concrete connections, though the degree of 

improvement varied depending on the size of the connections and the length of the connection 

stagger (Lee and Pessiki 2006). 

 

 

2.3.5 Comparative Evaluation of Connector Systems  

Comparitive analyses and evaluations of the sandwich panel connection alternatives are 

extremely limited, but the analyses performed do demonstrate significant differences in the 

performance of the various connector systems. 

 

The only known published comparison of multiple commercially available connector alternatives 

was performed recently by Naito et al. (2012).  This analysis compared steel connectors and FRP 

connectors containing glass, carbon, or basalt fibres in push-through tests and uniform flexural 

tests.  A single connector was used in either side of the push-through tests, with load and 

specimen displacement recorded during the test.  While the geometry of the specimens, length of 

connector embedment, and connector span were standard between all specimens, the specimens 

were produced by different concrete manufacturers, had concrete strengths between 27.6 and 68.9 

MPa, and featured significantly different connector areas per specimen.  The strength results are 

reported per connector, and include a measure of the stiffness of each connector based on 75% of 

the ultimate load.  While the paper does not make definitive conclusions regarding the efficiency 

of each connector system, it does recognize the considerable variation in strength and stiffness of 

available connectors, and the strong influence of tie geometry on panel stiffness. 
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In addition to the Naito comparison described above, limited comparative analyses have been 

made in previous studies.  These studies involve relating a new alternative system with an 

existing traditional system in limited testing, with no variation in parameters.  Examples of these 

comparisons can be found in Maximos et al. (2007), and Pessiki and Mlynarczyk (2003), and 

(Salmon et al. 1997). 

2.4 Thermal Evaluation of Sandwich Panels with Alternative Connectors 

Though the current drive to improve the energy performance of building envelopes has strongly 

encouraged the development of alternative sandwich panel connectors (Losch et al. 2011), both 

experimental and analytical research on the actual performance of these systems is limited.  Few 

direct comparisons of sandwich panels with GFRP, concrete, and steel connectors are publicly 

available, and the goal of most experimental work is to establish the thermal properties of a 

specific system, rather than a broader focus on the overall effect of alternative connector systems.  

2.4.1 Thermal Conductivity of Sandwich Panel Materials 

The majority of alternative connector products available commercially, and FRP reinforcement 

products in general, do not have published thermal conductivity values.   This is significant, as 

the thermal conductivity of these products, even when the fibres consist of the same material, can 

vary based on the properties of the matrix, the percentage of fibres in the composite, and the 

orientation of the fibres.  A general comparison of sandwich panel component thermal 

conductivities is shown in Table 1. 
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Table 1: Thermal Conductivity of Various Wall Assembly Materials 

Material	
Longitudinal	Conductivity,	k

(	W	/	m•K	)	
Transverse	Conductivity,	k

(	W	/	m•K	)	

Concrete1 
(Normal Density) 1.4 – 2.9  

Fibreglass Batt1 
(XPS) 0.038 – 0.042  

Expanded 
Polysyrene1 

(EPS) 0.033 - 0.037  

Extruded 
Polystyrene1 

(XPS) 0.029  

Mild Steel1 45.3  

Wood (S-P-F)1 0.11 – 0.13  

S-Glass – 
Epoxy2 3.46 0.35 

Kevlar 49 – 
Epoxy2 1.73 0.173 

High Modulus 
Carbon – Epoxy2 48.44 – 60.55 0.865 

Ultrahigh 
Modulus Carbon 

– Epoxy2 121.1 – 129.8 1.04 

Stainless Steel 9.4 – 21.2  
1 (ASHRAE 2001) 
2 (Mallick 2007) adapted from (Freeman and Kuebeler 1974) 
3 Perry’s Chemical Engineer’s Handbook page 500 or 2-461  

2.4.2 Effect of Thermal Bridges due to Connectors 

An analytical study by McCall (1985) examined the effect of steel and concrete penetrations of 

the insulative layer on sandwich panel performance using the parallel path and series methods.  

The study found in part that a steel penetration of 0.08% of panel area reduced the thermal 

resistance of the panel by 38% versus a panel with no ties, and this reduction increased to 77% 
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when a concrete penetration of 21.25% of area was added.  These results are frequently cited in 

recent literature, however these levels of penetration are not found in modern sandwich panels.  A 

more reasonable and useful result of the study found that the use of either steel trusses (for 

composite panels) or M-ties (for non-composite panels) reduce the thermal conductivity of a 

typical sandwich panel by 7%.  The paper also briefly examines the effect of thermal gradient and 

vapour pressure on condensation location, a significant concern for the durability of the structure. 

2.4.3 Thermomass GFRP Connector Thermal Testing 

The first known reported experimental work on the thermal resistance of concrete sandwich 

panels with GFRP connectors utilized the Thermomass connector, was performed by Van Geem 

and Shirley (1987) at Construction Technology Laboratories in Stokie, Illinois in partnership with 

Oak Ridge National Laboratory, and was sponsored by the U.S. Department of Energy, Amoco 

Foam Products Company, and the Portland Cement Association.  In this work, three 2.6 m2 

concrete sandwich panels were examined to determine their thermal properties in a calibrated hot 

box facility under steady-state and dynamic conditions.  The three walls included a control wall 

with no connectors, a wall with steel pin connectors and torsion anchors, and a wall with GFRP 

connectors from the Thermomamss system.  The walls were tested with the interior air at room 

temperature (22 ºC), and the exterior air temperature at both 56 ºC and -20 ºC.  The study found a 

7% drop in thermal resistance with stainless steel connectors, and no reduction in thermal 

resistance using GFRP connectors.  The experimental results were supported by a finite 

difference analysis of the walls without ties and with stainless steel connectors, and traditional 

ASHRAE thermal resistance calculations.    

 

The study found that stainless steel ties and anchors reduced the thermal resistance of the wall by 

5% using analytical equations, 6% using finite difference analysis, and 7% in hot box testing.  
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Using GFRP ties actually increased the thermal resistance of the wall 1% in both the analytical 

analysis and the parallel path method evaluation.  In hot box testing, the two results obtained 

showed 19% and 3% increases in the thermal resistance of the wall respectively; however this 

could not be explained by the use of GFRP connectors, and is likely the result of another 

unknown factor. 

 

The dynamic testing performed clearly demonstrated the benefits of thermal mass under three 

separate diurnal heating cycles.  The three walls were found to have a thermal lag of between 5 

and 6 hours, regardless of the connector used.  The temperature amplitude was reduced by 

between 34 and 69% using hot box calculations, and between 57 and 63% using heat flux 

transducer measurements.  Total heat flow was also reduced to between 43% and 81% of the 

steady state results, which is attributable to the thermal mass of the walls.  These results are 

significant, as both demonstrate experimentally a building envelope configuration that 

significantly reduces peak energy demand, an important figure for energy conservation and 

passive solar designs. 

 

Further testing on sandwich panels using the Thermomass GFRP system was performed by 

Kosny et al (2001), with the goal of developing reliable equivalent walls for computer modelling.  

This consisted of further static and dynamic hot box testing, and analysis using a three 

dimensional finite difference model.  The work further simulated a single-family residence with 

the sandwich panel walls in six U.S. climates using the data from the analysis, and compared this 

to an identical building simulated with lightweight wood frame exterior walls.   
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The five panels tested were 2438 mm x 2438 mm (8’ x 8’) in area.  One panel each was tested 

using Thermomass GFRP connectors, mild steel connectors, concrete penetrations, and concrete 

and mild steel together.  These used 76 mm (3”) concrete wythes, and 51 mm (2”) polystyrene 

insulation.  The fifth panel used one 51 mm (2”) and one 152 mm (6”) concrete wythe separated 

by 165 mm (6.5”) of polystyrene insulation, and used Thermomass connectors.  The panels were 

not directly comparable, as the spacing and configuration of the connectors was not constant, so 

the testing was primarily used to calibrate the computer models, and compare the various 

sandwich panel options with traditional wood frame construction.  The models were found to be 

within +/- 5.7% for all tested panels, which is within the precision range of a typical guarded hot 

box test.   

 

Using computer modelling, it was shown that while the Thermomass system wall had a lower 

steady-state R-value than various wood-frame construction options, it required much less energy 

to provide human comfort under dynamic conditions.  The amount of energy saved varied with 

the location tested, with the greatest energy savings in Phoenix, Arizona, and the smallest energy 

savings in Minneapolis, Minnesota.  However, even in Minneapolis, it was found that the wood 

frame construction would require an R-value of 1.5 times higher than the Thermomass wall to 

provide the same energy consumption.   

2.4.4 P-24 Delta Tie Thermal Bowing Tests 

Porter and Post (2006) tested 12.2 m (40’) sandwich panels with P-24 Delta Tie connectors under 

a 55.6 ºC (100 ºF) temperature gradient, to determine the effect of longitudinal bowing on the 

panel.  Though these tests did not involve thermal transfer calculations, they are notable as the 

only known thermal tests of sandwich panels with alternative connectors at this scale, and the 

only tests of alternative systems to evaluate the effect of thermal bowing experimentally.  Three 
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panels were tested with various connector configurations.  In addition to determining the degree 

of bowing under temperature gradient, the testing also involved fatigue testing of sandwich panel 

elements with P-24 connectors. 

2.4.5 Thermal Performance of Three-Wythe Sandwich Panels 

Many studies have been performed examining the performance of building envelopes with high 

thermal mass or insulation.  The most notable recent work with regard to this research was 

performed by Lee and Pessiki.  This includes the development of a finite element model to 

examine thermal transfer in sandwich panels with both concrete (Lee and Pessiki 2003) or metal 

(Lee and Pessiki 2008) connectors, and the development of new analytical equations to determine 

the thermal performance of traditional sandwich panels.  In addition, analytical and finite element 

analysis was used to evaluate the performance of the three-wythe sandwich panel previously 

discussed in this chapter (Lee and Pessiki 2004; 2006). 

2.5 Building Code Requirements for Energy Efficiency 

The recent acceleration in the development of alternative sandwich panel systems, and the 

increased use of sandwich panels in general, can be partly attributed to the desire for increased 

efficiency in building envelopes (Losch et al. 2011).  This has been reflected in more stringent 

regulation in building codes.  This section briefly outlines the significance of energy use for 

heating and cooling in Canada, and summarizes recent building code changes in Canada and the 

United States with regard to the energy efficiency of buildings.  The large share of energy 

consumption attributed to space heating, combined with increased regulatory requirements for the 

energy efficiency of buildings, provide a significant opportunity for increased use of sandwich 

panels in the building envelope, due to the thermal efficiencies of the panels discussed previously 

in this section. 
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2.5.1 Energy Use in Canada 

Improving energy efficiency in building envelopes has the potential to significantly affect energy 

consumption in Canada.  In 2009, energy use for heating and cooling accounted for 18.3% of all 

secondary energy use in Canada, including 64 % of residential energy use, and 53 % of 

commercial / institutional energy use, as shown in Figure 1 and Figure 2 (NRCan 2012).  The 

total energy use is 1564.9 PJ, producing 76.7 Mt of carbon dioxide. 

 

Figure 1: Residential Energy Secondary End-Use Distribution in Canada, 2009 (NRCan 

2012) 
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Figure 2: Commercial / Institutional Energy Secondary End-Use Distribution in Canada, 

2009 (NRCan 2012) 

Significant improvements have been made regarding energy efficiency in space heating and 

cooling; however overall energy consumption for heating and cooling is increasing.  Since 1990, 

the amount of energy required to heat a floor area has decreased from 0.66 GJ / m2 to 0.50 GJ / 

m2 for residential heating, and from 0.93 GJ /m2 to 0.84 GJ /m2 for commercial and institutional 

heating (NRCan 2012).  These improvements in energy efficiency were largely driven by the 

replacement of less efficient systems with medium- and high-efficiency systems (NRCan 2011).  

For example, the portion of natural gas heated residential homes with higher efficiency furnaces 

increased from 10% in 1990 to 86% in 2009 (NRCan 2012).   

 



24 

 

The improvements in energy efficiency of space heating and cooling have been insufficient to 

overcome an increasing population, and trends in Canadian housing.  The number of households 

in Canada increased 36 % between 1990 and 2009 (NRCan 2011).  In addition, the floor area of 

the average Canadian home increased 11%, and the number of individuals per household 

decreased from 2.8 people per household to 2.5 people per household (NRCan 2011).  As a result, 

the total energy to heat and cool residential homes increased 13.4% between 1990 and 2009 

(NRCan 2012).  In the commercial / institutional sector, the total energy required for heating and 

cooling increased 30.0 % between 1990 and 2009 (NRCan 2012).  The increasing demand for 

space heating energy for both residential and commercial / institutional use is shown in Figure 3 

and Figure 4. 

 

Figure 3: Trends in Residential Space Heating (NRCan 2012) 
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Figure 4: Trends in Commercial / Institutional Space Heating (NRCan 2012) 

 

2.5.2 Energy Efficiency and Canadian Building Codes 

In Canada, provinces are individually responsible for legislating building codes.  Traditionally 

model codes are developed nationally by the National Research Council Canada, and adopted by 

the provinces.  As a result, energy efficiency standards vary significantly across the country, as 

provinces may modify the model codes as they see fit. 

 

Until very recently, energy efficiency and resource conservation was not an objective of the 

National Building Code, which had the exclusive objectives of safety, public health, accessibility, 
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and fire and structural protection of buildings (Canadian Commission on Building and Fire Codes 

2010).  Over time, various initiatives have attempted to supplement the National Building Code 

with provisions for energy efficiency, the first of which was the Measures for Energy 

Conservation in New Buildings 1978 (NRCan 1978).  The most recent of these initiatives, the 

Model National Energy Code of Canada for Buildings (MNECCB) 1997 (Canadian Commission 

on Building and Fire Codes 1997), with the corresponding 1997 energy code for houses, used an 

economic model based on energy cost and structure life to define the desired level of energy 

efficiency.  This resulted in widely varying building envelope requirements based on fuel source 

and geographic location, and the code was quickly out of date due to fluctuations in energy prices 

(Taraschuk et al. 15 January 2010).   

 

The use of these various codes and guidelines was limited, with their use generally confined to 

setting standards for voluntary compliance programs, such as LEED, R-2000, or Energy Star 

(Taraschuk et al. 15 January 2010).  The MNECCB 1997 and MNECCH 1997 were not adopted 

by any province, though some provinces eventually updated their codes to include modified 

provisions from the 1997 editions (Ontario Ministry of Municipal Affairs and Housing 2006), or 

other prescriptive requirements.  By the late 2000s, some provinces had no regulatory 

requirements for insulation in building envelope walls, while other provinces required levels of 

insulation up to RSI-4.23 (R-24) in above grade building walls (NSBCR 2005), and even higher 

in northern climates. 

 

In response to the desire for increased efficiency in building envelopes, limiting excessive use of 

energy was included as an objective of the National Building Code of Canada for the first time in 

2011 (NBCC 2011).  The building code was modified to include energy efficiency provisions for 
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houses, and it and the accompanying National Energy Code of Canada for Buildings 2011 

(NECB 2011) provide both prescriptive and objective requirements for building energy 

efficiency.  Overall the new requirements are calibrated to provide an average 26.2% 

improvement in energy efficiency with respect to the 1997 model codes, 26.8% improvement 

versus the American Society of Heating, Refrigerating and Air-Conditioning Engineers 

(ASHRAE) Standard 90.1 2004, and 18% improvement versus ASHRAE 90.1 2010 (Canadian 

Commission on Building and Fire Codes 2013).  The new code also provides more opportunities 

for energy efficiency tradeoffs than previous codes and guidelines.  This provides significant 

opportunity to use sandwich panels to their greatest advantage, as the thermal mass of the panel 

can be used to its greatest advantage.  Finally, unlike previous codes and guidelines, the new 

energy code and the related provisions embedded in Part 9 of the National Building Code are 

already being adopted by the provinces (Office of Energy Efficiency, Natural Resources Canada 

2013). 

2.5.3 Energy Efficiency and United States Building Codes 

An increased desire for energy efficiency is also evident in building code developments in the 

United States.  While building and energy codes are legislated by individual states and 

municipalities, energy efficiency in commercial structures is typically guided by ASHRAE 90.1, 

while low-rise residential buildings use the International Energy Conservation Code, though 

many jurisdictions allow either code to be used (Belzer et al. 2010). 

 

Since the introduction of ASHRAE Standard 90 in 1975, periodic updates to the standard have 

progressively increased targets for energy efficiency of buildings; however the most recent update 

sets significantly higher targets than previous editions, targeting a 30% improvement versus the 
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2004 standard, as shown in Figure 5 (Hunn 2010).  Similar changes to the International Energy 

Conservation Code are underway. 

 

Figure 5: Energy Efficiency Improvements in ASHRAE Standard 90 (Hunn 2010) 

 

2.6 Summary 

The review of the relevant literature reveals a number of gaps in the current knowledge base.  

Comparisons of the degree of structural composite action and strength between alternative 

sandwich panel systems and conventional systems are limited.  In addition, very few peer-

reviewed analytical and experimental thermal studies of alternative systems could be located, 

which makes assessing the thermal benefits of the panels difficult.  This study seeks to address 
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these areas through experimental evaluation of both structural and thermal characteristics of 

various sandwich panel connectors and configurations.  The study also assists in the development 

of a new sandwich panel system that will meet updated energy standards and provide additional 

options for building owners and designers.  
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Chapter 3 

Experimental Investigation of Connector Strength under Double Shear1 

3.1 Introduction 

Precast concrete sandwich panels are advantageous over other exterior wall systems as they 

combine structural and thermal efficiencies while being able to be fabricated in a factory setting, 

minimizing on-site delays and the number of required trades (Losch et al. 2011). They are 

commonly used in institutional, commercial, industrial, and multi-unit residential buildings 

(Einea et al. 1991) and more recently in residential housing construction (Holmes et al. 2005). A 

typical panel system consists of a rigid foam insulation core sandwiched between two concrete 

skins, or wythes. Continuity between these layers is provided through the use of ties known as 

shear connectors or by solid concrete ribs (Maximos et al. 2007). The panels are designed based 

on full-, partial-, or non-composite behaviour. The distinguishing factor between these three 

systems is the level of shear transfer between the concrete wythes, with fully composite panels 

having complete shear transfer,  and non-composite panels having none (Bush Jr. and Stein 

1994).  The degree of continuity between the wythes greatly depends on the shear connector 

material and geometry (Benayoune et al. 2007).  Predicting the behaviour of a fully composite or 

fully non-composite panel can be readily done by designers. However, establishing the behaviour 

of partially composite panels accurately is cumbersome and requires full-scale testing or complex 

computer modelling. Additionally, research done using currently available panel designs on the 

market is limited and most panel designs are proprietary (Bush Jr. and Wu 1998; Benayoune et al. 

                                                      
1 This chapter has been published as the following journal paper: 
Woltman, G., Tomlinson, D., and Fam, A. (2013) “Investigation of Various GFRP Shear Connectors for 
Insulated Precast Concrete Sandwich Wall Panels”.  ASCE Journal of Composites for Construction. 
17(5):711-721. 
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2008). McCall (1985) showed that in a traditional sandwich panel design with steel connectors 

having 0.08% of the area, there is a reduction in thermal efficiency of 38% from a panel without 

connectors. Thus, if thermal efficiency was critical for design, fewer steel connectors need to be 

used and as a result composite action, and structural efficiency, is reduced. 

  

Expanded (EPS) or extruded (XPS) polystyrene rigid foam is commonly used as the insulation of 

sandwich panels (Einea et al. 1991; Losch et al. 2011). The thickness of this layer is usually 

between 50 mm and 100 mm. These foams have been accepted as having significant but largely 

unpredictable adhesion bonds to concrete, though this bond generally fails over time after 

repeated thermal or lateral load cycles (Pessiki and Mlynarczyk 2003). It has been found that 

though XPS has higher shear strength, it is usually smoother than EPS and thus usually has the 

weaker adhesive bond of the two.   

