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Abstract

Improving the thermal performance of building envelopes has become a focus in the construction industry,
due to a growing awareness of our environmental responsibility and the subsequent introduction of stricter
energy codes. Removing or reducing the impact of thermal bridges, which penetrate the building envelope
and provide a conduit for heat transfer, is an effective method for improving the energy performance of a
building as a whole. Reinforced concrete balconies are one example of thermal bridges, and are the largest

source of heat loss through building envelopes after accounting for windows and doors.

Commercially available thermal breaks exist, in which the concrete in the balcony in line with the building’s
insulation is replaced with a thermally insulating material and the majority of the structural capacity across
this joint is provided by reinforcement. Stainless steel reinforcement is typically used for its lower thermal
conductivity in comparison to carbon steel. An experimental research program was carried out by the
University of Manitoba to investigate the thermal and structural performance of a cast in place balcony
thermal break system. This system differs from the existing manufactured units in that the thermal break
material and reinforcement are assembled on site and cast in place. This program also focused on the
performance of fiber reinforced polymer reinforcement in a thermal break to investigate the impact of its

lower thermal conductivity.

This thesis includes the details of the experimental program used to test the thermal and structural
performance of the thermal break when reinforced with either carbon steel, stainless steel, or glass fiber
reinforced polymer (GFRP). Thermal experimental testing was used in conjunction with three-dimensional
finite element modelling to quantify the heat transfer through each variation of the system. Structural
experimental testing was carried out to assess the ultimate load carrying capacity and serviceability

performance of the thermal breaks.



The experimental test results indicated that the GFRP reinforced thermal break provided the best thermal
performance. Although the stainless steel reinforced thermal break gave a similar improvement in
increasing interior surface temperatures, the impact of the GFRP reinforced thermal break on reducing

heat transfer through the balcony outperformed the remaining two reinforcement types.

The structural experimental results found that all three of the thermal break variations satisfied the
ultimate strength requirements as designed. The deflection of the cantilevered balcony was least impacted
by the presence of the thermal break when GFRP reinforcement was used, indicating that it is also the

preferred reinforcement type for structural requirements.

Further research is recommended to refine the reinforcement layout in order to determine the design
which provides an optimal balance between the thermal and structural performance. It is also
recommended to investigate and quantify the serviceability performance of the thermal break, and to

address the separation at the thermal break-concrete interface.
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1 Introduction

1.1 Overview

The following thesis is comprised of six chapters. The first chapter introduces the relevance of this research
project relating to the growing environmental constraints of the construction industry, and provides an
overview of the research objectives and scope of work. Chapter two reviews literature pertaining to the
project topic. Existing practices of constructing balconies are presented, followed by a review of the impacts
of thermal bridging in buildings. A summary of relevant construction materials and their properties is
presented, and the current state of practice for thermal bridging solutions for balconies is discussed.
Chapter 3 presents the experimental testing program used for this project. Included is a detailed
explanation of the structural designs, with an overview of the test specimen details and the procedures for
specimen construction. The instrumentation, test setup, and testing procedures used for both thermal and
structural testing are summarized. The thermal modelling approach is presented. Chapter four presents
the experimental results and analysis. The data obtained from thermal testing is presented and verified
through numerical modelling in order to draw conclusions regarding the system’s thermal performance.
Structural testing results are presented, and the ultimate strength and serviceability performance is
discussed. Lastly, chapter six presents the conclusions obtained through this experimental program and

provides recommendations for future work.

1.2 Background

In our society there exists a growing public awareness regarding the need to reduce our consumption of
natural resources and greenhouse gas emissions, both as individuals and as a community. While individuals
may take steps in their daily lives to implement small changes that will have positive impacts on their

environmental footprint, within industries we sometimes require profound shifts in procedures to overhaul

1



current practices that have been rendered unfit based on newly introduced environmental constraints.
These significant changes must strike a balance between satisfying the new environmental constraints
while remaining as, if not more, economical than the tried and tested approaches of the past. Not only this,

but they must be presented in a way that the public and industry can be comfortable with and can trust.