 

Pessiki and Mlynarczyk (2003) examined the effect of various shear transfer mechanisms on the 

level of composite action and the associated flexural stiffness.  It was reported that solid concrete 

ribs monolithically cast with both wythes resulted in the highest stiffness, providing 88% of the 

theoretical full composite stiffness. On the other hand, using M-shape metal connectors provided 

only 22%, while relying on adhesion bond between the concrete and insulation only provided 

15% of the fully composite stiffness.  As a reference, the fully non-composite panel stiffness was 

determined to be 10% of the fully composite panel;. 

 

In recent years, various attempts were made to replace steel connectors with non-metallic 

connectors of various shapes, including both polymeric and FRP materials. Einea et al. (1994) 

and Salmon et al. (1997) introduced a truss-shaped GFRP shear connector system for insulated 
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sandwich panels. The study showed that the panels behave as partially-composite under service 

load, however, the ultimate flexural strength was similar to that computed assuming a fully 

composite panel. A similar truss-shaped connector, but using CFRP, was examined by Hassan 

and Rizkalla (2010) in large scale sandwich panels (6.1x3.66 m) and a partial composite 

analytical model was developed. It provides a general methodology to determine the behavior of 

fully and partially composite wall panels. The analysis showed that the nominal shear flow of the 

CFRP grid connector is 34 kN/m and 70 kN/m for panels with XPS and EPS foams, respectively.  

 

A critical consideration when using FRP connectors is the reduced transverse shear strength, 

compared to their longitudinal strength. Indeed, the transverse strength of FRP connectors is 

significantly lower than that of steel connectors, however, the significantly lower thermal 

conductivity of FRP connectors, particularly GFRP, which is reported for some pultruded 

sections to be only 1/60 that of steel (Creative Pultrusions 2004), easily offsets the increased area 

and makes them quite attractive for this application.  Davalos et al. (2007) used short beam tests 

to assess shear strength and inter-laminar failure of pultruded GFRP bars. Gentry (2011) 

developed a method for a transverse double shear test of FRP bars using a mechanical device. 

This method is being implemented in a new standard (ASTM D7617, 2011), which is also 

referred to in a new ACI 440.3R-12 design guide.  

 

GFRP shear connectors were also examined in concrete pavement.  Eddie et al (2001) examined 

large diameter, 38 mm, pultruded GFRP dowels for concrete pavements across the joints, where 

the dowels were embedded 227 mm into a 254 mm thick pavement. The study reported that the 

lower modulus of GFRP, compared to steel dowels, was quite advantageous in that it reduced 

bearing stresses on concrete, which is one of the major causes of joint failures.   
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This paper presents a comprehensive experimental program with the aim of investigating the 

feasibility of using GFRP shear connectors produced from readily available GFRP bars, in lieu of 

specialized custom-fabricated connectors. The shear strength of the connectors is assessed in the 

context of realistic boundary conditions, in terms of embedment in concrete wythes and ribs as 

well as bridging the insulation gap, as in the prototype wall panels, rather than using a 

conventional double-shear tests that employ mechanical devices for gripping and loading.  

3.2 Experimental Program 

The experimental program included 50 push-through tests carried out on precast concrete 

segments representing portions of a proposed design of sandwich wall panels, to examine various 

types and configurations of non-metallic shear connectors.  The proposed wall is a 2400 mm by 

1550 mm sandwich panel system with a total thickness of 254 mm. It consists of two 51 mm 

thick wythes with a 152 mm layer of extruded polystyrene (XPS) foam insulation in between. 

Within the insulation layer, longitudinal concrete studs spaced at 500 mm are provided, giving a 

25 mm thick layer of insulation between the studs and the wythe (Figure 6). The studs are 

connected at the top and bottom by concrete header and footer. Shear connectors are inserted 

perpendicular to the wythe through the studs. The studs enhance the load bearing capacity of the 

structural wythe and also reduce the unsupported length of connectors between the two wythes, 

thereby reducing shear deformations. At the same time, the studs are not monolithically 

connected to the wythe to avoid thermal bridging. The connectors were intended to be easily 

installed and fabricated from readily available GFRP bars, rather than using specialized 

connectors.    
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Figure 6: Typical Push-Through Test Specimen – Cross Section of Wall Panel 

 

3.2.1 Description of Test Specimen 

Figure 7 and Figure 8 show a schematic and a picture of a typical push-through test specimen 

devised to test shear connectors in a double-shear configuration that simulates conditions in the 

sandwich wall panels. The 900x254x254 mm specimen includes two symmetric 51 mm thick 

concrete wythes and a 102x75 mm concrete stud in between, leaving a 25 mm gap between the 

stud and either wythe (some specimens had a 50 mm, rather than 75, wide studs as indicated in 

Table 2). The stud is completely surrounded by XPS foam insulation.  A portion of the concrete 

header, monolithically cast with the stud, was also provided. Shear connectors of various 

materials, sizes and shapes were provided through the stud to connect the two wythes (Figure 7). 

Each wythe was reinforced with a welded wire steel mesh with a bar diameter of 7 mm and bar 

spacing of 152 mm in both directions. 
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Figure 7: Typical Push-Through Test Specimen - Schematic of Test Specimen 
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Figure 8: Typical Push-Through Test Specimen - Finished Specimen 

 

3.2.2 Test Parameters 

Table 1 provides a summary of test matrix. A total of 22 configurations were investigated and for 

most configurations three identical specimens were tested. The main parameters studied are:  

(a) Type of connector: including control steel connectors in specimens P1 and P2 (Figure 9), two 

types of GFRP connectors made from conventional sand-coated bars, specimens P3 to P9 and 

P12 to P14 (Figure 10), GFRP connectors made from conventional threaded rods, specimens P15 

to P19 (Figure 11), and commercially available polymeric connectors specifically produced for 

sandwich panels, specimens P20 to P22 (Figure 13). 

(b) Connectors diameter and spacing: in order to compare various types and sizes of connectors, 

the total cross-section area of all connectors within a specimen was generally kept constant 

wherever possible. This was achieved by varying the number of the connectors for the various 

diameters so the total area resisting shear, in one plane was within 350 and 380 mm2 (Table 2: 

Structural Test MatrixTable 2). This was not possible for polymer connectors in P22 (495 mm2), 
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therefore an additional specimen P8 with GFRP connectors was also added to provide equivalent 

area. For the steel connectors, two different areas (84 and 184 mm2) were assessed, but an equal 

area of GFRP was not practically possible. Generally, the diameters ranged from 6.35 mm to 12.7 

mm for the GFRP connectors and 9 mm to 14.5 mm for the polymeric connectors. The number of 

connectors ranged from 3 to 11, providing a spacing of 300 mm to 80 mm. 

(c) Connectors cross-section shape: including a 9.53 mm diameter circular GFRP connector (P4) 

and 4.5x16 mm rectangular GFRP connectors of the same cross-sectional area as the round ones. 

The rectangular connectors were examined in the two different orientations (P10 and P11). 

(d) End treatment of connectors: to avoid failure of the connectors by pull-out, various end 

treatment were considered, including: (i) standard (reference) straight connectors with pointed 

ends fabricated by cutting the desired length from straight bars and grinding the end of the 

connector to form a tip, which could rest against the formwork without showing on the concrete 

surface (Figure 10), (ii) notched ends connectors (P5) with a shallow notch, between 2 and 3 mm 

in depth and 5 mm in width, cut into opposite sides of the GFRP connectors near their ends 

(Figure 11), (iii) inserting lock-washers at both ends of the sand-coated GFRP connector (P6), 

which are thin round steel disks with central holes and sharp teeth that lock into the bar as it is 

inserted through the hole, (iv) inserting a GFRP special nut and steel washer at the ends of the 

GFRP threaded connectors (P16) (Figure 12), (v) the polymeric connectors (P21 and P22) already 

feature special end configurations, including a notch at one end, and a larger knob at the other 

(Figure 13), and (vi) a standard 90o hook used for the steel connectors (P1 and P2) (Figure 9). 

(e) Adhesion bond: to understand the effect of adhesion bond between the insulation foam and 

concrete surface and its contribution to shear transfer, a plastic sheet was used to break the bond 

between the insulation and concrete in the three specimens of P7 (Table 2), which were then 

compared to identical specimens of P4, without the bond breaker. 
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Table 2: Structural Test Matrix 

ID	 Material	
Product	
Type	

Diameter	/	
Dimensions	
(mm),		

area	(mm2)	

Number	of	
connectors,	
Total	area	
(mm2)	

End	
Preparation	

of	
Connector	

Number	of	
Specimens	

Stud	
Width

Concrete	
Strength
(MPa)	

P1 Steel 
Galvanized 
and Smooth 4.62 Ø (16.8) 5 (84) 

90º Hook 
(Figure 9) 1 75 62 

P2 Steel  4.62 Ø (16.8) 11 (184)  3   

P3 GFRP 

A  
(Round and 

Sand-
Coated) 6.35 Ø (31.7) 11 (348) 

Standard 
(Figure 10) 3   

P4   9.53 Ø (71.3) 5 (356)  3 50 / 75a 42 / 62b 

P5   9.53 Ø (71.3) 5 (356) 
Notch 

(Figure 11) 3   

P6   9.53 Ø (71.3) 5 (356) Lock Washer 3   

P7 

GFRP  
(no 

adhesion 
bond)  9.53 Ø (71.3) 5 (356) 

Standard 
(Figure 10) 3 75 62 

P8 GFRP  9.53 Ø (71.3) 7 (499)  1 50 42 

P9   12.7 Ø (126.7) 3 (380)  3 50 / 75 42 / 62 

P10  
A 

(Rectangular) 
16 x 4.5 (71.3) 
(Weak Axis) 5 (356)  3 75 62 

P11   
4.5 x 16 (71.3) 
(Strong Axis) 5 (356)  3   

P12  

B 
(Round and 

Sand-
Coated) 6.35 Ø (31.7) 11 (348)  3 50 / 75 42 / 62 

P13   9.53 Ø (71.3) 5 (356)  3   

P14   12.7 Ø (126.7) 3 (380)  3   

P15  

C 
(Round and 
Threaded) 9.53 Ø (71.3)c 5 (356)  3 75 62 

P16   9.53 Ø (71.3)c 5 (356) 
Nut + Washer 

(Figure 12) 3   

P17   12.7 Ø (126.7)d 3 (380) 
Standard 

(Figure 10) 1 50 42 

P18   12.7 Ø (126.7)d 3 (380) Nut only 1   

P19   12.7 Ø (126.7)d 3 (380) 
Nut + Washer 

(Figure 12) 1   

P20 Polymer U-shape 2 x 9 Ø (127) 3 (381) 

Specially 
formed ends 
(Figure 13) 1   

P21  Single 12.5 Ø (123) 3 (369)  1   

P22   14.5 Ø (165) 3 (495)  1   
aTwo of the three specimens had a 75 mm stud width 
bTwo of the three specimens had a 62 MPa concrete strength 
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Figure 9: Steel Connector with 90º Hook 

 

 

Figure 10: GFRP Standard Connector 
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Figure 11: Type A GFRP Notched Connector 

 

Figure 12: Type C GFRP Connector with Nut and Washer 



41 

 

 

Figure 13: Polymer Connector 

3.2.3 Materials 

Concrete: Two Self Consolidated Concrete (SCC) mixes were used to fabricate test specimens. 

One mix was used to cast 14 out of the 50 specimens. This mix had a 16 mm maximum aggregate 

size, a slump spread of 500 mm and a 28 days average compressive strength of 42 MPa. The 

second mix was used to cast 36 specimens. It has a 6 mm maximum aggregate size, a 600 to 700 

mm slump spread and a 28 days average compressive strength of 62 MPa. 

Steel Reinforcement: The wythes were reinforced with welded wire steel mesh with a bar 

diameter of 7 mm and spacing of 152 mm in both directions. The yield strength is 484 MPa. 

Steel Connectors: Commercially available galvanized Z-shaped steel connectors were used 

(Figure 9). They were 4.6 mm in diameter and 205 mm long with 60 mm long legs. The yield and 

ultimate strengths fsy and fsu reported by manufacturer were 483 and 689 MPa, respectively.  

GFRP Type A Connectors: segments, 245 mm long, were cut from commercially available sand-

coated GFRP rebar with a helical GFRP roving wrapped around the bar (Figure 10). These 

segments were then sharpened at both ends for ease of insertion through the insulation layer. 

These bars are pultruded using E-glass fibers and vinyl-ester resin. Three diameters of the GFRP 

connectors were used: 6.35, 9.53, and 12.7 mm. Also, 16x4.5 mm rectangular cross-sections of 

GFRP Type A were used. The reported guaranteed tensile strengths ranged from 758 to 896 MPa, 
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and the tensile modulus was 46 GPa. The shear strength was reported as ‘to exceed 150 MPa’, but 

no specific value was given. 

GFRP Type B Connectors: Another type (B) of sand-coated GFRP bars, but without the helical 

GFRP roving wrap, were also used to produce connectors similar to type A. These bars are 

pultruded using E-glass fibers and vinyl-ester resin. Three diameters, 6.35, 9.53 and 12.7 mm, 

were used with tensile strengths ranging from 786 to 874 MPa and a modulus of 46 GPa. The 

reported shear strengths ranged from 183 to 225 MPa. 

GFRP Type C Connectors: Another type (C) of GFRP, in the form of threaded rods (Figure 12) 

was used, including 9.53 and 12.7 mm diameters. These bars are pultruded using E-glass fibers 

and vinyl-ester resin. The reported flexural and shear strengths are 444 to 474 MPa, and 124 to 

129 MPa, respectively.  

Polymeric Connectors: Commercially available plastic connectors of 9, 12.5 and 14.5 mm 

diameter were used. The 9 mm tie has a U-shape while the other sizes are straight ties (Figure 

13). The plastic connectors are not reinforced with any fibers. 

Insulation Foam: The insulation used in all samples was SM Extruded Polystyrene Foam 

Insulation, an extruded Type 4 insulation. 

3.2.4 Fabrication of Test Specimens 

Each specimen was formed using two pieces of extruded polystytrene foam, back to back, to 

create the 150 mm thick insulation layer.  The stud cavity was formed by hot wire cutting of 

grooves in each foam section, and gluing the sections together (Figure 14).  Pilot holes were then 

drilled in the foam at each connector location, and the appropriate test connectors were inserted 

such that they would be tight to the surrounding foam, preventing concrete infiltration around the 

connector (Figure 14).  To aid in placing the connector at the correct depth, push nut washers 

were used to keep the connectors from slipping out of the foam.  The cavity for the concrete 
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header was formed by a hot wire cut into the top of the foam, and a 15M steel rebar was placed as 

reinforcement in the header.  The assembly was placed in steel formwork and the steel welded 

wire mesh was provided in each exterior wythe (Figure 15).  Concrete was then poured into the 

wythes and stud cavities simultaneously, in order to balance the lateral pressures (Figure 16).  

The specimens remained in the formwork for a minimum of 20 hours, and then removed and 

allowed to cure for a minimum of 28 days before testing. 

 

Figure 14: Fabrication of Test Specimens - Inserting GFRP Connectors in the Insulation 

 

Figure 15: Fabrication of Test Specimens - Inserting the Insulation in Steel Forms 
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Figure 16: Fabrication of Test Specimens - Pouring Concrete 

3.2.5 Test Setup and Instrumentation 

All specimens were tested in a three-point double shear setup (Figure 17).  The two wythes were 

supported on narrow steel sections with adequate space between the sections to allow free 

displacement of the central stud and insulation.  The load was applied to the stud through the 

concrete header at a rate of 1 mm/minute using a Riehle machine with an integrated load cell.  Up 

to eight 100 mm linear potentiometers (LPs) were used at the top and bottom of the sample to 

measure the displacement of the stud relative to the wythes.  In this test setup, as the load is 

applied to the stud, it is transferred to the wythes though the connectors, across the 25 mm 

insulation gap, thus simulating the actual conditions in the sandwich wall panels.  This setup was 

also used by other researchers for testing connectors in sandwich panels (Soriano et al. 2012). 

Although some beam action exists in this setup, the resulting transverse compression in the upper 

part and tension in the lower part are relatively small due to the very deep nature of the setup. 

Also, for this reason the results are presented in terms of the average shear stress in connectors.     
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Figure 17: Structural Test Setup 

3.3 Results of the Experimental Program 

A summary of test results is provided in Table 2, in terms of the load and corresponding 

displacement at adhesion bond failure between concrete and insulation, the load and displacement 

at peak load corresponding to first connector failure, and the calculated average shear stress in the 

connectors at peak load. The following sections provide details on the effect of each parameter on 

shear performance. 
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Table 3: Summary of Structural Test Results 

ID	

Load	at	
Adhesion	
Failure	

Displacement	
at	Adhesion	
Failure	
(mm)	

Maximum	
Load		
(kN)	

Displacement	
at	Maximum	

Load	
(mm)	

Shear	Stress	at	
Maximum	Load	

(MPa)1	

P1 18.8 0.36 61.3 19.33 365 

P2 37.2 ± 9.1 0.92 ± 0.30 109.6 ± 12.7 27.52 ± 3.84 297 ± 34 

P3 32.3 ± 8.4 1.21 ± 0.33 78.3 ± 3.7 8.12 ± 0.51 112.4 ± 5.4 

P4 44.0 ± 18.8 1.33 ± 0.43 76.6 ± 4.4 9.41 ± 1.22 107.5 ± 6.2 

P5 41.4 ± 10.8 1.51 ± 0.19 71.7 ± 3.3 10.53 ± 3.50 100.6 ± 4.6 

P6 44.6 ± 10.1 1.04 ± 0.25 74.2 ± 5.5 8.92 ± 1.52 104.1 ± 7.6 

P7 26.8 ± 1.1 1.73 ± 0.15 54.8 ± 1.5 8.66 ± 0.33 76.9 ± 2.2 

P8 58.2 1.56 84.0 12.54 84.2 

P9 46.2 ± 22.4 1.34 ± 0.18 75.5 ± 9.64 10.13 ± 3.19 99.3 ± 12.7 

P10 35.4 ± 7.8 1.77 ± 0.23 77.1 ± 7.12 8.47 ± 0.67 108.2 ± 10.0 

P11 44.6 ± 7.7 0.97 ± 0.16 72.2 ± 8.6 8.37 ± 2.08 101.3 ± 12.1 

P12 48.8 ± 20.6 1.52 ± 0.51 52.0 ± 6.23 4.86 ± 0.70 74.6 ± 8.9 

P13 47.5 ± 10.9 1.72 ± 0.32 54.9 ± 5.2 5.96 ± 1.75 77.1 ± 7.3 

P14 53.6 ± 20.7 1.42 ± 0.57 58.7 ± 4.5 6.94 ± 1.88 77.2 ± 5.8 

P15 26.1 ± 3.0 1.46 ± 0.18 42.3 ± 4.0 4.67 ± 0.32 59.4 ± 5.6 

P16 25.0 ± 3.8 1.46 ± 0.18 43.4 ± 3.2 5.03 ± 0.15 60.9 ± 4.47 

P17 61.2 1.45 44.0 6.38 57.9 

P18 50.6 1.11 36.2 6.67 47.6 

P19 47.7 1.72 38.8 7.34 51.0 

P20 45.4 1.49 29.8 22.89 39.0 

P21 34.4 1.20 22.0 15.61 29.9 

P22 39.7 1.15 21.8 9.68 22.0 
1Values shown are before deduction of the effect of 45 kPa friction between concrete and foam 

3.3.1 Effect of Connector Material 

Figure 18 (a) shows the shear stress-displacement responses of test specimens with steel 

connectors, GFRP Type A connectors and the polymer connectors, while Figure 18 (b) compares 

similar responses for the three types of GFRP connectors, A, B and C.  Figure 19 summarizes 

data points representing the peak shear strength and corresponding displacements for different 

materials. Figure 18 and Figure 19 show the results for GFRP connectors with a standard end 

treatment (Figure 10).  The figures clearly show a significant variation in the shear strength of the 
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different materials, with the steel connectors showing the highest strength of 297 to 365 MPa and 

the polymer connectors showing the lowest strength of 22 to 39 MPa. The GFRP connectors 

shear strength ranged from 60 to 112 MPa, depending on the type of GFRP. Sand-coated Type A 

GFRP had the highest strength of 112 MPa, followed by sand-coated Type B at a 76 MPa 

strength, then threaded-rod Type C at a 60 MPa strength. It is noted here that the measured 

strengths are significantly lower than the manufacturer reported values of ‘higher than 150 MPa’, 

183 MPa and 127 MPa for Types A, B and C, respectively. This is attributed to the fact that in 

these sandwich panels the connectors were not subjected to a pure direct shear. The 25 mm 

insulation layer between the concrete stud and the wythe resulted in some bending in the 

connector, in addition to shear.   

 

Figure 18 and Figure 19 show that the responses are characterized by an initial linear response 

until a first peak is reached at a displacement of 1 to 2 mm.  At this point, adhesion bond between 

the insulation foam and concrete breaks, leading to a sudden transfer of shear to the connectors.  

This was also associated with initiation of some longitudinal cracks (delamination) within the 

connector. The load then typically drops slightly then recovers and the response continues at a 

lower stiffness until a second peak is reached.  Figure 18 (a) shows that during this stage, the 

stiffness highly depends on the connector material, with steel connectors showing the highest 

stiffness, while the polymer connectors showing the lowest stiffness. The second peak 

corresponds to failure of the first connector. The load then descends gradually in a successive 

manner as the connectors fail one by one. It can be observed from Figure 18 (a) that the second 

peak strength is higher than the first peak for steel and GFRP connectors, but not for the polymer 

connectors, which showed significant ductility but very low strength. It can also be seen from 

Figure 18 (b) that the load at first peak has a very significant variation. This is expected given that 
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adhesion bond would likely be quite sensitive to conditions at shipping and lifting, to temperature 

variations, and in practice, to cyclic loading. As such this initial “shear stiffening” may not be 

reliable for design purposes. 

 

Figure 18: Effect of Connector Material on Shear Response: (a) GFRP, polymer, and steel 

connectors; (b) GFRP Types A, B, and C Connectors 
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Figure 19: Summary of Maximum Strength Values for Connectors of Different Materials 

3.3.2 Effect of Adhesion Bond 

Figure 20 compares the responses of specimens P4 with typical adhesion bond between the 

concrete wythe and insulation foam, and specimens P7 with a bond breaker. Both groups had 

identical connectors and spacing.  The figure clearly shows significant reduction in the first and 

second peak strengths, with the peak strength reducing by 28%. It is noticed that the repeatability 

of the results was significantly increased by removing the adhesion bond, where the three 

responses of specimens P7 without the bond are nearly identical.  This points out to the very 

random nature and high variability of adhesion bond.  Finally, even without the adhesion bond a 

small first peak in the response can still be seen. From observation during testing, this coincided 

with the initiation of longitudinal delamination cracking in the GFRP connectors.  
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Figure 20: Effect of Adhesion Bond Between Concrete and Insulation on Shear Response 

3.3.3 Effect of Cross-Section Shape of Connectors 

Figure 21 shows the effect of cross-section shape of connectors of GFRP Type A on the shear 

behavior of the specimens. Three different configurations, namely, circular, rectangular (long axis 

horizontal) and rectangular (long axis vertical) were examined, all have the same cross-sectional 

area and spacing.  Figure 21 suggests that no significant variation in strength can be observed. 

Also, the stiffness based on the slope of the curves is generally similar for all connector 

configurations. 
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Figure 21: Effect of Connector cross-sectional geometry on shear response: (a) Shear Stress-

Slip Responses; (b) Summary of Responses at First Connector Failure 
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3.3.4 Effect of End Treatment of Connectors 

Figure 22 shows the effect of end treatment of the connectors on their maximum shear strength 

for GFRP Types A and C connectors.  For Type A sand-coated connectors, standard pointed end 

(Figure 10), notched end (Figure 11) and the use of lock-washer, were examined for the 9.53 mm 

diameter connectors. For Type C threaded-connectors, standard pointed ends, ends with nut and 

washer (Figure 12) and ends with nut only, were examined for both, the 9.53 mm and the 12.7 

mm diameters. Figure 22 shows that no significant effect can be observed. This is further 

confirmed by the fact that no evidence of pull out from concrete was observed for any of the 

GFRP connectors, including the standard ones without any end treatment. As such, the short 

embedment into the concrete wythe was sufficient and end treatment to enhance pull out bond 

was unnecessary, given that strength was governed by shear. 

 

Figure 22: Effect of End Treatment of Connector on Shear Response 
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3.3.5 Failure Modes 

Failure modes varied depending on the connector material.  Also, connectors did not all fail 

simultaneously, nor did they all fail on the same side in any given specimen. They generally 

failed one at a time, accompanied by a gradual drop of load. A close visual inspection of the 

connectors indicated that GFRP connectors failed due to longitudinal shear (delamination), 

characterized by longitudinal visible cracks at several levels along the depth of the connector. 

This was followed by a secondary transverse shear failure, characterized by fracture of the fibers 

in the plane of the applied load. This can be seen in Figure 23(a, b, and c) for Type A round and 

rectangular connectors, in Figure 23(d) for Type B connectors, and to a lesser extent in Figure 

23(e) for Type C threaded connectors. Since failure was governed primarily by the connectors 

and no pullout or spalling failures occurred in the concrete, it is safe to assume that the difference 

in concrete compressive strengths in some of the specimens (Table 2) did not have any significant 

impact on test results, especially with testing three specimens for each parameter. 

 

Polymer connectors generally exhibited a shear failure at the face of the concrete wythe (Figure 

23(f)), though one specimen showed a ductile failure with some necking of the connector inside 

the concrete wythe. 

 

Steel connectors yielded and exhibited some necking and significant deflection prior to failure.  It 

was observed that despite the 90o hook anchorage, the connectors likely suffered some slippage at 

higher loads due to their smooth surfaces.  Some connectors ruptured due to the tensile force in 

the connector after the connector had deflected significantly. It is believed that significant axial 

tension had taken place in addition to shear.  In some specimens with close connector spacing, 

spalling of the concrete wythe around the connector was also significant. 
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Some of the specimens experiencing higher shear capacities, specifically those with small spacing 

between connectors such as those with steel connectors or Type A GFRP connectors, experienced 

vertical fine cracking at the centre of the concrete wythe, and passing through the connectors 

(Figure 23(g)).   
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Figure 23: Failure Modes of Connectors 
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3.4 Analytical Model 

This section provides a simplified model that explains the behavior of FRP shear connectors and 

also evaluates the effect of thickness of the insulation layer (i.e. the span of the connector) on its 

strength.  Figure 24(a) shows the connector of thickness D spanning a distance X between the 

concrete wythe and stud. The connector behaves like a fixed-fixed beam subjected to a transverse 

end displacement. The model is based on the following assumptions:  

(a) the proposed model does not address the case of direct shear failure at X = 0 when both fibers 

and resin are sheared (i.e. X is assumed adequate to allow shear failure by diagonal tension of the 

resin, which represent most practical cases of sandwich panels),  

(b) beam theory applies to the connector,   

(c) long span (X) connector may fail in flexure, while at short spans, shear failure occurs as 

indicated in (a),  

(d) insulation material is soft such that it does not prevent the external wythe to move towards the 

stud or inner wythe. As such it is assumed that no axial tension develops in GFRP connectors 

(this was validated through experimental observation where no bond failure occurred), and 

(e) GFRP connectors are soft relative to concrete and that no concrete crushing due to bearing 

occurs in surrounding concrete (this was also validated through experimental observations). 

As shown in Figure 24(a), the resulting moment M and shear V in a connector are related through 

Eq. 1: 

 
	

 Equation 1 

If flexural failure governs, M can be calculated from Eq. 2: 
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 Equation 2 

where fu is the flexural strength of the GFRP connector, provided by the manufacturer, and I is 

the moment of inertia of the connector’s cross-section.  

 

If shear failure governs, then the maximum shear stress	  due to the shear force V occurs at 

mid-thickness as shown in Figure 24 (b), which can be calculated from Eq. (3): 

  Equation 3 

where k is a constant equal to 1.33 for circular cross-section or 1.5 for rectangular cross-section, 

and A is connector’s cross-sectional area.  Figure 24(c) shows an infinitesimal resin element at 

mid-depth of the connector shown in Figure 24 (a), subjected to pure shear stress .  Based on 

Mohr’s circle (Figure 24 (c)), the principal tensile stress	  equals . As such, once the 

tensile strength of the resin fur is reached, the element fails. 

 

It can then be concluded that within a certain range of connector span-to-thickness (X/D) ratio, 

shear failure governs and within another range of (X/D) flexural failure governs. The maximum 

shear force Vmax that the connector can take then is the lesser of Vmax-s (based on shear, from Eq. 3) 

and Vmax-f (based on flexure, from Eqs. 1 and 2): 

  Equation 4 

 
	 	

	
 Equation 5 

Equations 4 and 5 have been applied to GFRP connectors’ types A, B and C of the experimental 

study, and the resistance envelopes are shown in Figure 25.  The vertical axes show the Vmax 
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normalized as an average stress in the connector by simply dividing by A.  The reported tensile 

strength of vinyl-ester resins, which is used in the GFRP connectors, range from 70 to 90 MPa 

(Murphy, 1994, Chu et al, 2004, and Shivakumar et al, 2006).  Therefore, Figure 25 shows the 

shear-control region predicted using both the upper and lower bounds.  The figure clearly shows a 

rapid reduction in connectors’ strength as (X/D) increases in the flexure-control region.  

 

In order to validate the model with experimental data, the contribution of friction between 

insulation foam and concrete has to be deducted from the experimental peak strength. This 

friction can be estimated from the difference in load between specimens P4 and P7 (Figure 20) 

beyond the first peak when adhesion fails and only friction remains. It is noticed that friction is 

fairly constant until the peak load is reached and amounts to 45 kPa. Figure 25 shows the 

experimental results after deducting friction, relative to the predicted failure envelope. The 

comparison suggests that the model seems reasonable; however, for threaded rods GFRP Type C 

it overestimated the strength significantly. This may be attributed to stress concentrations 

resulting from the threads in the rods. In all experimental specimens X was 25 mm (Figure 6). 

 

In order to assess the value of the concrete studs, the strength of the connectors was also predicted 

assuming no studs exist (i.e. X = 152 mm (Figure 7)) and the results are plotted in Figure 25 

(vertical dotted lines). It can clearly be seen that the connector strength drops dramatically when 

no studs are used. For example, the strength of the 12.7 mm diameter Type A connector will drop 

from the average of 60 MPa to 20 MPa (Figure 25 (a)). 
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Figure 24: Mechanics of Analytical Model 

 

Figure 25: Variation of Dowel Strength with Insulation Thickness Based on Model 

(Experimental Data Shown) 
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Chapter 4 

Experimental Investigation of Sandwich Panel Thermal Resistance with 

Various Connector Configurations 

4.1 Introduction 

Full size sandwich panels with various connector types and configurations were tested to 

determine their thermal conductivity using a purpose-built hot box testing apparatus.  These 

results can be combined with analytical results and the results of structural testing to determine 

the ideal connector material and configuration for the sandwich panel.  The test simulates the 

thermal conditions of winter in the northern United States and southern Canada.   

 

Ten non-destructive steady-state thermal tests were performed on panels with various connector 

materials, sizes, and configurations.  The parameters studied were connector material, connector 

size, connector spacing, total connector area, and the spacing of concrete stud elements.  The 

specimens used a single commercial pultruded GFRP material certified for use as structural rebar 

in Canada, and a galvanized steel connector used commercially in sandwich panels.    

 

This chapter describes the test matrix, the fabrication of the full-scale test specimens, the 

construction of the test apparatus, the test setup and instrumentation, and the results of the 

thermal tests.   

4.2 Test Specimens and Parameters 

A total of ten tests were performed, with each test parameter varied over three specimens, with 

the exception of the GFRP versus galvanized steel comparison.  A summary of the test matrix is 

shown in Table 4. 
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Table 4: Thermal Tests Parameter Summary 

ID	 Material	 Diameter	
#	

Connectors
Connector	
Area	

Total	
Connector	
Area	 #	Studs	 Date	Cast	

1 GFRP 9.5 mm Ø 28 71 mm2 1995 mm2 4 11 June 2010 

2 GFRP 9.5 mm Ø 16 71 mm2 1140 mm2 4 16 Aug 2010 

3 GFRP 9.5 mm Ø 44 71 mm2 3135 mm2 4 17 June 2010 

4 GFRP 9.5 mm Ø 35 71 mm2 2494 mm2 5 15 June 2010 

5 GFRP 9.5 mm Ø 21 71 mm2 1496 mm2 3 14 June 2010 

6 GFRP 12.7 mm Ø 28 127 mm2 3548 mm2 4 17 Aug 2010 

7 GFRP 6.4 mm Ø 28 32 mm2 887 mm2 4 9 June 2010 

8 Steel 4.6 mm Ø 28 17 mm2 469 mm2 4 19 Aug 2010 

9 GFRP 12.7 mm Ø 16 127 mm2 2027 mm2 4 18 June 2010 

10 GFRP 31.7 mm Ø 64 32 mm2 2027 mm2 4 10 June 2010 

 

4.2.1 Typical Test Specimen 

The full scale specimens are a preliminary design for an exterior wall of low-rise structures.  This 

preliminary wall is designed to meet or exceed modern energy standards in Canada, with 

significant structural strength and a minimum of material used.  Each panel consists of two 

exterior concrete wythes and an intermediate insulation layer.  Within the insulation layer was a 

concrete frame featuring vertical studs measuring 75 mm wide by 100 mm deep, such that 25 mm 

of insulation was between the concrete stud and each wythe.  Each panel also contains a header 

and footer to complete the stud framing, which is similar to a wood-framed stud wall.  The 

assembly was connected by shear connectors passing through the concrete stud and embedded in 

the concrete wythes.  The ten specimens produced featured various stud spacings, connector 
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spacings, connector sizes, and connector materials.  The sections of the typical preliminary wall 

panel design are shown in Figure 26.   

 

 

Figure 26: Typical Wall Panel Layers 
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Each specimen measured 1550 mm wide x 2400 mm high x 254 mm thick.  Complete dimensions 

of the typical test specimen are shown in Figure 27. 

 

Figure 27: Typical Test Specimen Dimensions 
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4.2.2 Concrete Properties 

All test panels were poured using a self-consolidating concrete (SCC) mix developed by Anchor 

Concrete Products Ltd with the assistance of BASF.  The SCC mix was designed using fine 

aggregate and superplasticizer.  This allowed the high slump concrete to flow through and fill the 

small voids of the structure without separating.  Though a high strength mix was not required, the 

final mix regularly achieved strengths greater than 60 MPa in cylinder tests.  Concrete cylinders 

were cast for all samples, and tested both at Anchor Concrete Products Ltd. and at Queen’s 

University. 

4.2.3 Insulation Properties 

The insulation used in all samples was SM Extruded Polystyrene Foam Insulation, an extruded 

Type 4 insulation manufactured by Dow Chemical Company, and supplied as a smooth, rigid 

board.  Extruded polystyrene has very low thermal conductivity of 0.029 W/(m•K) at 24 °C, and 

has a compressive strength of 207 kPa.  It also has a low moisture absorption, so it does not draw 

water from the wet concrete mix, and a low vapour permeance, so it acts as a vapour barrier.  

Extruded Polystyrene Foam Insulation is used commercially in sandwich panel applications. 

4.2.4 Connector Properties 

From the Phase 1 structural testing (discussed in Chapter 3), it was determined that Aslan 100 

GFRP would be used for the full scale panel tests; Aslan 100 specimens performed well during 

the structural tests and it is a GFRP rebar currently used in structural applications, including 

sandwich panels.  Information on the thermal conductivity of GFRP rebar is generally limited, as 

this is not a common test for manufacturers to perform, so it was not possible to compare the 

conductivity of Aslan 100 with other GFRP samples without significant additional testing.  

Longitudinal thermal conductivity of GFRP is governed by the fibre properties, so little 
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difference would be expected between GFRP samples.  Mallick (2007)suggests that GFRP has a 

thermal conductivity of 3.46 W/(m•K) in the longitudinal direction, which is significantly lower 

than black steel and CFRP, and this figure was used in all theoretical calculations. 

 

The physical dimensions of the connectors were identical to the ‘plain’ connector described in 

Chapter 3, with the ends tapered and the rebar otherwise unmodified.  Three different diameters 

of rebar were used, to compare the effect of the rebar diameter, and the effect of connector 

spacing without changing the total connector area.    

 

In addition to the GFRP connectors, one sample (Test 8) was constructed with a galvanized steel 

connector used commercially in sandwich panel applications.  The connector used had a 

significantly smaller cross-section area than the GFRP connectors, which reflected the higher 

strength of the material.  The steel connector featured hooks at either end to assist the 

development of the steel in the exterior wythes.  These hooks would be required in a commercial 

design for strength, and have minimal effect on the thermal properties of the panel.  According to 

ASHRAE, mild steel has a thermal conductivity of 45.3 W/(m•K), which is 13 times greater than 

that of GFRP. 

4.2.5 Concrete Stud Spacing 

The element with the greatest influence on the thermal conductivity of the panel is the concrete 

stud.  In order to test the influence of the concrete stud, specimens were produced with three, 

four, and five concrete studs, which reduced the centre-to-centre spacing of the studs (Tests 1, 4, 

and 5).  Each stud had the same number, spacing, and diameter of connector, so the increase or 

decrease in connector area was proportional to the increase or decrease in the number of studs.   
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4.2.6 Connector Diameter, Spacing, and Cross-Section Area 

Varying the connector diameter, spacing, or cross-section area affected one of the other two 

parameters as well; it is impossible to change the connector diameter without changing either the 

spacing or the total cross-section area.  To test the influence of each variable, one of the 

parameters was kept constant while the other two were varied.  Test 1 was used as the baseline 

test, with 9.53 mm ø connectors, 375 mm centre-to-centre connector spacing, and 1995 mm2 total 

connector cross-section area.  Tests 2 and 3 varied the spacing and total cross section area, with a 

constant connector diameter.  Tests 6 and 7 varied the diameter and total cross section, with a 

constant connector spacing.  Tests 9 and 10 varied the connector diameter and spacing, with a 

constant total cross-section area.   

 

4.3 Fabrication of Test Specimens 

All elements of fabrication were performed at the Anchor plant in Kingston, Ontario between 

April and August 2010 inclusive. 

 

Similar to the construction of the small-scale structural samples, the full-scale specimens were 

formed using two 75 mm thick sections of 2400 x 600 mm ship-lapped Dow SM extruded 

polystyrene.  In order to create the 1550 mm wide panels required, the sheets were glued along 

the ship-lapped joints using PL Premium adhesive, to create two sides of a full panel.  The studs, 

header, and footer were then cut into the foam using a hot-wire (Figure 28, Figure 29). 



67 

 

 

Figure 28:  Forming of Studs using a Hot-Wire 

 

Figure 29: Half-Panels after Hot-Wire Cutting 
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At this point holes were drilled at the connector locations to prevent damage to the foam when 

connectors were inserted.  These holes were slightly smaller than the diameter of the connector, 

to ensure that the foam would be snug against the connector, preventing concrete infiltration 

when the panel was poured.  Thermocouples were also inserted where they would be required 

within the panel and studs (Figure 30). 

 

 

Figure 30: Half-Panels with Thermocouples Installed 

 

The two half-panels were placed back-to-back to form a 150 mm thick foam blank, and were 

secured using PL Premium adhesive.  Once cured, the required connectors were pushed through 
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the pre-drilled holes in the foam, and the remaining thermocouples were placed on the panel.  