One industry that has been addressing the growing constraint of complying with environmental
requirements is the building construction industry. This industry generally relies on long standing practices
for designing, building, and constructing projects. For the building construction industry to reduce its
environmental footprint, it can take several approaches. One approach may be to streamline the
construction process, shortening the construction time and reducing the greenhouse gas emissions
produced by trucks and equipment during the construction of a project. Alternatively, the industry could
focus their efforts on using sustainably sourced materials within their projects. One common and effective
approach to developing sustainable buildings, and the one that is addressed in design codes and building
rating systems such as Leadership in Energy and Environmental Design (LEED) [1] and the National Energy
Code of Canada for Buildings [2] is to improve the insulation of the building envelope and thus lower heating

and cooling loads over the life cycle of the building.

Improving the insulation of the building envelope is mainly achieved by selecting thermally insulating
materials with higher R-values as construction materials. While wall panels can be fairly easily insulated in
this way and the thermal resistance of glass windows is steadily improving, thermal bridging occurring at
locations such as the interface of concrete balconies and wall systems continue to compromise the integrity
of the building envelope for the entire structure. Thermal bridges provide a thermally conductive path
across a building’s insulation, connecting the interior and exterior environments and essentially creating a
weak spot in the insulation. In a typical balcony design, a reinforced concrete slab is cantilevered through

the insulation and beyond the exterior wall. The concrete and reinforcing steel act as thermal conductors,



and with the large surface area of the balcony they create a cooling fin for the building during cold winter
months. This results in a temperature reduction in the concrete slab and interior surfaces and creates
conditions conducive to condensation. Uncontrolled condensation may deteriorate the structural and
architectural components of a building, and negatively affect the indoor air quality by inducing mold
growth. The question that then remains, and which this thesis aims to answer, is whether there could be a
new method of constructing cantilevered balcony systems that removes, or significantly reduces, the
thermal bridging effect without sacrificing structural capacity of the system, by making use of newly

available structural materials.

1.3 Research Objectives

The objective of this research program is to design a cast in place balcony thermal break system and to
investigate its performance using three reinforcement types: carbon steel, stainless steel, and fiber-

reinforced polymer.

First and foremost, the resulting design must provide an effective reduction in thermal conductivity across
the balcony-wall joint system while maintaining structural capacity regarding both strength and
serviceability requirements. The project aims to experimentally verify both the thermal and structural
behaviour of the newly designed systems, and to determine the relative heat loss reduction provided by

the new system.

A long term goal of the project is to have the designs adopted into Canadian Design Codes, ensuring wide

spread understanding and application of the system.

1.4 Scope of Work

The scope of work for this project may be divided into the following three phases: structural system design,

thermal performance testing and modelling, and structural capacity testing.



Structural system design involved utilising available design codes to design the reinforcement ratio required
to maintain structural capacity across the newly designed thermal breaks. Design calculations include
verifying the shear force and bending moment capacity at critical locations, as well as verifying the
serviceability performance of the designs. In order to perform the aforementioned thermal and structural

testing, sample sizes of the designed thermal breaks were constructed.

Thermal performance testing and modelling involved designing and implementing a thermal testing
program. This included the design and installation of a thermal instrumentation layout, and the design of a
thermal testing facility. Thermal experimental testing was performed under steady state conditions over a
temperature difference of -31°C to +21°C with no thermal cycling. Thermal modelling involved the

development and refinement of a numerical model representing the thermal properties of the systems.

Structural capacity testing involved designing and implementing a structural testing program. Included was
the design and installation of instrumentation for measuring the strain within reinforcement, deflection of
the samples, and rotation of the thermal break. Structural testing was performed under monotonically

increasing load. The design of the structural testing setup was also performed.

Lastly, the scope of work of this project involved the application of fundamental engineering principles and
numerical modelling to analyse the data obtained from the aforementioned testing programs. Conclusions

are drawn regarding the results and recommendations are provided for future work.

The scope of this experimental program regarding materials included one type of thermal break,
Armatherm 500™, with one thickness of 25 mm. Three types of reinforcement were included, being carbon
steel, stainless steel, and glass fiber reinforced polymer. One concrete strength was included. The thermal
testing and analysis was performed under steady state conditions, and the structural testing was performed

under monotonically increasing load.



2 Literature Review

The following literature review introduces the reader to the current state of practice within the industry
regarding the construction of reinforced concrete balcony slabs. Thermal bridging is defined and its
associated negative impacts are presented. Relevant structural materials, including concrete, carbon steel,
stainless steel, and glass fiber reinforced polymer (GFRP), are briefly reviewed. A summary of relevant
structural insulation materials is also presented. Lastly, the current state of practice for implementing
thermal breaks in balconies is presented, providing an overview of relevant research topics as well as a

summary of several manufactured thermal breaks.