Finally, a 150 mm x 150 mm x 6 mm ø welded wire mesh was placed on each side of the panel to 

reinforce the concrete wythes, and centred in the wythe using plastic rebar chairs (Figure 31). 

 

 

Figure 31: Completed Full-Scale Panel prior to Concrete Pour 

 

The specimens were poured vertically using a customized steel form fabricated by Anchor 

Concrete Products Ltd.  Once constructed, the panel and reinforcement was lifted as one piece 

and dropped into the formwork, with plastic chairs providing the required cover on each side of 

the wythe (Figure 32). 
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Figure 32: Panel lowered into vertical formwork 

 

Both wythes and the studs were poured simultaneously to balance hydrostatic pressure on the 

panel.  The studs were poured using one stud only, and allowing the concrete to flow up through 

the remaining studs, so no air voids would be created by trapped air at the base of the panel.  The 

panels were cured in-place for a minimum of 20 hours before being removed from the formwork, 

and allowed to cure for a minimum of 28 days prior to testing.  The panels constructed were of 

high quality with very few voids and a smooth finish, and the insulation layers extended to the 

edge of the panel in all locations.  The high quality was achieved primarily through the use of 

steel formwork, fine aggregates, a self-consolidating concrete mix, and experienced personnel.  A 

typical finished panel is shown in Figure 33. 
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Figure 33: A finished full-scale panel immediately following removal from formwork 

4.4 Test Setup and Instrumentation 

All specimens were tested under steady-state thermal conditions in a hot box apparatus designed 

and constructed for this research program.  The test setup simulates winter temperature conditions 

in Southern Canada and the Northern United States and measures the thermal steady state transfer 

of heat from one side of the wall assembly to the other under these conditions. 

 

The test setup used is modelled after ASTM C1363-05 “Standard Test Method for Thermal 

Performance of Building Materials and Envelope Assemblies by Means of a Hot Box Apparatus.”  

The apparatus consisted of two insulated chambers maintained at constant ambient temperatures, 

with the specimen placed between the two chambers (Figure 34).  The hot, or ‘metering’ 
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chamber, contained a heater unit and was maintained near room temperature.  The cold, or 

‘climatic’ chamber contained a refrigeration unit and was maintained at winter conditions.  The 

temperature of the ambient chambers and the specimen was monitored throughout the testing, as 

well as the amount of heat energy added to the apparatus.  Using this data the rate of heat flow 

through the test specimen can be determined.    

 

 

Figure 34: Hot Box Apparatus 

 

The hot box apparatus was constructed using two 1800 mm x 2400 mm concrete box culverts, 

separated by a small gap.  The concrete box culverts provided structural support for the test 

panels and a suitable base for insulation.  The large mass of the box culverts assisted in 

maintaining a constant ambient temperature on each side of the test panel, but they also increased 

the time required for the apparatus to reach steady-state conditions.  While a wood frame 

structure would have been desirable due to the smaller thermal mass of the apparatus, it could not 

safely support the mass of the panels, and would be more likely to be damaged as panels were 

removed and inserted into the apparatus. 
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The test apparatus was surrounded on all sides by 100 mm of Dow SM extruded polystyrene, 

which provided a thermal resistance of 3.45 m2 •K / W.  The ends of the box culverts were 

framed using wood studs, and included an insulated steel door.  A removable cap was fabricated 

to provide the doors with insulation, and all seams were taped using Tuck Tape.  At the roof of 

the apparatus between the box culverts, a section was cut to allow insertion and removal of the 

test panels, and insulation was added to the roof over these cuts.  To support the test panels, a 

steel HSS brace was constructed across the interior of both box culverts.  Finally, a surround 

panel was built around the test specimens which consisted of 250 mm of Dow SM extruded 

polystyrene, which provided a thermal resistance of 8.62 m2 •K / W. The design of the test 

apparatus is shown in Figure 36 through Figure 38. 
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Figure 35: Hot Box Design - Plan (Top) View 
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Figure 36: Hot Box Design – Side (Elevation) View 
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Figure 37: Hot Box Design - Section Views 
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Figure 38: Hot Box Design - Section Views (Cont'd) 



78 

 

The hot box required significant instrumentation and equipment for testing.  Heating of the 

metering chamber required an 800 W heating coil attached to an Omron E5CK digital controller.  

Cooling of the climatic chamber was accomplished using a previously used commercial walk-in 

freezer unit generously donated by Hamilton Smith Limited of Kingston, Ontario.  The 

temperature range of the heater and freezer was limited to within one degree Celsius of the target 

temperature.  Air circulation within the chambers was achieved using a household fan in each 

chamber, in addition to the internal fans of both the heater and freezer.  Air velocities within the 

chambers were measured using a handheld Dwyer 45118 anemometer and were found to be 

within acceptable ranges for the conditions simulated, as suggested by ASHRAE. 

 

In order to determine the heat transfer through the specimen, both the temperature and power to 

the heater were closely monitored and recorded.  Temperature monitoring was accomplished 

using Omega Type T (TT-T-20-SLE) thermocouples embedded in the specimens or attached to 

various surfaces of the specimen and apparatus.  To determine the power consumed by the heater, 

current monitoring throughout the test used FW Bell PC-50 current sensors, while outlet voltage 

was confirmed at various intervals using a Fluke 77 Series II Multimeter.  Data Acquisition was 

performed by an OM-320 Portable Data Logging System supplemented by an Omega HH147U 

Four-Channel Thermocouple Datalogger, both housed in a structure adjacent to the test apparatus. 

 

While the humidity was not controlled during the testing, it was monitored using in both 

chambers and outside the apparatus using three Measurement Computing USB-502-PLUS 

ambient temperature and humidity sensors.  These sensors also supplemented the thermocouples 

to monitor ambient temperatures.   
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The ambient temperatures used for testing were determined based on climatic data from NRCan 

and ASHRAE, and supported by ASTM 1058, as well the limitations of the test apparatus.  A 

temperature of 24 °C was selected for the metering chamber, and -5 °C was selected for the 

climatic chamber, yielding a relative difference of 29 °C and a mean temperature in the sample of 

10°C.  This temperature range roughly corresponds to winter conditions in southern Canada and 

the northern United States, where the mean January temperature is approximately -5 °C.  It is also 

a standard temperature range for testing in accordance with ASTM 1058, but is slightly lower 

than the temperature range suggested by the MNECCH.  No humidity control was possible in the 

apparatus, which caused the humidity in the climatic chamber to climb higher than that expected 

under winter conditions.  This level was recorded, and was expected to have only minimal impact 

on overall heat transfer through the specimen. 

 

Due to the large space required for the apparatus, including the space required to insert and 

remove the test panels, the structure was located outdoors.  This presented specific challenges for 

testing as the temperature, radiation, wind velocity, and humidity surrounding the apparatus could 

not be controlled.  This problem was exacerbated by the inability of the data acquisition 

equipment to continuously monitor all surfaces of the test apparatus in addition to monitoring the 

condition of the test specimen.  As changes in the surrounding conditions could significantly add 

to the error in the test, multiple steps were taken to reduce the error due to weather conditions.  

First, both the weather at Kingston Airport and the ambient temperature and humidity at the test 

site were recorded before, during, and after the test periods, in order to determine steady-state 

periods where the error due to surrounding weather would be minimized.  In addition, test data 

was recorded between 2:00 AM and 6:00 AM each morning, when minimal variability in weather 

occurred.  While the hot box structure was calibrated for various ambient temperatures, the 
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presence of cloud cover significantly affects radiative heat loss from exposed surfaces, so the top 

surface of the apparatus was monitored throughout testing.  Similarly, ground temperatures are 

relatively independent of the current air temperature, so the temperature of the bottom of the hot 

box was monitored throughout testing as well.  Finally, no test data was used when any 

precipitation was present, as this would significantly increase heat transfer through the apparatus.   

 

Construction of the apparatus was completed at the Anchor site in Kingston, Ontario between 

December 2009 and August 2010 (Figure 39 to Figure 41). 

  

 

Figure 39: The Box Culverts used to form the Hot Box structure.  The structure to the right 

contained the data acquisition equipment. 
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Figure 40: Insulating the Hot Box structure. 

 

 

Figure 41: Completed Hot Box Structure, with Test Panel in foreground. 
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Sealing the structure to prevent air movement or gaps in the insulation is of critical importance to 

successful Hot Box testing.  Insulation was secured to the structure using PL Premium adhesive, 

with insulation joints staggered and taped with Tuck Tape.  Gaps in the insulation were sealed 

using Dow Great Stuff spray insulation, which had a thermal resistance equal to that of the Dow 

SM rigid insulation.   

 

Thermocouples were placed on each surface of the structure to determine the heat transfer 

through all sides of the Hot Box.  The thermocouples were fabricated by the author at Queen’s 

University, and tested for accuracy using an ice-water mixture.  On site, the thermocouples were 

taped to the surface of the box, and covered with a very thin layer of Dow SM rigid insulation so 

they would have a radiative emittance value equal to that of the Hot Box (Figure 42).  Data 

acquisition was contained within an adjacent structure (Figure 43). 

 

 

Figure 42: A Hot Box Surface Thermocouple. 
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Figure 43: Data acquisition setup during testing. 

 

The effectiveness of the insulation and thermocouple accuracy was tested using thermal imaging.  

For the test, the entire hot box structure was cooled, and thermal photos were taken of the 

structure using a FLIR Thermacam.  At the same time, real-time checks were performed for each 

thermocouple to test their accuracy.  Any thermocouple repairs required were performed 

immediately, and areas of high thermal transfer were sealed using additional insulation (Figure 44 

to Figure 46). 
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Figure 44: Confirming thermocouple accuracy using Thermal Imaging. 

 

Figure 45: A Thermal Image showing heat loss at the base of the Hot Box structure. 
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Figure 46: Insulating areas of heat transfer using thermal images. 

 

Roof access to the structure was provided to insert and remove each test panel.  For testing, the 

access was sealed using tuck tape, and additional insulation was provided above the opening 

(Figure 47 and Figure 48). 
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Figure 47: Roof Access for Test Panel insertion and removal. 

 

Figure 48: Roof Access sealed using Tuck Tape and additional insulation. 

 

As the test panels were smaller than the opening between the chambers, a 250 mm insulated 

surround panel was constructed to dimensions 25 mm larger than the test panels (Figure 49).   
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Figure 49: The Surround Panel of the Hot Box Apparatus. 

 

Due to their large mass, the panels themselves required support from a steel HSS beam anchored 

to the concrete box culvert on either side of the panel.  An adjustable threaded rod was extended 

from the steel beam to the face of the panel.  As steel has a high thermal emittance value and was 

located close to the panel, a layer of insulation was placed where the steel faced the panels to 

reduce the radiative heat transfer between the steel and the panel (Figure 50).     
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Figure 50: Steel HSS supports for the test panels. 

 

The panels were inserted and removed using a boom truck supplied by Anchor Concrete Products 

Ltd.  Once lowered into position, they were secured using the steel supports, and gaps between 

the panel and the rigid insulation were filled using Dow Great Stuff spray insulation.  Surface 

thermocouples were applied to the test panels, and the embedded thermocouples were connected 

to the data acquisition equipment.  The hot box was then secured and activated, and test data was 

recorded once the panel and apparatus reached steady-state conditions (Figure 51 to Figure 53)  
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Figure 51: Removing a Test Panel from the Hot Box. 

 

Figure 52: Test Panel secured in position in Hot Box. 
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Figure 53: Test Panel in Hot Box ready for testing. 

 

 

4.5 Hot Box Calibration 

Multiple calibrations of the hot box structure were performed to determine the heat loss of the hot 

box apparatus.  This consisted of testing the apparatus with a specimen of known insulative value, 

and comparing the results of the test with theoretical calculations based on the energy input and 

the thermal resistance of the various hot box components.  The energy lost through the hot box 

apparatus could then be accounted for in test calculations. 

 



91 

 

4.5.1 Energy Input 

Energy was supplied to the metering chamber by three devices: a heating coil, the heating coil 

fan, and an air circulation fan.  Bench testing of all three devices was performed to determine 

their energy consumption, which is ultimately converted to heat inside the metering chamber.  In 

the bench test, both the resistance and the root-mean-square (RMS) voltage was measured before 

and after the test.  During the test, the RMS current was monitored at five second intervals.  

These values can be combined to find the energy consumed by a device using the equations 

  Equation 6  

  Equation 7 

where 

 P  =  Instantaneous Energy Consumption (W) 

 (PF)  =  Power Factor  

 V  =  RMS Voltage (V) 

 I  =  RMS Current (A) 

 R =  Resistance (Ω) 

 

The heating coil energy was calculated using both equations, with the results compared for 

accuracy.  The resistance of both fan elements could not be directly measured, so only Equation 6 

was used.  A power factor of 1 was assumed for the resistive heating element, and a factor of 0.6 

was assumed for the fan elements, to account for the effects of apparent power versus real power 

consumption and better estimate the amount of electrical energy converted to heat.  The results of 

the bench test are shown in Table 5. 
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Table 5: Results of Energy Input Bench Test 

Device	

Measured	
Resistance	
Before	
Test,		
R	(Ω)	

Measured	
Resistance	
After	Test,	
R	(Ω)	

Voltage,	
V	(V)	

Current,	
I	(A)	

Power	
Factor,	
PF	

Energy	
Consumed	
Eq.	1,	
P	(W)	

Energy	
Consumed	
Eq.	2,	
P	(W)	

Heating 
Coil 18.8 18.3 to 20.5 122.1 6.26155 1 764.5 

717.5 to 
803.7 

Heating 
Coil Fan N / A N / A 122.2 0.118377 0.6 8.679 N / A 

Air 
Circulation 

Fan N / A N / A 122.2 0.195661 0.6 14.35 N / A 

 

 

During testing, the energy consumed by the heating coil fan and air circulation fan was not 

monitored, and is therefore assumed to be a constant 8.679 W and 14.35 W respectively, as 

determined from the bench tests.   

 

The energy input to the chamber from the heating coil was determined by monitoring the current 

to the heating coil, and using the resistance of the heating coil to determine power consumption 

(Equation 2).  Measurements of the electrical resistance of the heater determined a resistance of 

18.8 Ω when the heater was cold, and 18.3 Ω to 20.5 Ω after testing, with an average value of 

19.5 Ω determined from the bench test.  As the heater coil was generally active for short periods 

only during testing, an electrical resistance of 19.0 Ω is used for the heating coil in calculations. 

4.5.2 Theoretical Thermal Resistance of Hot Box Metering Chamber 

The theoretical thermal resistance of the hot box metering chamber was determined by summing 

the thermal resistance (R-value) of each surface of the chamber, and compensating for the shape 

of the chamber.   
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The thermal resistance of each surface was calculated as both a partial and total resistance, where 

the partial resistance includes the elements of the wall structure only, and the total resistance 

includes the effect of the air film at the wall surface.  This allows calculations to be performed 

using either the temperature recorded from sensors attached to the surface of the wall, or ambient 

air temperature.  The equations for total and partial thermal resistance of an element are 

 	 ∑  Equation 8 

  

 ∑  Equation 9 

 

where 

 R  =  Thermal Resistance (m2•K / W ) 

 hin  =  Surface Conductance of Interior (Still) Air (W / m2•K) 

 Lelement  =  Length of wall element (m) 

 kelement =  Conductivity of wall element (W / m•K) 

 hout =  Surface Conductance of Exterior Air (W / m2•K) 

 

The thermal properties used in calculating wall resistances are shown in Table 6. 
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Table 6: Thermal Properties for Thermal Resistance Calculations 

Property	 Value Notes

Concrete Thermal Conductivity, kconcrete  2.00 W / m•K Ranges from 1.4 to 2.91 

Insulation Thermal Conductivity, kins  0.029 W / m•K 1 

Plywood Thermal Conductivity, kwood  0.12 W / m•K 1 

Steel Door Thermal Transmittance, Udoor  2.10  W / m2•K 
Foam Insulated door in steel 

frame2 

Interior Air Surface Conductance, hin  8.29  W / m2•K Still air3 

Exterior Air Surface Conductance, hout  34.0 W / m2•K Winter Air, 6.7 m/s3 
1 (ASHRAE 2001) Table 25.4 

2 (ASHRAE 2001) Table 30.6 

3 (ASHRAE 2001) Table 25.1 

 

The calculated total and partial resistances of each wall element are shown in Table 7. 

Table 7: Thermal Resistance of Hot Box Metering Chamber Surfaces 

Surface	

Concrete	
Length,	
Lconc	
(mm)	

Insulation	
Length,		
Lins	
(mm)	

Plywood	
Length,	
Lwood	
(mm)	

Door	
Length,	
Ldoor	
(mm)	

Total	
Resistance,

Rtotal	
(m2•K	/	W)

Partial	
Resistance,	
Rpartial	

(m2•K	/	W)	

Area,	
A	

(m2)	

North Wall 200 100 0 0 3.71 3.55 6.58 

South Wall 200 100 0 0 3.71 3.55 6.58 

East Wall 
ex. Door 0 100 19 0 3.77 3.61 2.46 

East Door 0 100 0 56 4.09 3.92 1.86 

Floor 200 100 0 0 3.67 3.55 4.93 

Roof 200 100 0 0 3.71 3.55 4.93 

Surround 
Panel 0 250 0 0 8.77 8.62 2.44 

Calibration 
Panel 0 100 0 0 3.60 3.45 3.72 
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4.5.3 Calibration Results and Unallocated Heat Loss 

Three calibrations of the hot box structure were performed: two calibrations prior to testing, and 

one calibration at the midpoint of testing.  These calibrations allowed the heat loss due to leakage 

and other effects, referred to as unallocated heat loss, to be determined and accounted for in 

analysis. 

 

To isolate the unallocated heat loss, a calibration panel consisting of 100 mm of Dow SM 

Extruded Polystyrene insulation, with a manufacturer’s stated thermal resistance of 3.45 m2•K/W, 

was used in place of a test specimen.  The unallocated losses for each calibration were then 

determined using the equation 

  Equation 10 

where 

 Qlosses =  Energy Transfer due to Unallocated Losses (W ) 

 Qin  =  Energy Transfer from Heating Coil and Fans (W) 

 Qpanel  =  Energy Transfer through Calibration Panel (W ) 

Qapparatus =  Energy Transfer through the Hot Box Surfaces (W ) 

 

The energy loss through the hot box apparatus was determined in two parts.  First, the loss 

through each individual wall of the structure was determined using the recorded temperatures, 

assumed thermal resistance, and area of each surface.  Secondly, the shape of the structure, and 

energy loss at the wall edges and corners was determined for each location using the equation 
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 ∆  Equation 11 

where 

Qlntersection =  Energy Transfer at Wall Intersections (W ) 

 S  =  Shape Factor for Wall Dimensions, 0.54 x Length of Wall for Edges, 0.15 x 

Thickness of Wall for Corners  (m) 

 keff  =  Effective Conductivity of Intersection (W / m•K ) 

 ΔT =  Temperature Difference at Intersection (K ) 

 

The heat energy loss for each structure element was calculated using both the total heat 

resistance, which used ambient air temperatures and included the effect of an air film, and partial 

heat resistance, which used surface temperatures and excluded the effect of an air film.  The 

results of the calibration testing are shown in Table 8. 

Table 8: Hot Box Calibration Results 

Test	

Outdoor
Air	

Temp,	
Tout	
(˚C)	

Energy	
Input,		
Qin	
(W)	

Hot	
Box	
Total	
Energy	
Loss,	
Qtbox	
(W)	

Hot	
Box	

Partial	
Energy	
Loss,	
Qpbox	
(W)	

Panel	
Total	
Energy	
Loss,	
Qtpanel	
(W)	

Panel	
Partial	
Energy	
Loss,	
Qppanel	
(W)	

Unallocated	
Total	
Energy	
Loss,	
Qtunall	
(W)	

Unallocated	
Partial	
Energy	
Loss,	
Qpunall	
(W)	

Calibration 
#1 

21 Aug 
2010 14.9 135.1 86.1 87.5 30.1 31.6 19.0 16.0 

Calibration 
#2 

25 Aug 
2010 17.1 119.9 71.1 67.3 30.2 31.5 18.7 21.2 

Calibration 
#3 

8 Oct  
2010 9.0 178.8 130.6 138.8 30.2 31.0 18.0 9.1 
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The amount of unallocated energy determined was significantly different for the total and partial 

resistance methods.  In the total resistance energy calculations, the amount of unallocated energy 

lost was relatively constant regardless of the exterior temperature.  When partial resistance energy 

calculations were used, the amount of unallocated energy increased linearly with increasing 

exterior temperatures.  A linear equation to estimate the unallocated energy losses was developed 

for both the total resistance and partial resistance methods, as shown in Figure 54. 

 

Figure 54: Unallocated Losses from Calibration Testing 
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4.6 Results of Thermal Testing 

Despite considerable effort to reduce or control errors in testing and analysis, substantial variation 

exists in the experimental results, and overall thermal resistance values are difficult to state with 

confidence for many test specimens.  However, the experimental work was successful in 

producing many qualitative results, in addition to defined temperature profiles of each test 

specimen.      

4.6.1 Overall Thermal Resistance 

Attempts to determine the overall thermal resistance of the panels using the hot box apparatus 

met with mixed success.  Based on analytical calculations by the author using traditional 

equations from ASHRAE, the thermal resistance of a typical panel was expected to be between 

4.26 and 4.51 m2•K / W.  In addition, a finite difference simulation of a typical panel conducted 

by Hanna et al. (2012) yielded a value of 5.0  m2•K / W.  In experimental testing, 39% of the test 

results calculated using total resistance fell between 3.0 and 5.5 m2•K / W.  This result increased 

to 61% when the thermal resistance was calculated using partial resistance.   

 

As the results are calculated using the current squared, the experiment is particularly sensitive to 

the recorded results of the current sensor.  As shown in the table, large outliers in the current 

measurement cause unrealistic results.  The thermal resistance results for each panel test are 

shown in   
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Table 9 and Table 10, and the thermal resistance distribution is shown in Figure 55.   
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Table 9: Panel Thermal Resistance (using Total Resistance) 

Panel	 Date	

Outdoor
Air	

Temp,	
Tout	
(˚C)	

Energy	
Input,		
Qin	
(W)	

Hot	Box	
Total	
Energy	
Loss,	
Qtbox	
(W)	

Unallocated	
Total	
Energy	
Loss,	
Qtunall	
(W)	

Net	
Total	
Energy	
Through	
Test	Panel,	
Qppanel	
(W)	

Panel	
Total	

Thermal	
Resistance,

Rpanel	
(m2•K	/	W)

Panel #1 
Baseline 13 Sept 10 14.0 146.5 92.3 18.6 35.6 3.05 

Panel #1 
Baseline 14 Sept 10 11.4 133.2 109.6 18.3 5.3 20.65 
Panel #2 

Loose 
Spacing 22 Oct 10 -1.0 262.4 200.1 17.1 44.4 2.45 
Panel #3 

Tight 
Spacing 20 Sept 10 7.9 175.0 137.9 18.0 19.2 5.66 
Panel #3 

Tight 
Spacing 21 Sept 10 6.7 163.6 146.1 17.9 -0.31 -353.601 

Panel #4 
Five Studs 11 Oct 10 8.0 209.2 140.1 18.0 51.1 2.12 

Panel #4 
Five Studs 12 Oct 10 7.3 194.0 147.9 17.9 28.3 3.84 
Panel #5 

Three 
Studs 26 Oct 10 13.5 252.9 104.3 18.5 130.1 0.83 

Panel #6 
Large 

Connector 17 Oct 10 4.6 230.1 164.5 17.6 48.0 2.26 
Panel #6 

Large 
Connector 18 Oct 10 2.5 213.0 177.9 17.4 17.7 6.15 
Panel #6 

Large 
Connector 19 Oct 10 1.2 222.5 187.0 17.3 18.3 5.95 
Panel #7 

Small 
Connector 5 Sept 10 10.8 150.3 110.9 18.3 21.1 5.14 
Panel #7 

Small 
Connector 6 Sept 10 10.9 157.9 111.1 18.3 28.5 3.81 

Panel #8 
Steel 25 Sept 10 16.3 129.4 78.6 18.8 32.0 3.39 

Panel #8 
Steel 26 Sept 10 11.1 156.0 113.5 18.3 24.2 4.48 

Panel #8 
Steel 29 Sept 10 14.6 137.0 89.7 18.6 28.7 3.79 

Panel #9 
Large w 

Area 29 Oct 10 6.9 222.5 145.7 17.9 59.0 1.84 
Panel #10 
Small w 

Area 16 Sept 10 9.5 169.3 125.6 18.1 25.6 4.25 
1Result is due to current sensor measurement.  Refer to discussion. 
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Table 10: Panel Thermal Resistance (using Partial Resistance) 

Panel	 Date	

Outdoor
Air	

Temp,	
Tout	
(˚C)	

Energy	
Input,		
Qin	
(W)	

Hot	Box	
Partial	
Energy	
Loss,	
Qpartial	
(W)	

Unallocated	
Total	
Energy	
Loss,	
Qpartial	
(W)	

Net	
Partial	
Energy	
Through	
Test	Panel,	
Qppanel	
(W)	

Panel	
Partial	
Thermal	
Resistance,

Rpanel	
(m2•K	/	W)

Panel #1 
Baseline 13 Sept 10 14.0 146.5 96.6 15.9 34.0 3.21 

Panel #1 
Baseline 14 Sept 10 11.4 133.2 115.2 12.2 5.8 18.85 
Panel #2 

Loose 
Spacing 22 Oct 10 -1.0 262.4 217.7 -5.4 50.1 2.08 
Panel #3 

Tight 
Spacing 20 Sept 10 7.9 175.0 142.8 7.2 25.0 4.25 
Panel #3 

Tight 
Spacing 21 Sept 10 6.7 163.6 154.3 5.5 3.81 27.731 

Panel #4 
Five Studs 11 Oct 10 8.0 209.2 148.4 7.4 53.4 2.03 

Panel #4 
Five Studs 12 Oct 10 7.3 194.0 150.0 6.4 37.6 2.87 
Panel #5 

Three 
Studs 26 Oct 10 13.5 252.9 101.3 15.2 136.4 0.76 

Panel #6 
Large 

Connector 17 Oct 10 4.6 230.1 173.6 2.5 54.0 1.96 
Panel #6 

Large 
Connector 18 Oct 10 2.5 213.0 191.3 -0.5 22.1 4.82 
Panel #6 

Large 
Connector 19 Oct 10 1.2 222.5 199.4 -2.3 25.4 4.17 
Panel #7 

Small 
Connector 5 Sept 10 10.8 150.3 113.8 11.4 25.2 4.26 
Panel #7 

Small 
Connector 6 Sept 10 10.9 157.9 119.5 11.5 26.9 3.98 

Panel #8 
Steel 25 Sept 10 16.3 129.4 77.6 19.2 32.7 3.30 

Panel #8 
Steel 26 Sept 10 11.1 156.0 117.1 11.8 27.1 3.97 

Panel #8 
Steel 29 Sept 10 14.6 137.0 89.8 16.8 30.5 3.50 

Panel #9 
Large w 

Area 29 Oct 10 6.9 222.5 152.5 5.8 64.2 1.65 
Panel #10 
Small w 

Area 16 Sept 10 9.5 169.3 127.0 9.5 32.9 3.28 
1 Result is due to current sensor measurement.  Refer to discussion. 
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Figure 55: Overall Thermal Resistance Results 

 

While analysis using either of the methods results in a significant number of outliers, calculations 

using the partial thermal resistance method do show a significant number of panels within the 

anticipated thermal resistance range.  Analysis using the partial resistance method is also 

expected to be more accurate as this method uses surface temperatures rather than ambient air 

temperatures, and therefore includes the effect of radiative and convective heat loss, which the 

total resistance method does not.  As a result, the partial resistance results are used for further 

analysis. 
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4.6.2 Test Parameter Results 

The ten test specimens were varied to examine five panel parameters: connector spacing, 

connector size, total connector area, the spacing of concrete stud elements, and connector 

material.   

 

The spacing of connectors did not have a significant effect on the overall thermal resistance of the 

panels.  Panels 1, 2, and 3 contained 9.5 mm diameter GFRP connectors with connector spacings 

of 375, 750, and 220 mm, respectively.  No discernible trend was found between connector 

spacing and thermal resistance from overall calculations, even when the outlier results from 

Panels 1 and 3 are excluded (Figure 56).  The results of the partial thermal resistance analysis 

actually suggest a decreasing thermal resistance as connector spacing increases, which is 

extremely unlikely.  This conclusion is further supported by thermocouple measurements on both 

the surface of the panels and embedded within the panels, where no relationship between 

connector spacing and temperature was observed.  This suggests that heat losses due to 

connectors are localized, and group effects from connectors are not significant. 
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Figure 56: Effect of Connector Spacing on Panel Resistance 

 

The effect of connector size was evaluated using Panels 1, 9, and 10, which had an equal total 

connector area, but 9.5 mm, 12.7 mm, and 6.35 mm diameter connectors respectively.  The 

overall panel thermal resistance results show a clear decrease in thermal resistance as connector 

diameter increases, but this change is far greater than expected for panels with an equal total 

connector area (Figure 57).  Furthermore, thermocouple measurements of panel temperatures do 

not indicate a significant correlation between connector diameter and panel temperatures.  

Therefore though a trend is evident in the overall results, the surface temperatures suggest the 

more likely conclusion that  the conductivity of the connectors may be sufficiently low to 

mitigate the effects of larger connector diameters. 
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Figure 57: Effect of Connector Size on Panel Resistance 

 

The effect of total connector area was primarily evaluated using Panels 1, 6, and 7, where the 

total connector area was varied by changing the connector diameter, and the other panel 

properties remained constant.  These results were supplemented using Panels 2 and 3, where the 

total connector area was changed by increasing or decreasing the number of connectors.  These 

results do not show a correlation between overall connector area and thermal resistance, and a 

relatively wide range exists in the overall thermal resistance results (Figure 58).  Similarly, 

temperature measurements of the panel did not show a correlation between the total area of the 

connectors and temperatures at various points within the panel.  Similar to the study of connector 

spacing, this suggests that heat losses due to connector penetrations are localized, and group 

effects from connectors are not significant. 
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Figure 58: Effect of Total Connector Area on Panel Thermal Resistance 

 

To investigate the effect of concrete stud spacing on panel thermal resistance, Panels 1, 4, and 5 

were constructed with 4, 5, and 3 studs respectively, with each stud having the same number of 

9.5 mm diameter connectors.  Though the overall results do not show a correlation between stud 

spacing and thermal resistance, the partial thermal resistance calculations do show a decreasing 

trend between four studs per panel and five studs per panel, as expected (Figure 59).  These 

results also fall within the expected range of panel thermal resistance.   

 

The temperatures recorded by thermocouples on the panel surface and embedded within the panel 

did not significantly change based on stud spacing.  Because the concrete studs are a significant 

thermal bridge within the panel, and the temperatures between studs did not change based on the 
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stud spacing, this suggests that any thermal effects of the concrete bridge are localized at the 

studs.  This is further supported by the thermal profile results, as discussed later in this chapter. 

 

 

Figure 59: Effect of Concrete Studs on Thermal Resistance 

 

To test the effect of connector material, specifically GFRP versus galvanized steel, Panel 8 was 

constructed using 4.62 mm diameter galvanized steel connectors.  These were placed in the same 

configuration as Panels 1, 6, and 7, which used 9.5 mm, 12.7 mm, and 6.35 mm GFRP connectors 

respectively.  Similar to the parameters previously discussed, no clear trends were visible from 

the results of the panel thermal resistance analysis.   
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Though the overall thermal resistance of the panels did not show significant change, the 

temperatures recorded at the various layers of the panel clearly showed the effect of the increased 

conductivity of steel.  In each case, the temperature of the GFRP connectors was significantly 

closer to the temperature of the ambient air than the steel connectors, demonstrating that the 

GFRP connector transfers significantly less heat than the steel connectors, even when the area of 

the GFRP connector is increased.  This result was evident despite the smaller area of the steel 

connectors, as the 4.62 mm diameter steel connector had an area of 16.76 mm2 / connector, 

compared to 31.67, 71.26, and 126.7 mm2 / connector for the 6.35, 9.5, and 12.7 mm diameter 

GFRP connectors respectively.   

4.6.3 Temperature Profile Results 

The experimental testing program was able to produce detailed thermal profiles of the panels for 

each test specimen, which are supported by thermal imaging.  Thermocouples were placed at both 

panel surfaces and at various depths within the panel, at locations with connectors, concrete studs 

between connectors, and insulation between concrete studs.  The results clearly demonstrate the 

effect of thermal bridging from connectors and concrete studs, and can be used for experimental 

verification of future studies. 

 

Temperatures were recorded at a total of 17 locations in each panel, with the results shown in 

Appendix A, creating a temperature profile for each panel.  While these results cannot be used 

directly to determine the thermal resistance of the panel, they do allow areas of thermal bridging 

to be identified, and a qualitative determination of the intensity of the thermal bridging, as 

discussed below.  They can also be used to produce thermal gradient profile at various points in 

the panel.   
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One important use of the panel thermal gradient is the determination of the location of 

condensation, based on local climatic conditions.  While this analysis is beyond the scope of this 

study, one concern with the panels was that condensation may occur within the concrete studs.  

However, based on the temperature gradient profile, this appears relatively unlikely in most 

conditions.  Further study is required to confirm this hypothesis. 

 

The temperature profiles suggest that while the thermal bridging caused by GFRP connectors is 

low, thermal bridging did occur at connector locations.  Connector temperature profiles 

repeatedly demonstrated a lower temperature gradient than that of the concrete stud locations and 

insulation locations.  The difference in temperatures between the connector and stud locations 

was typically marginal, but both locations exhibited significantly lower temperature gradients 

than locations between concrete studs.  One significant exception occurred where galvanized steel 

connectors were used in place of GFRP connectors, as previously discussed.    

 

The effect of concrete studs on thermal bridging was measureable.  The temperature gradient at 

each stud location was lower than that of  locations with full depth insulation, which was 

expected due to the reduced insulation thickness in these areas.  The difference in temperatures 

was relatively small and is likely acceptable, though the difference in temperature gradient clearly 

reduces the overall thermal resistance of the panel.  The effect of the concrete studs was also 

clearly evident when thermal imaging was employed. 

 

While the concrete studs were clearly visible using thermal imaging, the GFRP connectors did 

not cause a change in surface temperature large enough to be visible using a thermal camera.  The 

galvanized steel connectors, however, were clearly visible using thermal imaging, which further 
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suggests that these elements can cause significant thermal bridging.  As discussed above, this 

finding is reinforced by the difference in cross-section area of the steel connectors, which were 

more than seven times smaller than the largest GFRP connector employed. 

4.7 Discussion of Results 

While the hot box apparatus did not produce precise measurements of overall panel thermal 

resistance, the experiment was successful in developing detailed temperature profiles of the 

panels, and allowed many qualitative conclusions to be made. 

 

One of the principal goals of the experimental testing was to determine the effect of various panel 

parameters on the overall thermal performance of the panels.  While it was expected that 

significant error would be encountered in the experimental results, it was hoped that trends would 

be evident in the overall results.  The results showed considerably greater variability than 

anticipated, however, with only 61% of the results falling within the expected range using the 

partial thermal resistance method.   

 

The most sophisticated hot box testing is only considered to be accurate to within 14.4% with a 

95% confidence interval, using ASTM C1363.  This is a reflection of the inherent challenges in 

hot box testing, due to both the various methods of heat transfer and the inability to completely 

prevent any heat transfer from occurring.  Because heat energy can be lost from the system by 

radiation, convection, or conduction, minimizing heat energy loss cannot be reduced to one 

variable, such as insulating or sealing the structure.  At best these various mechanisms must be 

controlled and monitored, with the expected heat losses determined from the calibration of the 

apparatus and included in analysis.   
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In the case of this test apparatus, three significant sources of error existed:  The location of the 

structure, the thermal mass of the structure, and the relative thermal resistance of the structure 

with respect to the apparatus.   

 

Testing of full-size specimens was desired both to increase the accuracy of thermal testing and for 

coordination with future structural tests.  However, due to limited available space, safety 

considerations, and the need for a boom or crane to position the panels, the use of full-size 

specimens mandated that the apparatus was positioned outdoors.  While this was expected to 

increase the variability in the results, it was believed that this could be minimized by carefully 

monitoring weather conditions, and limiting test data collection to conditions where the apparatus 

and panel exhibited steady-state performance.  The hot box also did not include a guard chamber 

around the metering and climatic chambers due to the considerable cost of constructing one.  This 

exposed the hot box to the effects of wind, condensation, rain, frost, and variable sky cover at 

various times during the test program.  To mitigate these factors, air temperature, humidity, wind 

speed and wind direction were recorded from Environment Canada measurements at Kingston 

Airport and air temperature and humidity at the test site was recorded.  Test data that was 

recorded with significant deviations in any of these variables was not included in the final 

analysis.  The effect of sky cover on the hot box structure is also significant, as significant heat 

energy is lost to the open sky on clear nights through radiation, which is reflected back to the 

ground on nights with cloud cover.  This effect was controlled by recording the surface 

temperature of the roof of the hot box structure throughout testing, which would experience the 

highest heat loss.  While it was not possible to control these variables, it was possible to record 

their effects, and consider them in the final analysis. 
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The large mass of the panels necessitated a robust structure for hot box construction, and two 

concrete box culvert sections were chosen for strength, as a wood frame structure was not 

expected to provide an appropriate level of safety.  This resulted in the structure having a large 

thermal mass relative to the panels.  The thermal mass of the structure was the controlling factor 

in achieving steady state conditions, though the high level of insulation and thermal mass of the 

panels caused them to require significant time to achieve steady-state as well.  Combined with the 

outdoor conditions, this was a significant challenge.  A structure with a small thermal mass would 

dissipate heat quickly, and could be relied upon to achieve steady-state during calm, early 

morning periods.  Due to the high thermal mass of this structure, however, careful monitoring of 

the apparatus was required to determine whether the apparatus had achieved steady state, or was 

releasing heat to the interior of the hot box, which could not be monitored.  While this source of 

error was monitored to the greatest extent possible, this may be a significant source of error in the 

final analysis.  However, the large thermal mass also allowed the structure to sustain constant 

temperatures, a significant benefit, as further discussed below. 

 

A more conventional source of error was a result of the ratio of apparatus insulation relative to 

the expected panel thermal resistance.  Hot box thermal resistance measurements are highly 

dependent upon the determination of the net energy transferred through the test specimen.  The 

accuracy of these calculations is significantly improved if the amount of heat energy transferred 

through the specimen is large relative to the heat energy losses through the apparatus structure.  

As the test panels were highly insulated, and the walls of the apparatus could only be insulated to 

approximately the same degree as the panel, the combined losses through the walls were much 

higher than the net energy through the panel, as demonstrated by the hot box calibration results.  

As a result, even small errors in the calculation of the apparatus losses or energy input caused 
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large variations in the experimental results.  While this is likely a large source of the hot box 

testing error, the majority of results did fall within the expected range suggests that the 

calculation of the apparatus losses was relatively successful.  Achieving statistical significance in 

the results would be difficult using this method, however, due to the small variation expected 

from the test parameters. 