2.1 Structural Cantilevered Balcony Design Using Reinforced Concrete

Reinforced concrete is a commonly used material in civil engineering for structures, including bridges and
buildings. Reinforced concrete structures are designed using the concept of limit state design, in which the
section must perform adequately for ultimate strength limit state and serviceability limit state
requirements [3]. These requirements include strength at ultimate load, deflection at service load, and

crack widths at service load.

In cantilevered balcony design, loads applied to the balcony surface are transferred to the supporting
structure through the connecting joint at the wall, resulting in bending moment and shear forces in the
slab at this location, as shown in Figure 1. These forces will induce tension in the top portion of the balcony
slab and compression in the bottom portion, which are mainly resisted by the reinforcement and concrete,
respectively. Reinforced concrete balconies are typically cast monolithically with the wall system of the

building, creating a seamless, uniform connection to efficiently transfer loads across the joint.
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Figure 1 Flexural stressed on reinforced concrete balcony cross-section at wall, shown with simplified reinforcement and the
equivalent rectangular stress block for concrete compressive stresses

2.2 Thermal Bridging at Balcony Slabs

In Canada in 2010, space heating of residential buildings accounted for approximately 63% of the residential
sector energy use and 10% of the total national energy use [4]. The building industry has been gradually
improving insulating methods to reduce this number, implementing more efficient designs such as
continuous exterior insulation [5]. Because of the monolithic construction and protrusion of concrete from
the interior walls to the exterior of the building with a cantilevered balcony slab, it becomes a challenge to
thermally insulate this element of the building envelope. The cantilevered balcony slab introduces a gap in

conventional insulation, whether it is applied to the interior or exterior of a building, thus creating a weak

spot in the building’s enclosure, as shown in Figure 2
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Figure 2 Discontinuity in building insulation introduced by balcony slab

When heat flow bypasses the insulation of a building enclosure, a thermal bridge is formed [5]. Examples
of thermal bridges other than continuous balcony slabs include exposed slab edges, windows and doors,
and studs or joists within the insulation area. After accounting for windows and doors, balconies are
responsible for the second greatest source of thermal bridging and heat loss in multi-story residential
buildings. The heat flow through these thermal bridges can cause an otherwise well insulated building to
not meet energy code requirements, designer intent, or occupant expectations [5]. Thermal bridges bring
upon these detrimental effects through two mechanisms: increasing the heating or cooling demand of a

building, and reducing the interior surface temperature at the location of the thermal bridge.

The first mechanism involves heat energy escaping or entering the building’s enclosure by travelling along
the thermal bridge. Up to 30% of a building’s heating energy may be lost through thermal bridges in
residential buildings constructed with high-performance windows and highly insulated walls and roofs [6].
This increase in energy loss must be balanced by an increase in mechanical heating or cooling to maintain
the desired environment within a building. This leads to higher operational costs for the owner and / or
occupants of the building, as well as negative environmental impacts from an increase in greenhouse gas

emissions.



The second mechanism involves a decrease in surface temperature at the location of the thermal bridge,
occurring during wintertime. When the interior surface temperature falls below the dew point
condensation will occur, eventually leading to mould growth. Condensation and mould growth may
deteriorate the structural components of the building, and will reduce the interior air quality for its
occupants. Exposure to mould and its airborne spores has been shown to increase the risk of respiratory

symptoms, respiratory infections, and to aggravate symptoms produced by asthma [7].

2.3  Materials

The following section will present the thermal and structural properties of both structural and insulating
materials relevant to the development of a balcony thermal break. Structural materials include carbon
steel, stainless steel, and fiber-reinforced polymer reinforcement, as well as concrete. A variety of

proprietary thermal break materials and their properties are also discussed.

2.3.1 Thermal Conductivity of Structural Materials
Typical reinforced concrete balconies are constructed using carbon steel, having a thermal conductivity, A,
of 50 W/mK [8]. In order to reduce the effective heat flow across the balcony, this reinforcement is typically

replaced with stainless steel in balcony thermal breaks, having a thermal conductivity of 25 W/mK.

Further benefits could be provided by replacing the reinforcement with a fiber reinforced polymer (FRP)
product, which provide a significantly lower thermal conductivity. Fiber reinforced polymers are a
composite material, consisting of fibers and a matrix that are mechanically bonded together to provide a
final material with superior properties than the components alone [9]. The thermal conductivity of an FRP
composite is dependent on the fiber type, fiber orientation, fiber volume fraction, and polymer type of the

composite [10], therefore it will vary from product to product. As such, the data found in literature



regarding the thermal conductivity of FRP composites used in civil applications,

variable and often provided as a range of values.

Table 1 Thermal conductivity of FRP composites

provided in Table 1 is

Material Longitudinal A Isotropic A
(W/mK) (W/mK)

High Strength Carbon Fiber, Epoxy Matrix, 60% Volume 10.38-17.30 1.73-5.19

Fraction [11]

Carbon Fiber, Epoxy Matrix [12] 3.8-8.0 0.4-0.8

S-glass Fiber, Epoxy Matrix, 60% Volume Fraction [11] 3.46 0.35

Aramid Kevlar-49 Fiber, Epoxy Matrix, 60% Volume Fraction 1.73 0.17

(11]

Significantly more data is available through literature for the thermal conductivity of carbon fiber reinforced

polymers (CFRP) in comparison to glass fiber reinforced polymers (GFRP) and aramid fiber reinforced

polymers (AFRP), which is likely due to the fact that it has been used more widely than the other two

materials. The thermal conductivity of CFRP is on average higher than the thermal conductivity of GFRP or

AFRP. The thermal conductivity of GFRP is less than one tenth the thermal conductivity of carbon steel.

The thermal conductivity of concrete is provided in Table 2 and ranges from 1.15 W/mK to 2.00 W/mK as

a function of the concrete’s density. It should be noted that the thermal conductivity of concrete is

approximately 25 and 12.5 times smaller than that of carbon steel and stainless steel, respectively, and is

similar to the thermal conductivity of GFRP.

Table 2 Thermal conductivity of concrete from I1SO 10456:2007 [8]

Density Thermal Conductivity
Concrete Type p A
(ke/m?] [W/mK]
Medium density 1800 1.15
2000 1.35
2200 1.65
High density 2400 2.00




2.3.2 Mechanical properties of Structural Materials

Regular mild steel and stainless steel reinforcement are designed for their yield strength, after which the
material loses its ability to resist deformation and experiences large plastic deformations under increasing
stress [13]. Unlike steel, FRP materials are anisotropic with a high tensile strength and no yielding in the
direction of the fibers [14], as shown in Figure 3. FRP rebar, specifically GFRP, has a significantly lower
modulus of elasticity than steel. Therefore, serviceability limits often govern in design for GFRP reinforced
concrete.
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Figure 3 Stress Strain curve for AFRP, CFRP, and GFRP

Unlike carbon and stainless steel, the contribution to compressive capacity of FRP in reinforced concrete is

neglected due to its lower compressive strength and complex behaviour in compression caused by fiber

micro buckling. Standard test methods are not yet available for testing compressive strength of FRP

materials [15]. Values found in literature show a strength reduction of up to 45% for GFRP rebar under

compression, and a compressive modulus equal to approximately 80% of the tensile modulus [10].

2.3.3 Thermal Break Materials
Thermal insulation is a material or combination of materials that reduces the rate of heat flow through the
assembly in which it is installed [16]. Traditional building insulation is installed within the building envelope

and is non-load bearing, serving only to provide insulating capacity to the building. In order to
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accommodate new designs and building envelope solutions, such as load bearing thermal breaks, certain

materials have been designed or adapted to provide structural capacity as well as thermal resistance. These

materials are variations of rigid insulation, with widely varying compositions, and range from simple

materials to well-developed proprietary products. The two main properties of interest when selecting a

thermal break material are its thermal conductivity (or thermal resistance) and compressive strength. A

non-extensive list of these materials is provided in Table 3, listed from lowest thermal conductivity to

highest.
Table 3 Thermal break materials and their properties
Product Composition Thermal Conductivity Compressive Strength  Fire Protection
[W/mK] [MPa]
Dow Styrofoam Extruded 0.028 0.69 Combustible
Highload 100 [17] Polystyrene
Armatherm 500 Thermoset 0.0448 - 0.0742 3.86-14.82 Flame
[18] Polyurethane Resistant
Mightylite [19] Xonotlite crystal 0.085-0.136 3.1-29 Fire Rated
structure composed
of lime, silica, and
reinforcing fibers
Redco CPVC [20] Polyvinyl chloride 0.137 69.6 V-0, 5VB, 5VA
rated
according to
UL 94 [21]
Armatherm Grade Reinforced 0.2 310 Fire Resistant

FRR [22]

Thermoset Resin

A desirable thermal break material would have a low thermal conductivity and a high compressive strength.