 

One of the significant benefits of the large thermal mass of the apparatus was its ability to sustain 

stable, constant ambient temperatures in both the metering chamber and climatic chamber.  This 

resulted in very stable temperatures throughout the test panel, and allowed small differences in 

panel temperatures to be detected.  From the panel temperatures, qualitative conclusions could be 

reached regarding many of the test parameters, including relative thermal conductivity of the 

connectors, stud, and insulation sections of the panels, the group effects of connectors and studs, 

the effect of connector size, and the effect of connector material. 

 

Overall, the most significant thermal bridge in the panels is the concrete stud, due to the large 

area of the stud and the lower thermal resistance of the panel in the stud location.  The region of 

the panel containing the concrete stud actually has a reasonably high theoretical thermal 

resistance of 2.0 m2•K / W.  This is only slightly less than the 2.15 m2•K / W provided by a 38 x 

89 mm stud wall with fibreglass batt insulation, but significantly less than the 5.456 m2•K / W 

thermal resistance of the insulation sections.  This was clearly evident in the recorded panel 

temperatures, as well as the thermal images.  Interestingly, the temperature recorded between the 

studs was independent of the stud spacing, so the thermal loss of the studs was limited to the area 

of the stud, with no group effects.  Again, this conclusion was confirmed by thermal imaging. 
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Thermal bridging did occur due to the GFRP connectors, and exceeded the thermal bridging of 

the concrete studs, though the connectors compose a far smaller area of the panel.  In the case of 

the GFRP connectors, this difference was very small.  Interestingly, no recorded change in the 

panel temperatures was recorded with an increase in the connector area, though the area of the 

largest connector was four times that of the smallest connector.  Increasing the area or reducing 

the spacing of the connectors had no noticeable effect on the panel temperatures in the areas 

surrounding the connectors, so the effect of the connector is extremely localized.  Finally, in 

thermal imaging it was not possible to separate the connectors from the concrete stud regions, 

rendering the connectors invisible.  Whether the GFRP connectors would be visible in a panel 

where concrete studs were not present could not be determined from this testing. 

 

While the GFRP connectors did not have a significant effect upon the panels, this cannot be said 

for the steel connectors.  Even with a galvanized steel connector with only half the area of the 

smallest GFRP connector, the effect of bridging through the steel was clearly evident in both 

temperature recordings and thermal imaging.  While the effect of the steel connectors on overall 

panel thermal resistance could not be determined in the experimental testing, it is clear from the 

results that there is a significant increase in thermal bridging when steel connectors are used. 
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Chapter 5 

Summary and Conclusions 

 

5.1 Introduction 

In general, GFRP connectors can improve the thermal performance of sandwich panel systems, 

while providing adequate structural strength.  But despite the use of the material in commercial 

sandwich panels for the past two decades, and significant claims by some of the manufacturers of 

alternative connectors, the degree of strength and the improvement in thermal performance 

provided by GFRP materials has not been adequately quantified.  In addition, independent design 

and analysis of many alternative connector systems remains challenging or impossible, whereas 

design equations using concrete or steel connections are well established. 

 

This study is intended to improve the understanding of structural and thermal sandwich panel 

performance where alternative connectors are used.  Structural testing examined the effect of 

GFRP, polymer, and steel connector materials, the spacing of connectors, and the area of each 

connector, using small scale experimental analysis.  Thermal testing examined the effect of GFRP 

connector diameter, spacing, and area on thermal performance, as well as the effect of partial 

concrete stud penetrations.   
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The study is part of a larger effort to develop a new and innovative sandwich panel system.  

Ideally this system will be scalable for various levels of thermal and structural performance, cost 

effective, and easy to manufacture with a high level of quality control. 

5.2 Summary and Conclusions 

A number of significant conclusions have been made regarding the structural performance of 

various connector materials in dowel action.  The thermal experiments conducted also yielded 

many qualitative conclusions, however quantitative conclusions were difficult to ascertain due to 

significant margins of error in the experiments. 

5.2.1 Structural Performance of Connectors in Double-Shear Testing 

A comprehensive experimental investigation was carried out on shear connectors using 50 large 

scale double-shear test specimens, representing segments of precast concrete sandwich panels 

with 51 mm thick wythes and a 25 mm insulated gap between the concrete wythe and studs.  The 

study addressed various types, sizes, and cross-section geometries of GFRP connectors, in 

comparison with commercially available steel and polymer connectors, various end treatments of 

connectors, and the contribution of adhesion bond between concrete and insulation foam to shear 

transfer.  The following conclusions can be drawn: 

1. Commercially available GFRP bars, including sand-coated and threaded bars can be cut 

to the desired lengths to produce straight shear connectors.  In this study, the shear 

strength of these connectors ranged from 60 to 112 MPa, depending on the type of GFRP.  

These strengths are significantly higher than the strength of specialized polymer 

connectors (22 to 39 MPa) but lower than the strength achieved by conventional steel 

connectors (297 to 365 MPa). 
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2. The measured shear strengths of GFRP connectors are significantly lower than the 

manufacturer reported values of 127 to 183 MPa, since the connectors were not subjected 

to a pure direct shear.  The 25 mm insulation layer between the concrete wythe and stud 

resulted in some bending in addition to shear. 

3. No GFRP connectors failed by pull out, despite the short embedment in the 51 mm 

wythes.  As such, various end treatments attempted to enhance mechanical bond had 

insignificant impact on shear strength. 

4. Varying the GFRP connector size and spacing has an insignificant effect on the average 

shear strength of the connectors.  Also, varying cross-section shape, including circular or 

rectangular, in both the strong and weak directions, had no impact on shear strength. 

5. Load-displacement response is characterized by an initial linear response until a first peak 

at 1 to 2 mm, where adhesion bond between insulation foam and concrete breaks and 

some longitudinal cracks (delamination) initiate within connectors.  The load then drops 

and rises again at a lower stiffness until a second peak is reached at failure of the first 

connector.  The load then descends gradually as connectors fail one by one. 

6. Adhesion bond is quite significant and contributes about 28% to the overall strength.  

However, it is very highly variable. 

7. The GFRP connectors failed by delaminating at several horizontal planes parallel to the 

fibres and then by shearing of the cross-section in the direction of loading. 

5.2.2 Thermal Performance of Full-Scale Sandwich Panels in Hot Box Testing 

Ten full scale samples of the new sandwich panel configuration were constructed and tested 

under steady-state conditions in a purpose-built hot box apparatus.  The panels consisted of two 

50 mm concrete wythes separated by 150 mm of insulation.  Connection of the wythes was 

achieved by a combination of concrete studs and GFRP connectors.  The 100 mm concrete studs 
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were placed in the centre of the insulation so they would not form a complete thermal break, and 

limited the span of the GFRP connectors to 25 mm on each side of the stud. 

 

The hot box apparatus was based around two insulated concrete box culverts, with a minimum of 

100 mm of insulation on all sides, to create a hot and a cold chamber.  The panel was placed 

between the two chambers and insulated on all sides to prevent thermal bridging.  Steady-state 

conditions were then obtained with the hot chamber at 24 ºC and the cold chamber at -5 ºC.  

While the error of the experiment made obtaining significant quantitative conclusions difficult, 

the following conclusions were drawn: 

1. The hot box proved extremely capable of maintaining steady temperatures, allowing 

detailed temperature profiles of all test samples to be obtained under steady-state 

conditions.  This will allow the results of analytical modelling to be compared to accurate 

test temperatures to confirm the validity of the model. 

2. Only 61% of the R-value results fell within the expected range of 3.0 and 5.5 m2•K / W.  

Though hot box testing which strictly confirms to the ASTM C1363-05 is only expected 

to be accurate to within 14% with a 95% confidence interval, this is still a disappointing 

result.  Possible reasons for the lack of accuracy and precision in overall results include 

the high thermal mass of the apparatus, the inability to control conditions outside the hot 

box apparatus, and the low ratio of apparatus to panel thermal resistance. 

3. Though region of the panel containing the concrete stud has a significant thermal 

resistance calculated at 2.0 m2•K / W, the stud region is still the most significant source 

of heat transfer through the panel.  This was clear in both the recorded surface and 

internal temperatures, and thermal images of the panel surface. 
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4. The temperature of the panel between studs was independent of the stud spacing, 

suggesting that no significant group effects of studs occur at the stud spacings tested. 

5. The GFRP connectors do appear to cause a thermal bridge through the insulation layer.  

However, the difference in recorded temperatures was very small, and the connector 

locations were not visible in thermal images. 

6. Increasing the cross-section area of the GFRP connectors had no discernable effect.  In 

addition, areas between the connectors showed no change as the connector spacing was 

varied.  This suggests that the effect of GFRP connectors is both small and localized. 

7. Steel connectors were significant conductors of heat energy.  Despite having half the 

cross section area of the smallest GFRP connector, the steel connectors showed clear 

conductivity in the recorded temperatures.  In addition, the location of the steel 

connectors was clearly visible in thermal images. 

8. Though the steel connectors clearly conducted heat, the effect of that conductivity on the 

overall thermal resistance of the panel could not be determined.   

5.3 Recommendations for Future Work 

This study clearly demonstrated the relative strength and stiffness of various alternative 

connectors versus steel in dowel action.  In addition, thermal testing produced clear temperature 

profiles of the panels and many qualitative results, though experimental error prevented accurate 

determination of the overall thermal resistance of the panels.  As this is the first work of a larger 

study, a number of recommendations can be made based on the construction of the panels, small-

scale structural tests, and full scale thermal tests, including: 

1. Further small-scale structural testing of the selected connector under various conditions.  

Currently the connector has only been tested in double shear over a 25 mm gap.  

Additional testing should be performed with different connector spans, and under 
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different loadings.  In particular, the pull-out strength of the connectors may be of interest 

for tilt-up applications. 

2. Detailed analysis using strain gauges and visual observation of GFRP connector failure 

mode should be performed.  The connectors appeared to break due to laminar failure, as 

successive cracking was heard during testing, and horizontal cracks were visible in all 

GFRP connectors.  In addition, the stiffness of the connectors reduced as testing 

progressed.  This may suggest various methods to improve the dowel strength of GFRP 

connectors. 

3. The strength and ductility of the various GFRP materials varied considerably.  This was 

surprising, as all connectors are used commercially in structural applications, and have 

similar manufacturer’s stated strengths.  Further comparative testing of the GFRP 

connectors may yield results with broader applications than are considered in this study. 

4. Thermal modelling of panels should be expanded, with the accuracy of the modelling 

verified using the experimental results.  The modelling can further be used to more 

accurately determine the effect of connector material and other parameters on overall 

thermal resistance, and refine the new sandwich panel design. 

5. Full-scale panels should be studied in flexure to determine the degree of composite action 

provided by the various design parameters.  The degree of composite action is a critical 

factor in calculating the strength of the sandwich panels under various loading conditions. 

5.4 Repeatability and Accuracy 

The small-scale specimens carried over to Phase 2 of the structural testing were each repeated 

three times.  The results of the structural testing have therefore been reported with one standard 

deviation where possible.  Further precision and accuracy in the results may be obtained by 
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eliminating the insulation bond for all specimens, as the bond was shown to have an effect on the 

overall strength recorded. 

 

Due to the considerable cost and effort of producing the full scale specimens, each thermal 

parameter was only studied in one specimen.  However, many of the specimens were similar in 

design with only minor variations, which allowed many of the qualitative conclusions to be made.  

In some cases, multiple steady-state results were obtained, allowing multiple independent 

calculations of the thermal properties of the panels. 
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Appendix A 

Results of Full-Scale Thermal Testing 

 

This appendix contains the results for each of the ten full-scale sandwich panel specimens tested 

under steady-state thermal conditions, as well as data from three calibration periods.   

 

Both the calibration and test data consists of a summary page detailing weather conditions 

recorded at Kingston Airport, as well as the temperature and power data obtained from 

instrumentation both inside and outside the hot box apparatus.  In addition, the test temperatures 

have been displayed graphically for clarity. 

 

The test data also includes a figure detailing each specimen configuration, including the number 

of studs and connectors, the connector diameter, spacing, and cross-section area, and the date cast 

and tested.  Note for the test specimen data that the hot box wall temperatures are estimated, as 

recording capacity was insufficient to monitor both the specimen and the complete apparatus, as 

discussed in Chapter 4. 
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Calibration #1 Temperatures ‐ 21 August 2010

Summary Information

Date: 21‐Aug‐10

Time: 2:30 AM to 5:55 AM

Previous 24 hr Average Temperature: 17.8 °C

Previous 24 hr Weather: Clear

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 15.3 °C

Test Temperature at Site: 14.9 °C

Test Humidity at Site: 77.7 %rh

Test Wind Speed at Kingston Airport: 6.0 km/h

Test Wind Direction at Kingston Airport: 70 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 67.3 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 88.2 %rh

Average Squared Current to Heater during Test: 5.92 A
2

Average Squared Current to Freezer during Test: 19.34 A
2

Thermocouple Readings

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 14.7

East Exterior Wall Surface 14.5

South Exterior Wall Surface 15.1

Roof Exterior Surface 13.1

Floor Exterior Surface 18.0

North Interior Wall Surface 23.8

East Interior Wall Surface 23.4

South Interior Wall Surface 23.8

Roof Interior Surface 23.9

Floor Interior Surface 24.0

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 14.6

East Exterior Wall Surface 14.8

South Exterior Wall Surface 13.9

Roof Exterior Surface 12.8

Floor Exterior Surface 16.6

North Interior Wall Surface ‐4.4

East Interior Wall Surface ‐4.8

South Interior Wall Surface ‐4.3

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.5

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0

Calibration Panel Temperature (°C)

Metering Chamber Side Panel Surface 24.0

Climatic Chamber Side Panel Surface ‐5.3



129 

 

 



130 

 

 

  

Calibration #2 Temperatures ‐ 25 August 2010

Summary Information

Date: 25‐Aug‐10

Time: 2:30 AM to 7:05 AM

Previous 24 hr Average Temperature: 18.7 °C

Previous 24 hr Weather: Mainly Clear

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 18.0 °C

Test Temperature at Site: 17.1 °C

Test Humidity at Site: 89.8 %rh

Test Wind Speed at Kingston Airport: 8.5 km/h

Test Wind Direction at Kingston Airport: 270 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 70.2 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 89.5 %rh

Average Squared Current to Heater during Test: 5.1 A
2

Average Squared Current to Freezer during Test: 21.2 A
2

Thermocouple Readings

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 17.4

East Exterior Wall Surface 17.4

South Exterior Wall Surface 17.8

Roof Exterior Surface 16.5

Floor Exterior Surface 18.7

North Interior Wall Surface 24.0

East Interior Wall Surface 23.3

South Interior Wall Surface 24.0

Roof Interior Surface 24.1

Floor Interior Surface 24.1

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 16.8

East Exterior Wall Surface 16.8

South Exterior Wall Surface 16.5

Roof Exterior Surface 16.2

Floor Exterior Surface 16.6

North Interior Wall Surface ‐4.3

East Interior Wall Surface ‐4.8

South Interior Wall Surface ‐4.4

Roof Interior Surface ‐5.1

Floor Interior Surface ‐4.4

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0

Calibration Panel Temperature (°C)

Metering Chamber Side Panel Surface 24.1

Climatic Chamber Side Panel Surface ‐5.1
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Calibration #3 Temperatures ‐ 8 October 2010

Summary Information

Date: 8‐Oct‐10

Time: 2:00 AM to 6:00 AM

Previous 24 hr Average Temperature: 14.4 °C

Previous 24 hr Weather: Clear

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 9.6 °C

Test Temperature at Site: 9.0 °C

Test Humidity at Site: 82.0 %rh

Test Wind Speed at Kingston Airport: 13.0 km/h

Test Wind Direction at Kingston Airport: 285 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 58.9 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 88.2 %rh

Average Squared Current to Heater during Test: 8.2 A
2

Average Squared Current to Freezer during Test: 14.1 A
2

Thermocouple Readings

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 7.9

East Exterior Wall Surface 7.9

South Exterior Wall Surface 8.8

Roof Exterior Surface 5.3

Floor Exterior Surface 15.3

North Interior Wall Surface 23.5

East Interior Wall Surface 22.9

South Interior Wall Surface 24.0

Roof Interior Surface 23.8

Floor Interior Surface 24.1

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 8.3

East Exterior Wall Surface 8.8

South Exterior Wall Surface 7.9

Roof Exterior Surface 5.5

Floor Exterior Surface 12.5

North Interior Wall Surface ‐4.5

East Interior Wall Surface ‐4.9

South Interior Wall Surface ‐4.6

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.6

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0

Calibration Panel Temperature (°C)

Metering Chamber Side Panel Surface 23.8

Climatic Chamber Side Panel Surface ‐4.9
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Panel 1 Temperatures ‐ 13 September 2010

Summary Information

Date: 13‐Sep‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 16.3 °C

Previous 24 hr Weather: Cloudy, Rain

Previous 24 hr Precipitation: 0.6 mm

Test Temperature at Kingston Airport: 15.0 °C

Test Temperature at Site: 14.0 °C

Test Humidity at Site: N/A

Test Wind Speed at Kingston Airport: 11.0 km/h

Test Wind Direction at Kingston Airport: 235 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity N/A

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity N/A

Average Squared Current to Heater during Test: 6.5 A
2

Average Squared Current to Freezer during Test: 19.0 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 13.8

East Exterior Wall Surface 13.8

South Exterior Wall Surface 14.3

Roof Exterior Surface 9.6

Floor Exterior Surface 18.4

North Interior Wall Surface 23.8

East Interior Wall Surface 23.2

South Interior Wall Surface 24.0

Roof Interior Surface 23.9

Floor Interior Surface 23.8

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 13.6

East Exterior Wall Surface 13.8

South Exterior Wall Surface 13.2

Roof Exterior Surface 12.0

Floor Exterior Surface 15.4

North Interior Wall Surface ‐4.4

East Interior Wall Surface ‐4.8

South Interior Wall Surface ‐4.4

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.5

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 23.9 529 1200 0

Metering Wythe Surface Stud 23.9 529 1375 0

Metering Wythe Surface Insulation 24.1 775 1200 0

Metering Insulation Surface Connector 23.1 529 1200 50.8

Metering Insulation Surface Stud 23.1 529 1375 50.8

MeteringInsulation Surface Insulation 23.5 775 1200 50.8

Metering Stud Surface Connector N / A 529 1200 76.2

Metering Stud Surface Stud 10.4 529 1375 76.2

Middle Insulation 11.4 775 1200 127

Climatic Stud Surface Connector 9.1 529 1375 127

Climatic Stud Surface Stud 10.0 529 1200 177.8

Climatic Insulation Surface Connector ‐4.0 529 1200 203.2

Climatic Insulation Surface Stud ‐4.5 529 1375 203.2

Climatic Insulation Surface Insulation ‐4.7 775 1200 203.2

Climatic Wythe Surface Connector ‐5.5 529 1200 254

Climatic Wythe Surface Stud ‐5.3 529 1375 254

Climatic Wythe Surface Insulation ‐5.3 775 1200 254
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Panel 1 Temperatures ‐ 14 September 2010

Summary Information

Date: 14‐Sep‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 17.3 °C

Previous 24 hr Weather: Mainly Clear

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 12.2 °C

Test Temperature at Site: 11.4 °C

Test Humidity at Site: N/A

Test Wind Speed at Kingston Airport: 15.0 km/h

Test Wind Direction at Kingston Airport: 260 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity N/A

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity N/A

Average Squared Current to Heater during Test: 5.8 A
2

Average Squared Current to Freezer during Test: 17.7 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 10.7