As shown in Table 3, it is often a trade-off between these two properties; a material with a low thermal

conductivity will compromise by having a low compressive strength, such as the Dow Styrofoam Highload

100. Conversely, a material with excellent structural capacity will have an undesirably higher thermal
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conductivity, such as the Armatherm FRR. Therefore, different materials may be better suited for different

applications depending on the requirements of the individual design.

The fire resistance of such materials is also relevant when installed in building enclosures. Several materials
offer a range of fire resistance, but for those without adequate fire resistance additional protection would
be required within the assembly to ensure the design meets fire code requirements. This is usually achieved
by sealing the thermal break along its top and bottom edge with a material that provides the required fire

rating.

2.4 State of practice

The following section will present several experimental studies pertaining to balcony thermal break
systems, particularly in which the use of GFRP as reinforcement is investigated. A summary of available

manufactured thermal break systems and their details will then follow.

2.4.1 Cost Effectiveness and Thermal Performance of Thermal Break Systems
In a study performed by RDH Building Engineering Ltd. in 2013, the cost-effectiveness and thermal
performance of several concrete balcony thermal bridging solutions was evaluated [23]. The evaluated

systems included [24]:

o Structural slab cut-outs with beam reinforcement, in which the balcony slab connection is
constructed as 60% void space with the remaining 40% acting as beam reinforced to accommodate
the entire slab load at its ends. The system was modelled with and without exterior insulation
within the cut-out space.

o Concentrated rebar, in which the balcony slab reinforcement is placed within 40% of the slab to
create a series of small beams, and the remaining 60% of the area is replaced with insulation or left
as a void.

12



o Fulland partial balcony slab thermal wraps, in which 2” extruded polystyrene is wrapped in varying
extents on the top and bottom surface of the exposed balcony.
o Manufactured concrete slab thermal breaks, provided by manufacturers and offering a range of

thermal conductivities. Data for the Schoeck Isokorb [25] was used for modeling.

Three dimensional thermal simulations were performed using the software Heat3 to determine the
effective R-values of the thermal break solutions when used with different wall assemblies and floor
finishes. Cost evaluations included the construction cost, material cost and installation cost per length of
exposed balcony, using data for construction and material costs in Vancouver, BC in 2012. The results
determined that the thermal performance and cost effectiveness of the structural slab cut-outs,
concentrated reinforcement, and balcony insulation wraps were relatively poor in comparison to
manufactured thermal breaks. Therefore, manufactured thermal breaks were suggested as the preferred
method for reducing thermal bridging at reinforced concrete balcony slabs. It has also been apparent
through existing projects that manufactured thermal breaks have been the method of choice to most

commonly remedy thermal bridging at balcony slabs.

2.4.2 Balcony Thermal Breaks containing GFRP Elements

In a study performed by Keller et. al. [26], a new thermal break in which the lower stainless steel
compressive bars were replaced by GFRP compression elements was evaluated. The system was designed
to transfer a portion of the shear force through the GFRP elements. The GFRP compressive elements were
made of E-glass fibers and resin and measured 100 mm in width by 60 mm in depth with a length of 88
mm. They had a three-cell construction, resembling a hollow-core concrete slab. The thermal breaks were
constructed using the GFRP compressive elements, stainless steel tensile reinforcement, and stainless steel

shear reinforcement passing through a 100 mm thick Styrofoam block.
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Full-scale experiments were performed on cantilevered concrete beams containing the thermal breaks.
The elements were tested both under predominantly bending moment loading, and under predominantly
shear force loading. On the non-cantilevered ends of the beams a support was in place to prevent uplift. In
order to simulate different building wall configurations, the non-cantilevered end was supported either
immediately behind the thermal break, or 100 mm behind it by a 100 mm wide steel plate. The cantilevered
portion of the sample was loaded either 320 mm from the thermal break for shear force loading or 660

mm from the thermal break for bending moment loading.