East Exterior Wall Surface 10.7

South Exterior Wall Surface 11.4

Roof Exterior Surface 7.6

Floor Exterior Surface 18.5

North Interior Wall Surface 23.6

East Interior Wall Surface 23.1

South Interior Wall Surface 24.0

Roof Interior Surface 24.0

Floor Interior Surface 23.9

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 10.8

East Exterior Wall Surface 11.2

South Exterior Wall Surface 10.4

Roof Exterior Surface 8.6

Floor Exterior Surface 14.0

North Interior Wall Surface ‐4.4

East Interior Wall Surface ‐4.9

South Interior Wall Surface ‐4.5

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.6

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector N / A 529 1200 0

Metering Wythe Surface Stud 24.0 529 1375 0

Metering Wythe Surface Insulation 24.2 775 1200 0

Metering Insulation Surface Connector 23.2 529 1200 50.8

Metering Insulation Surface Stud 23.2 529 1375 50.8

MeteringInsulation Surface Insulation 23.6 775 1200 50.8

Metering Stud Surface Connector N / A 529 1200 76.2

Metering Stud Surface Stud 10.4 529 1375 76.2

Middle Insulation 11.4 775 1200 127

Climatic Stud Surface Connector 9.1 529 1375 127

Climatic Stud Surface Stud 10.0 529 1200 177.8

Climatic Insulation Surface Connector ‐4.0 529 1200 203.2

Climatic Insulation Surface Stud ‐4.5 529 1375 203.2

Climatic Insulation Surface Insulation ‐4.8 775 1200 203.2

Climatic Wythe Surface Connector ‐5.5 529 1200 254

Climatic Wythe Surface Stud ‐5.4 529 1375 254

Climatic Wythe Surface Insulation ‐5.3 775 1200 254
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Panel 2 Temperatures ‐22 October 2010

Summary Information

Date: 22‐Oct‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 4.6 °C

Previous 24 hr Weather: Mostly Cloudy

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 0.2 °C

Test Temperature at Site: ‐1.0 °C

Test Humidity at Site: N/A

Test Wind Speed at Kingston Airport: 12.5 km/h

Test Wind Direction at Kingston Airport: 300 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 48.9 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 87.5 %rh

Average Squared Current to Heater during Test: 12.6 A
2

Average Squared Current to Freezer during Test: 11.0 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface ‐3.8

East Exterior Wall Surface ‐3.8

South Exterior Wall Surface ‐2.3

Roof Exterior Surface ‐5.5

Floor Exterior Surface 13.2

North Interior Wall Surface 22.9

East Interior Wall Surface 22.4

South Interior Wall Surface 24.0

Roof Interior Surface 23.1

Floor Interior Surface 24.4

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface ‐2.2

East Exterior Wall Surface ‐1.1

South Exterior Wall Surface ‐2.7

Roof Exterior Surface ‐7.6

Floor Exterior Surface 7.2

North Interior Wall Surface ‐4.8

East Interior Wall Surface ‐5.0

South Interior Wall Surface ‐4.9

Roof Interior Surface ‐5.3

Floor Interior Surface ‐4.8

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 23.0 1021 1575 0

Metering Wythe Surface Stud 23.2 1021 1200 0

Metering Wythe Surface Insulation 23.3 775 1200 0

Metering Insulation Surface Connector 22.2 1021 1575 50.8

Metering Insulation Surface Stud 22.6 1021 1200 50.8

MeteringInsulation Surface Insulation 22.8 775 1200 50.8

Metering Stud Surface Connector 10.1 1021 1575 76.2

Metering Stud Surface Stud 9.5 1021 1200 76.2

Middle Insulation 10.7 775 1200 127

Climatic Stud Surface Connector 8.3 1021 1575 127

Climatic Stud Surface Stud 8.9 1021 1200 177.8

Climatic Insulation Surface Connector ‐3.4 1021 1575 203.2

Climatic Insulation Surface Stud ‐4.5 1021 1200 203.2

Climatic Insulation Surface Insulation ‐4.8 775 1200 203.2

Climatic Wythe Surface Connector ‐4.6 1021 1575 254

Climatic Wythe Surface Stud ‐4.9 1021 1200 254

Climatic Wythe Surface Insulation ‐5.1 775 1200 254
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Panel 3 Temperatures ‐ 20 September 2010

Summary Information

Date: 20‐Sep‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 12.9 °C

Previous 24 hr Weather: Mainly Clear

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 6.2 °C

Test Temperature at Site: 7.9 °C

Test Humidity at Site: 92.8 %rh

Test Wind Speed at Kingston Airport: 12.5 km/h

Test Wind Direction at Kingston Airport: 350 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 56.0 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 87.9 %rh

Average Squared Current to Heater during Test: 8.0 A
2

Average Squared Current to Freezer during Test: 17.3 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 6.6

East Exterior Wall Surface 6.6

South Exterior Wall Surface 7.6

Roof Exterior Surface 6.2

Floor Exterior Surface 15.4

North Interior Wall Surface 23.4

East Interior Wall Surface 22.9

South Interior Wall Surface 24.0

Roof Interior Surface 23.6

Floor Interior Surface 24.1

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 7.2

East Exterior Wall Surface 7.7

South Exterior Wall Surface 6.7

Roof Exterior Surface 4.0

Floor Exterior Surface 12.1

North Interior Wall Surface ‐4.5

East Interior Wall Surface ‐4.9

South Interior Wall Surface ‐4.6

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.6

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 23.3 1021 1200 0

Metering Wythe Surface Stud 23.5 1021 1310 0

Metering Wythe Surface Insulation 23.7 775 1200 0

Metering Insulation Surface Connector 22.4 1021 1200 50.8

Metering Insulation Surface Stud 22.8 1021 1310 50.8

MeteringInsulation Surface Insulation 23.2 775 1200 50.8

Metering Stud Surface Connector 10.8 1021 1200 76.2

Metering Stud Surface Stud 10.2 1021 1310 76.2

Middle Insulation 10.8 775 1200 127

Climatic Stud Surface Connector 8.3 1021 1200 127

Climatic Stud Surface Stud 9.8 1021 1310 177.8

Climatic Insulation Surface Connector ‐4.0 1021 1200 203.2

Climatic Insulation Surface Stud ‐4.4 1021 1310 203.2

Climatic Insulation Surface Insulation ‐4.6 775 1200 203.2

Climatic Wythe Surface Connector ‐4.8 1021 1200 254

Climatic Wythe Surface Stud ‐5.2 1021 1310 254

Climatic Wythe Surface Insulation ‐5.2 775 1200 254
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Panel 3 Temperatures ‐ 21 September 2010

Summary Information

Date: 21‐Sep‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 12.0 °C

Previous 24 hr Weather: Clear

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 5.4 °C

Test Temperature at Site: 6.7 °C

Test Humidity at Site: 92.8 %rh

Test Wind Speed at Kingston Airport: 6.0 km/h

Test Wind Direction at Kingston Airport: 45 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 52.6 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 88.3 %rh

Average Squared Current to Heater during Test: 7.4 A
2

Average Squared Current to Freezer during Test: 15.6 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 5.2

East Exterior Wall Surface 5.2

South Exterior Wall Surface 6.2

Roof Exterior Surface 3.9

Floor Exterior Surface 15.3

North Interior Wall Surface 23.4

East Interior Wall Surface 22.8

South Interior Wall Surface 24.0

Roof Interior Surface 23.7

Floor Interior Surface 24.2

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 5.9

East Exterior Wall Surface 6.5

South Exterior Wall Surface 5.4

Roof Exterior Surface 2.4

Floor Exterior Surface 11.4

North Interior Wall Surface ‐4.6

East Interior Wall Surface ‐4.9

South Interior Wall Surface ‐4.6

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.7

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 23.4 1021 1200 0

Metering Wythe Surface Stud 23.5 1021 1310 0

Metering Wythe Surface Insulation 23.8 775 1200 0

Metering Insulation Surface Connector 22.5 1021 1200 50.8

Metering Insulation Surface Stud 22.8 1021 1310 50.8

MeteringInsulation Surface Insulation 23.2 775 1200 50.8

Metering Stud Surface Connector 10.9 1021 1200 76.2

Metering Stud Surface Stud 10.2 1021 1310 76.2

Middle Insulation 10.8 775 1200 127

Climatic Stud Surface Connector 8.3 1021 1200 127

Climatic Stud Surface Stud 9.8 1021 1310 177.8

Climatic Insulation Surface Connector ‐4.0 1021 1200 203.2

Climatic Insulation Surface Stud ‐4.4 1021 1310 203.2

Climatic Insulation Surface Insulation ‐4.6 775 1200 203.2

Climatic Wythe Surface Connector ‐4.8 1021 1200 254

Climatic Wythe Surface Stud ‐5.1 1021 1310 254

Climatic Wythe Surface Insulation ‐5.2 775 1200 254
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Panel 4 Temperatures ‐ 11 October 2010

Summary Information

Date: 11‐Oct‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 8.6 °C

Previous 24 hr Weather: Clear

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 7.8 °C

Test Temperature at Site: 8.0 °C

Test Humidity at Site: 77.3 %rh

Test Wind Speed at Kingston Airport: 9.3 km/h

Test Wind Direction at Kingston Airport: 10 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 49.9 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 85.2 %rh

Average Squared Current to Heater during Test: 9.8 A
2

Average Squared Current to Freezer during Test: 14.3 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 6.7

East Exterior Wall Surface 6.7

South Exterior Wall Surface 7.7

Roof Exterior Surface 4.3

Floor Exterior Surface 13.5

North Interior Wall Surface 23.4

East Interior Wall Surface 22.9

South Interior Wall Surface 24.0

Roof Interior Surface 23.7

Floor Interior Surface 24.1

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 7.3

East Exterior Wall Surface 7.8

South Exterior Wall Surface 6.8

Roof Exterior Surface 4.1

Floor Exterior Surface 12.1

North Interior Wall Surface ‐4.5

East Interior Wall Surface ‐4.9

South Interior Wall Surface ‐4.6

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.6

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 24.0 775 1200 0

Metering Wythe Surface Stud 23.6 775 1375 0

Metering Wythe Surface Insulation 24.2 591 1200 0

Metering Insulation Surface Connector 22.9 775 1200 50.8

Metering Insulation Surface Stud 23.1 775 1375 50.8

Metering Insulation Surface Insulation 23.5 591 1200 50.8

Metering Stud Surface Connector 9.6 775 1200 76.2

Metering Stud Surface Stud 9.5 775 1375 76.2

Middle Insulation 9.8 591 1200 127

Climatic Stud Surface Connector 8.4 775 1200 127

Climatic Stud Surface Stud 8.9 775 1375 177.8

Climatic Insulation Surface Connector ‐4.0 775 1200 203.2

Climatic Insulation Surface Stud ‐4.4 775 1375 203.2

Climatic Insulation Surface Insulation ‐4.6 591 1200 203.2

Climatic Wythe Surface Connector ‐5.0 775 1200 254

Climatic Wythe Surface Stud ‐5.4 775 1375 254

Climatic Wythe Surface Insulation ‐5.2 591 1200 254
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Panel 4 Temperatures ‐ 12 October 2010

Summary Information

Date: 12‐Oct‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 8.8 °C

Previous 24 hr Weather: Clear

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 7.3 °C

Test Temperature at Site: 7.3 °C

Test Humidity at Site: 66.8 %rh

Test Wind Speed at Kingston Airport: 12.5 km/h

Test Wind Direction at Kingston Airport: 15 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 47.4 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 86.3 %rh

Average Squared Current to Heater during Test: 9.0 A
2

Average Squared Current to Freezer during Test: 12.9 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 5.9

East Exterior Wall Surface 5.9

South Exterior Wall Surface 6.9

Roof Exterior Surface 6.9

Floor Exterior Surface 11.5

North Interior Wall Surface 22.9

East Interior Wall Surface 22.4

South Interior Wall Surface 24.0

Roof Interior Surface 23.7

Floor Interior Surface 24.0

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 6.5

East Exterior Wall Surface 7.1

South Exterior Wall Surface 6.1

Roof Exterior Surface 3.2

Floor Exterior Surface 11.7

North Interior Wall Surface ‐4.5

East Interior Wall Surface ‐4.9

South Interior Wall Surface ‐4.6

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.6

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 24.1 775 1200 0

Metering Wythe Surface Stud 23.6 775 1375 0

Metering Wythe Surface Insulation 24.2 591 1200 0

Metering Insulation Surface Connector 22.9 775 1200 50.8

Metering Insulation Surface Stud 23.1 775 1375 50.8

Metering Insulation Surface Insulation 23.5 591 1200 50.8

Metering Stud Surface Connector 9.6 775 1200 76.2

Metering Stud Surface Stud 9.6 775 1375 76.2

Middle Insulation 9.8 591 1200 127

Climatic Stud Surface Connector 8.4 775 1200 127

Climatic Stud Surface Stud 8.9 775 1375 177.8

Climatic Insulation Surface Connector ‐4.1 775 1200 203.2

Climatic Insulation Surface Stud ‐4.4 775 1375 203.2

Climatic Insulation Surface Insulation ‐4.6 591 1200 203.2

Climatic Wythe Surface Connector ‐4.9 775 1200 254

Climatic Wythe Surface Stud ‐5.2 775 1375 254

Climatic Wythe Surface Insulation ‐5.1 591 1200 254
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Panel 5 Temperatures ‐ 26 October 2010

Summary Information

Date: 26‐Oct‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 9.8 °C

Previous 24 hr Weather: Cloudy

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 13.0 °C

Test Temperature at Site: 13.5 °C

Test Humidity at Site: 96.8 %rh

Test Wind Speed at Kingston Airport: 8.3 km/h

Test Wind Direction at Kingston Airport: 180 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 57.5 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 88.8 %rh

Average Squared Current to Heater during Test: 12.1 A
2

Average Squared Current to Freezer during Test: 19.3 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 13.2

East Exterior Wall Surface 13.1

South Exterior Wall Surface 13.7

Roof Exterior Surface 13.0

Floor Exterior Surface 12.8

North Interior Wall Surface 23.8

East Interior Wall Surface 23.2

South Interior Wall Surface 24.0

Roof Interior Surface 22.9

Floor Interior Surface 23.7

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 13.1

East Exterior Wall Surface 13.3

South Exterior Wall Surface 12.6

Roof Exterior Surface 11.3

Floor Exterior Surface 15.1

North Interior Wall Surface ‐4.4

East Interior Wall Surface ‐4.8

South Interior Wall Surface ‐4.4

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.5

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 23.1 775 1200 0

Metering Wythe Surface Stud 23.0 775 1375 0

Metering Wythe Surface Insulation 23.1 406 1200 0

Metering Insulation Surface Connector 22.1 775 1200 50.8

Metering Insulation Surface Stud 22.3 775 1375 50.8

Metering Insulation Surface Insulation 22.6 406 1200 50.8

Metering Stud Surface Connector 10.3 775 1200 76.2

Metering Stud Surface Stud 10.4 775 1375 76.2

Middle Insulation 9.6 406 1200 127

Climatic Stud Surface Connector 7.7 775 1200 127

Climatic Stud Surface Stud 9.4 775 1375 177.8

Climatic Insulation Surface Connector ‐3.5 775 1200 203.2

Climatic Insulation Surface Stud ‐4.3 775 1375 203.2

Climatic Insulation Surface Insulation ‐4.5 406 1200 203.2

Climatic Wythe Surface Connector ‐4.7 775 1200 254

Climatic Wythe Surface Stud N/A 775 1375 254

Climatic Wythe Surface Insulation ‐4.9 406 1200 254
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Panel 6 Temperatures ‐ 17 October 2010

Summary Information

Date: 17‐Oct‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 9.8 °C

Previous 24 hr Weather: Clear

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 7.5 °C

Test Temperature at Site: 4.6 °C

Test Humidity at Site: 83.3 %rh

Test Wind Speed at Kingston Airport: 8.8 km/h

Test Wind Direction at Kingston Airport: 235 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 52.5 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 88.2 %rh

Average Squared Current to Heater during Test: 10.9 A
2

Average Squared Current to Freezer during Test: 12.7 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 2.7

East Exterior Wall Surface 2.7

South Exterior Wall Surface 3.9

Roof Exterior Surface 1.8

Floor Exterior Surface 12.5

North Interior Wall Surface 23.2

East Interior Wall Surface 22.7

South Interior Wall Surface 24.0

Roof Interior Surface 23.2

Floor Interior Surface 24.1

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 3.7

East Exterior Wall Surface 4.5

South Exterior Wall Surface 3.5

Roof Exterior Surface ‐0.3

Floor Exterior Surface 10.3

North Interior Wall Surface ‐4.6

East Interior Wall Surface ‐5.0

South Interior Wall Surface ‐4.7

Roof Interior Surface ‐5.3

Floor Interior Surface ‐4.7

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 23.1 1021 1200 0

Metering Wythe Surface Stud 23.4 1021 1375 0

Metering Wythe Surface Insulation 23.4 775 1200 0

Metering Insulation Surface Connector 21.9 1021 1200 50.8

Metering Insulation Surface Stud 22.5 1021 1375 50.8

MeteringInsulation Surface Insulation 22.9 775 1200 50.8

Metering Stud Surface Connector 11.8 1021 1200 76.2

Metering Stud Surface Stud 9.9 1021 1375 76.2

Middle Insulation 10.6 775 1200 127

Climatic Stud Surface Connector 9.1 1021 1200 127

Climatic Stud Surface Stud 9.1 1021 1375 177.8

Climatic Insulation Surface Connector ‐3.9 1021 1200 203.2

Climatic Insulation Surface Stud ‐4.7 1021 1375 203.2

Climatic Insulation Surface Insulation ‐4.9 775 1200 203.2

Climatic Wythe Surface Connector N/A 1021 1200 254

Climatic Wythe Surface Stud ‐5.0 1021 1375 254

Climatic Wythe Surface Insulation ‐5.3 775 1200 254
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Panel 6 Temperatures ‐ 18 October 2010

Summary Information

Date: 18‐Oct‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 10.8 °C

Previous 24 hr Weather: Mostly Cloudy

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 3.8 °C

Test Temperature at Site: 2.5 °C

Test Humidity at Site: 85.5 %rh

Test Wind Speed at Kingston Airport: 7.8 km/h

Test Wind Direction at Kingston Airport: 280 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 50.4 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 88.5 %rh

Average Squared Current to Heater during Test: 10.0 A
2

Average Squared Current to Freezer during Test: 12.3 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 0.3

East Exterior Wall Surface 0.3

South Exterior Wall Surface 1.6

Roof Exterior Surface ‐1.7

Floor Exterior Surface 12.9

North Interior Wall Surface 23.1

East Interior Wall Surface 22.6

South Interior Wall Surface 24.0

Roof Interior Surface 23.3

Floor Interior Surface 24.1

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 1.5

East Exterior Wall Surface 2.4

South Exterior Wall Surface 1.0

Roof Exterior Surface ‐3.1

Floor Exterior Surface 9.1

North Interior Wall Surface ‐4.7

East Interior Wall Surface ‐5.0

South Interior Wall Surface ‐4.8

Roof Interior Surface ‐5.3

Floor Interior Surface ‐4.8

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 23.2 1021 1200 0

Metering Wythe Surface Stud 23.4 1021 1375 0

Metering Wythe Surface Insulation 23.5 775 1200 0

Metering Insulation Surface Connector 22.1 1021 1200 50.8

Metering Insulation Surface Stud 22.6 1021 1375 50.8

MeteringInsulation Surface Insulation 23.0 775 1200 50.8

Metering Stud Surface Connector 11.8 1021 1200 76.2

Metering Stud Surface Stud 9.9 1021 1375 76.2

Middle Insulation 10.7 775 1200 127

Climatic Stud Surface Connector 9.3 1021 1200 127

Climatic Stud Surface Stud 9.2 1021 1375 177.8

Climatic Insulation Surface Connector ‐3.8 1021 1200 203.2

Climatic Insulation Surface Stud ‐4.6 1021 1375 203.2

Climatic Insulation Surface Insulation ‐4.8 775 1200 203.2

Climatic Wythe Surface Connector N/A 1021 1200 254

Climatic Wythe Surface Stud ‐5.1 1021 1375 254

Climatic Wythe Surface Insulation ‐5.5 775 1200 254
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Panel 6 Temperatures ‐ 19 October 2010

Summary Information

Date: 19‐Oct‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 6.1 °C

Previous 24 hr Weather: Mainly Clear

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 1.8 °C

Test Temperature at Site: 1.2 °C

Test Humidity at Site: 84.0 %rh

Test Wind Speed at Kingston Airport: 5.3 km/h

Test Wind Direction at Kingston Airport: 315 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 45.3 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 88.6 %rh

Average Squared Current to Heater during Test: 10.5 A
2

Average Squared Current to Freezer during Test: 10.9 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface ‐1.2

East Exterior Wall Surface ‐1.2

South Exterior Wall Surface 0.2

Roof Exterior Surface ‐1.7

Floor Exterior Surface 12.7

North Interior Wall Surface 23.0

East Interior Wall Surface 22.5

South Interior Wall Surface 24.0

Roof Interior Surface 23.3

Floor Interior Surface 24.2

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 0.1

East Exterior Wall Surface 1.1

South Exterior Wall Surface ‐0.4

Roof Exterior Surface ‐4.7

Floor Exterior Surface 8.4

North Interior Wall Surface ‐4.7

East Interior Wall Surface ‐5.0

South Interior Wall Surface ‐4.8

Roof Interior Surface ‐5.3

Floor Interior Surface ‐4.8

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 23.1 1021 1200 0

Metering Wythe Surface Stud 23.4 1021 1375 0

Metering Wythe Surface Insulation 23.5 775 1200 0

Metering Insulation Surface Connector 22.1 1021 1200 50.8

Metering Insulation Surface Stud 22.6 1021 1375 50.8

Metering Insulation Surface Insulation 23.0 775 1200 50.8

Metering Stud Surface Connector 11.9 1021 1200 76.2

Metering Stud Surface Stud 10.0 1021 1375 76.2

Middle Insulation 10.6 775 1200 127

Climatic Stud Surface Connector 9.3 1021 1200 127

Climatic Stud Surface Stud 9.2 1021 1375 177.8

Climatic Insulation Surface Connector ‐3.9 1021 1200 203.2

Climatic Insulation Surface Stud ‐4.6 1021 1375 203.2

Climatic Insulation Surface Insulation ‐4.8 775 1200 203.2

Climatic Wythe Surface Connector N/A 1021 1200 254

Climatic Wythe Surface Stud ‐5.0 1021 1375 254

Climatic Wythe Surface Insulation ‐5.4 775 1200 254
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Panel 7 Temperatures ‐ 5 September 2010

Summary Information

Date: 5‐Sep‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 15.8 °C

Previous 24 hr Weather: Mostly Cloudy

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 11.7 °C

Test Temperature at Site: 10.8 °C

Test Humidity at Site: 85.5 %rh

Test Wind Speed at Kingston Airport: 16.3 km/h

Test Wind Direction at Kingston Airport: 270 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 56.2 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 87.2 %rh

Average Squared Current to Heater during Test: 6.7 A
2

Average Squared Current to Freezer during Test: 16.9 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 10.0

East Exterior Wall Surface 10.0

South Exterior Wall Surface 10.8

Roof Exterior Surface 9.2

Floor Exterior Surface 20.3

North Interior Wall Surface 23.6

East Interior Wall Surface 23.0

South Interior Wall Surface 24.0

Roof Interior Surface 24.0

Floor Interior Surface 24.1

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 10.2

East Exterior Wall Surface 10.6

South Exterior Wall Surface 9.8

Roof Exterior Surface 7.8

Floor Exterior Surface 13.7

North Interior Wall Surface ‐4.4

East Interior Wall Surface ‐4.9

South Interior Wall Surface ‐4.5

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.6

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0



201 

 

 

  

Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 23.3 1021 1200 0

Metering Wythe Surface Stud 23.5 1021 1375 0

Metering Wythe Surface Insulation 23.8 775 1200 0

Metering Insulation Surface Connector 21.7 1021 1200 50.8

Metering Insulation Surface Stud 22.8 1021 1375 50.8

Metering Insulation Surface Insulation 23.3 775 1200 50.8

Metering Stud Surface Connector 9.3 1021 1200 76.2

Metering Stud Surface Stud 10.3 1021 1375 76.2

Middle Insulation 11.6 775 1200 127

Climatic Stud Surface Connector 4.6 1021 1200 127

Climatic Stud Surface Stud 8.9 1021 1375 177.8

Climatic Insulation Surface Connector ‐3.5 1021 1200 203.2

Climatic Insulation Surface Stud ‐4.4 1021 1375 203.2

Climatic Insulation Surface Insulation ‐4.7 775 1200 203.2

Climatic Wythe Surface Connector ‐5.1 1021 1200 254

Climatic Wythe Surface Stud ‐5.5 1021 1375 254

Climatic Wythe Surface Insulation ‐5.4 775 1200 254
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Panel 7 Temperatures ‐ 6 September 2010

Summary Information

Date: 6‐Sep‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 14.5 °C

Previous 24 hr Weather: Mostly Cloudy

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 14.9 °C

Test Temperature at Site: 10.9 °C

Test Humidity at Site: 78.3 %rh

Test Wind Speed at Kingston Airport: 9.0 km/h

Test Wind Direction at Kingston Airport: 235 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 51.1 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 87.4 %rh

Average Squared Current to Heater during Test: 7.1 A
2

Average Squared Current to Freezer during Test: 16.9 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 10.1

East Exterior Wall Surface 10.1

South Exterior Wall Surface 10.9

Roof Exterior Surface 5.7

Floor Exterior Surface 19.7

North Interior Wall Surface 23.6

East Interior Wall Surface 23.0

South Interior Wall Surface 24.0

Roof Interior Surface 23.9

Floor Interior Surface 24.1

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 10.3

East Exterior Wall Surface 10.7

South Exterior Wall Surface 9.9

Roof Exterior Surface 7.9

Floor Exterior Surface 13.7

North Interior Wall Surface ‐4.4

East Interior Wall Surface ‐4.9

South Interior Wall Surface ‐4.5

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.6

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 23.2 1021 1200 0

Metering Wythe Surface Stud 23.4 1021 1375 0

Metering Wythe Surface Insulation 23.7 775 1200 0

Metering Insulation Surface Connector 21.6 1021 1200 50.8

Metering Insulation Surface Stud 22.7 1021 1375 50.8

Metering Insulation Surface Insulation 23.2 775 1200 50.8

Metering Stud Surface Connector 9.3 1021 1200 76.2

Metering Stud Surface Stud 10.3 1021 1375 76.2

Middle Insulation 11.6 775 1200 127

Climatic Stud Surface Connector 4.5 1021 1200 127

Climatic Stud Surface Stud 8.8 1021 1375 177.8

Climatic Insulation Surface Connector ‐3.5 1021 1200 203.2

Climatic Insulation Surface Stud ‐4.4 1021 1375 203.2

Climatic Insulation Surface Insulation ‐4.7 775 1200 203.2

Climatic Wythe Surface Connector ‐5.1 1021 1200 254

Climatic Wythe Surface Stud ‐5.5 1021 1375 254

Climatic Wythe Surface Insulation ‐5.4 775 1200 254
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Panel 8 Temperatures ‐ 25 September 2010

Summary Information

Date: 25‐Sep‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 19.3 °C

Previous 24 hr Weather: Mostly Cloudy

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 16.7 °C

Test Temperature at Site: 16.3 °C

Test Humidity at Site: 73.0 %rh

Test Wind Speed at Kingston Airport: 21.8 km/h

Test Wind Direction at Kingston Airport: 235 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 69.4 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 88.9 %rh

Average Squared Current to Heater during Test: 5.6 A
2

Average Squared Current to Freezer during Test: 22.0 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 16.4

East Exterior Wall Surface 16.4

South Exterior Wall Surface 16.8

Roof Exterior Surface 14.6

Floor Exterior Surface 17.3

North Interior Wall Surface 23.9

East Interior Wall Surface 23.3

South Interior Wall Surface 24.0

Roof Interior Surface 24.1

Floor Interior Surface 24.2

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 16.0

East Exterior Wall Surface 16.1

South Exterior Wall Surface 15.6

Roof Exterior Surface 15.0

Floor Exterior Surface 16.7

North Interior Wall Surface ‐4.3

East Interior Wall Surface ‐4.8

South Interior Wall Surface ‐4.4

Roof Interior Surface ‐5.1

Floor Interior Surface ‐4.4

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 24.0 1021 1200 0

Metering Wythe Surface Stud 24.0 1021 1375 0

Metering Wythe Surface Insulation 24.2 775 1200 0

Metering Insulation Surface Connector 20.1 1021 1200 50.8

Metering Insulation Surface Stud 23.2 1021 1375 50.8

Metering Insulation Surface Insulation 23.6 775 1200 50.8

Metering Stud Surface Connector 7.7 1021 1200 76.2

Metering Stud Surface Stud 9.9 1021 1375 76.2

Middle Insulation 11.1 775 1200 127

Climatic Stud Surface Connector N/A 1021 1200 127

Climatic Stud Surface Stud N/A 1021 1375 177.8

Climatic Insulation Surface Connector ‐2.8 1021 1200 203.2

Climatic Insulation Surface Stud ‐4.3 1021 1375 203.2

Climatic Insulation Surface Insulation ‐4.5 775 1200 203.2

Climatic Wythe Surface Connector ‐4.6 1021 1200 254

Climatic Wythe Surface Stud ‐5.0 1021 1375 254

Climatic Wythe Surface Insulation ‐5.1 775 1200 254
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Panel 8 Temperatures ‐ 26 September 2010

Summary Information

Date: 26‐Sep‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 12.5 °C

Previous 24 hr Weather: Mostly Cloudy

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 11.0 °C

Test Temperature at Site: 11.1 °C

Test Humidity at Site: 86.3 %rh

Test Wind Speed at Kingston Airport: 6.0 km/h

Test Wind Direction at Kingston Airport: 275 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 61.6 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 89.0 %rh

Average Squared Current to Heater during Test: 7.0 A
2

Average Squared Current to Freezer during Test: 18.7 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 10.4

East Exterior Wall Surface 10.3

South Exterior Wall Surface 11.1

Roof Exterior Surface 9.1

Floor Exterior Surface 17.3

North Interior Wall Surface 23.6

East Interior Wall Surface 23.1

South Interior Wall Surface 24.0

Roof Interior Surface 24.0

Floor Interior Surface 24.2

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 10.5

East Exterior Wall Surface 10.9

South Exterior Wall Surface 10.1

Roof Exterior Surface 8.2

Floor Exterior Surface 13.8

North Interior Wall Surface ‐4.4

East Interior Wall Surface ‐4.9

South Interior Wall Surface ‐4.5

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.6

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 23.9 1021 1200 0

Metering Wythe Surface Stud 23.9 1021 1375 0

Metering Wythe Surface Insulation 24.1 775 1200 0

Metering Insulation Surface Connector 19.9 1021 1200 50.8

Metering Insulation Surface Stud 23.0 1021 1375 50.8

Metering Insulation Surface Insulation 23.4 775 1200 50.8

Metering Stud Surface Connector 7.7 1021 1200 76.2

Metering Stud Surface Stud 9.8 1021 1375 76.2

Middle Insulation 10.8 775 1200 127

Climatic Stud Surface Connector N/A 1021 1200 127

Climatic Stud Surface Stud N/A 1021 1375 177.8

Climatic Insulation Surface Connector ‐3.0 1021 1200 203.2

Climatic Insulation Surface Stud ‐4.4 1021 1375 203.2

Climatic Insulation Surface Insulation ‐4.7 775 1200 203.2

Climatic Wythe Surface Connector ‐4.7 1021 1200 254

Climatic Wythe Surface Stud ‐5.1 1021 1375 254

Climatic Wythe Surface Insulation ‐5.2 775 1200 254
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Panel 8 Temperatures ‐ 29 September 2010

Summary Information

Date: 29‐Sep‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 19.1 °C

Previous 24 hr Weather: Mostly Cloudy

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 14.8 °C

Test Temperature at Site: 14.6 °C

Test Humidity at Site: 80.0 %rh

Test Wind Speed at Kingston Airport: 25.0 km/h

Test Wind Direction at Kingston Airport: 245 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 71.9 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 89.7 %rh

Average Squared Current to Heater during Test: 6.0 A
2

Average Squared Current to Freezer during Test: 18.4 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 14.5

East Exterior Wall Surface 14.4

South Exterior Wall Surface 15.0

Roof Exterior Surface 12.8

Floor Exterior Surface 17.5

North Interior Wall Surface 23.8

East Interior Wall Surface 23.3

South Interior Wall Surface 24.0

Roof Interior Surface 24.0

Floor Interior Surface 24.1

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 14.2

East Exterior Wall Surface 14.4

South Exterior Wall Surface 13.8

Roof Exterior Surface 12.7

Floor Exterior Surface 15.7

North Interior Wall Surface ‐4.3

East Interior Wall Surface ‐4.8

South Interior Wall Surface ‐4.4

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.5

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 23.5 1021 1200 0

Metering Wythe Surface Stud 23.9 1021 1375 0

Metering Wythe Surface Insulation 24.0 775 1200 0

Metering Insulation Surface Connector 20.0 1021 1200 50.8

Metering Insulation Surface Stud 23.1 1021 1375 50.8

Metering Insulation Surface Insulation 23.5 775 1200 50.8

Metering Stud Surface Connector 7.7 1021 1200 76.2

Metering Stud Surface Stud 9.8 1021 1375 76.2

Middle Insulation 10.8 775 1200 127

Climatic Stud Surface Connector N/A 1021 1200 127

Climatic Stud Surface Stud N/A 1021 1375 177.8

Climatic Insulation Surface Connector ‐3.1 1021 1200 203.2

Climatic Insulation Surface Stud ‐4.4 1021 1375 203.2

Climatic Insulation Surface Insulation ‐4.8 775 1200 203.2

Climatic Wythe Surface Connector ‐4.5 1021 1200 254

Climatic Wythe Surface Stud ‐5.0 1021 1375 254

Climatic Wythe Surface Insulation ‐5.2 775 1200 254
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Panel 9 Temperatures ‐29 October 2010

Summary Information

Date: 29‐Oct‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 6.0 °C

Previous 24 hr Weather: Mostly Cloudy

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 7.6 °C

Test Temperature at Site: 6.9 °C

Test Humidity at Site: 81.5 %rh

Test Wind Speed at Kingston Airport: 13.5 km/h

Test Wind Direction at Kingston Airport: 260 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity 52.7 %rh

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity 89.0 %rh

Average Squared Current to Heater during Test: 10.5 A
2

Average Squared Current to Freezer during Test: 14.3 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 5.4

East Exterior Wall Surface 5.4

South Exterior Wall Surface 6.5

Roof Exterior Surface 5.5

Floor Exterior Surface 14.7

North Interior Wall Surface 23.4

East Interior Wall Surface 23.8

South Interior Wall Surface 24.0

Roof Interior Surface 23.6

Floor Interior Surface 24.0

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 6.1

East Exterior Wall Surface 6.7

South Exterior Wall Surface 5.7

Roof Exterior Surface 2.7

Floor Exterior Surface 11.5

North Interior Wall Surface ‐4.5

East Interior Wall Surface ‐4.9

South Interior Wall Surface ‐4.6

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.7

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector 23.3 1021 1575 0

Metering Wythe Surface Stud 23.7 1021 1200 0

Metering Wythe Surface Insulation 23.6 775 1200 0

Metering Insulation Surface Connector 22.4 1021 1575 50.8

Metering Insulation Surface Stud 22.8 1021 1200 50.8

MeteringInsulation Surface Insulation 23.1 775 1200 50.8

Metering Stud Surface Connector 10.7 1021 1575 76.2

Metering Stud Surface Stud 10.4 1021 1200 76.2

Middle Insulation 10.8 775 1200 127

Climatic Stud Surface Connector 8.9 1021 1575 127

Climatic Stud Surface Stud 9.6 1021 1200 177.8

Climatic Insulation Surface Connector ‐3.4 1021 1575 203.2

Climatic Insulation Surface Stud ‐4.4 1021 1200 203.2

Climatic Insulation Surface Insulation ‐4.7 775 1200 203.2

Climatic Wythe Surface Connector ‐5.0 1021 1575 254

Climatic Wythe Surface Stud ‐4.9 1021 1200 254

Climatic Wythe Surface Insulation ‐5.0 775 1200 254
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Panel 10 Temperatures ‐ 16 September 2010

Summary Information

Date: 16‐Sep‐10

Time: 2:00 ‐ 6:00 AM

Previous 24 hr Average Temperature: 11.7 °C

Previous 24 hr Weather: Mostly Cloudy

Previous 24 hr Precipitation: 0.0 mm

Test Temperature at Kingston Airport: 10.2 °C

Test Temperature at Site: 9.5 °C

Test Humidity at Site: N/A

Test Wind Speed at Kingston Airport: 6.8 km/h

Test Wind Direction at Kingston Airport: 55 degrees

Test Precipitation 0.0 mm

Metering Chamber Air Temperature 24.5 °C

Metering Chamber Humidity N/A

Climatic Chamber Air Temperature ‐4.7 °C

Climatic Chamber Humidity N/A

Average Squared Current to Heater during Test: 7.7 A
2

Average Squared Current to Freezer during Test: 16.1 A
2

Hot Box Apparatus Thermocouple Values

Metering (Hot) Chamber Temperature (°C)

North Exterior Wall Surface 8.5

East Exterior Wall Surface 8.5

South Exterior Wall Surface 9.3

Roof Exterior Surface 8.1

Floor Exterior Surface 16.4

North Interior Wall Surface 23.5

East Interior Wall Surface 23.0

South Interior Wall Surface 24.0

Roof Interior Surface 23.8

Floor Interior Surface 23.6

Climatic (Cold) Chamber Temperature (°C)

North Exterior Wall Surface 8.9

East Exterior Wall Surface 9.3

South Exterior Wall Surface 8.4

Roof Exterior Surface 6.1

Floor Exterior Surface 12.9

North Interior Wall Surface ‐4.5

East Interior Wall Surface ‐4.9

South Interior Wall Surface ‐4.6

Roof Interior Surface ‐5.2

Floor Interior Surface ‐4.6

Surround Panel Temperature (°C)

Metering Chamber Surround North Surface 24.2

Metering Chamber Surround South Surface 24.4

Metering Chamber Surround Top Surface 24.8

Metering Chamber Surround Bottom Surface 23.8

Climatic Chamber Surround North Surface ‐4.6

Climatic Chamber Surround South Surface ‐4.4

Climatic Chamber Surround Top Surface ‐4.3

Climatic Chamber Surround Bottom Surface ‐5.0
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Test Panel Thermocouple Readings

Test Panel Temperature (°C) X Position (mm) Y Position (mm) Z Position (mm)

Metering Wythe Surface Connector N/A 1021 1273 0

Metering Wythe Surface Stud 23.9 1021 1200 0

Metering Wythe Surface Insulation 24.0 775 1200 0

Metering Insulation Surface Connector 22.7 1021 1273 50.8

Metering Insulation Surface Stud 23.0 1021 1200 50.8

MeteringInsulation Surface Insulation 23.5 775 1200 50.8

Metering Stud Surface Connector N/A 1021 1273 76.2

Metering Stud Surface Stud 9.3 1021 1200 76.2

Middle Insulation 11.4 775 1200 127

Climatic Stud Surface Connector 9.3 1021 1273 127

Climatic Stud Surface Stud 9.3 1021 1200 177.8

Climatic Insulation Surface Connector ‐3.8 1021 1273 203.2

Climatic Insulation Surface Stud ‐4.3 1021 1200 203.2

Climatic Insulation Surface Insulation ‐4.6 775 1200 203.2

Climatic Wythe Surface Connector ‐4.9 1021 1273 254

Climatic Wythe Surface Stud ‐5.1 1021 1200 254

Climatic Wythe Surface Insulation ‐5.2 775 1200 254
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