Displacement of the slab was monitored at the top surface at both concrete-thermal break interfaces, as
well as at the cantilevered edge. Two strain gauges were installed on each internal reinforcing bar, and ten
strain gauges were installed on each GFRP element. The samples were loaded in four cycles at a
displacement rate of 10 mm/min. The four cycles were loaded until 30%, 60%, and 90% of the ultimate

load, and lastly until failure.

The experimental results showed that on average 33% higher failure loads occurred when the beams were
loaded in shear mode in comparison to moment mode. As well, the beams with a larger depth of 240 mm

had on average 30% higher failure loads than those with a depth of 200 mm.

Failure for all test samples occurred through vyielding of either the tensile or shear stainless steel
reinforcement. Under primarily bending moment loading only the tensile reinforcement yielded. After
yielding, concrete crushing occurred at the lower edges of the concrete-GFRP element interface and
opening occurred in the upper part of this interface. With the support directly behind the thermal break
the concrete crushing occurred on the loaded side, and with the support 100 mm behind the thermal break
the concrete crushing occurred on the supported side. The GFRP elements only exhibited cracking after

ultimate failure of the slab.
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Under primarily shear force loading either both tensile and shear reinforcement yielded, or only shear force
reinforcement yielded. Opening occurred at the concrete-GFRP element interface at the upper part of the
GFRP element on the loaded side, as well as on the lower part on the supported side. This showed a tilting
of the GFRP element under predominantly shear force loading. With the support immediately behind the
thermal break, the concrete did not exhibit any signs of failure. With the support moved 100 mm behind
the thermal break, concrete crushing occurred on the supported side after yielding of the steel
reinforcement. Again, failure cracking in the GFRP elements only occurred after yielding of steel and

crushing of concrete.

Shear transfer through the GFRP element was a point of interest in this study, in hopes that in a future
model the shear reinforcing bars of the thermal break may also be replaced by the GFRP element. The
results showed that under primarily bending moment loading nearly none of the shear force was
transferred through the GFRP element. However under predominantly shear force loading, 43% to 63% of

the total shear force was transferred through the GFRP element.

In terms of deflection, the total deformation of the beams consisted of a rotation about the support point
and a vertical offset within the joint. Under primarily bending moment loading the rotation was dominant,
and under primarily shear force loading the vertical offset was dominant. Results showed that at the
serviceability limit the vertical offset measured 0.5 mm to 2 mm, providing an acceptable range. The
rotation about the thermal break however showed the potential to introduce larger deflections with larger
cantilevered span lengths, which may be calculated considering strains in the tensile steel reinforcement

and GFRP element combined with the deformation of the concrete slab itself.

The durability of the system was also investigated by exposing the GFRP elements to alkaline solutions at
varying temperatures over 18 months, and found that the elements exhibited good long-term

performance.
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In terms of thermal conductivity, replacing the lower stainless steel bars with GFRP elements improved the
linear thermal conductivity of the system to 0.1-0.2 W/m-K. The overall performance of the system was
improved by 26% when compared to a system constructed using only stainless steel reinforcement. Overall,
the newly developed thermal break system using GFRP elements provided satisfactory structural
performance while significantly improving the thermal performance of the system. Therefore, thermal
breaks implementing GFRP as reinforcement in place of stainless steel pose a viable option for improving

the performance of thermal breaks and therefore the performance of building envelopes as a whole.

2.4.3 Thermal Performance of Fiber Reinforced Polymer Thermal Breaks

In a study performed by Goulouti et. al. [27], the thermal performance of a fiber-reinforced polymer
thermal break balcony connection was evaluated. The study evaluated the impact of this improved thermal
break on the energy balance of a typical residential building located in Switzerland. A case study was
performed, and the thermal losses through the balcony connections as well as the building’s total

transmission losses and heating needs were estimated and compared.

Building energy simulations were performed using LESOSAI, a software used for thermal balance calculation
and life cycle analysis of buildings. The case study was performed for three different thermal break thermal
transmittance values, equal to 0.3, 0.15 and 0.1 W/mK, corresponding to the SIA limit and target values
and the optimized thermal break, respectively. Each thermal break was modelled with three different

building envelopes of varying performance.

The results show that the reduction in heating needs from implementing a thermal break with lower
thermal transmittance was most apparent for the highest efficiency building envelope, and less apparent
for the lower efficiency building envelope. For the lowest efficiency building envelope, a nearly 13%
reduction in heating needs was seen when improving the thermal bridge transmittance from 0.3 to 0.1

W/m-K Comparatively, a nearly 27% reduction was found when the same thermal bridge transmittance
16



decrease was modelled for the most efficient building envelope. Overall, the total losses through thermal
bridges in comparison to the building’s total transmission losses decreased by a factor of approximately
three when the linear thermal transmittance of the thermal break was decreased from 0.3 to 0.1 W/m-K.
The results from this study show the benefits of including an FRP reinforced thermal break in a building

envelope on the building’s total energy needs.

2.4.4 Commercially Available Thermal Breaks

Commercially available balcony slab thermal breaks are typically developed and supplied by companies
involved in providing construction components for building statics and building science solutions. Many
companies involved have originated in Europe and have expanded to provide international services,
including in North America. Although the commercially available balcony thermal breaks provide excellent
thermal and structural properties, they have yet to become a commonplace design element in the North
American construction industry. This is mainly due to the large initial installation cost associated with the

manufactured thermal breaks.

Most balcony thermal break products follow a similar configuration to one another. The main body is
typically composed of an insulating material that may provide some, but minimal, structural capacity. The
thickness of this insulating body may range from 60 to 120 mm. Structural integrity between the balcony
slab and interior structure is provided by reinforcement traversing the insulation body. Tension and shear
reinforcement is typically provided by stainless steel reinforcement, providing a lower thermal conductivity
than carbon steel. Compression resistance is typically provided by special compression modules made of
high strength concrete or stainless steel compression studs, reducing rebar congestion and simplifying
installation. Several products are available with an additional fire protection board on the top and bottom
surface of the insulation material to achieve fire code requirements. A summary of several industry

available balcony thermal break products and their components is presented below in Table 4.
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Table 4 Summary of industry available balcony thermal break products

Company | Product | Insulating Body Tension Shear Compression
Reinforcement Reinforcement Reinforcement
Schock, Isokorb | Graphite-enhanced | High Strength High Strength Steel Fiber
Germany Expanded Stainless Steel Stainless Steel Reinforced UHPC!?
[28] Polystyrene
80 mm min.
Ancon, |sotec Rockwool® 1.4301 Stainless Steel | 1.4301 Stainless 12mm diameter
UK [29] Mineral Wool Steel High Resistance
80 mm 1.4301 Stainless

Steel Bars with
Hot-forged Heads

Isolan Polystyrene with Grade B500B to Grade 1.4362 Grade B500B to
High-density BS4449 Carbon Steel | Stainless Steel BS4449 Carbon
Polyethylene Rail Steel
Top Edge 60 mm
Halfen, HIT Polystyrene Carbon Steel High Grade High Grade
Germany connected with High | Stainless Steel Stainless Steel
[30] Grade Stainless Pressure Pads
Steel tube
H-Bau, Isopro NEOPOR Expanded | B500B Steel and B500B Steel and HS Concrete
Germany Polystyrene B500NR Stainless B500NR Stainless | Pressure Element
[31] 80 mm Steel Steel or Steel Pressure-
bearing Plane
Isomaxx | NEOPOR Expanded | B500B Steel and B5008B Steel and HS Concrete
Polystyrene B500NR Stainless B500NR Stainless | Pressure Element
120 mm Steel Steel or Steel Pressure-

bearing Plane

From a structural design perspective, designing for strength within a thermal break is fairly straight forward.
Alternatively, serviceability requirements such as deflection and rotation become more complex to account
for due to the complexity of the thermal break system. The methods to account for additional deflection
caused by the thermal break are provided in product brochures and literature for several manufactured

thermal breaks, and are summarized below in Table 5. Some companies require design data and will advise

1 UHPC Ultra High Performance Concrete
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upon calculated deflections without providing the explicit methods. A common theme is that the balcony

will be installed with a precamber to account for the additional deflection caused by the thermal break.

Table 5 Methods for determining deflection provided by manufacturers of thermal breaks

Product Method
Schock Isokorb [28] | Calculate deflection caused by connection as w = (tan a) (I) (Ma / M;) (1.4 /
100)

| = cantilever length
Mhn = nominal unfactored moment resistance
M = ultimate factored moment resistance
o = obtained from selection table
Deflection values used to estimate the required camber.

Ancon Isotec [29] Calculate deflection for concrete slab and multiply by 1.2. Apply necessary
pre-camber to account for deflection.

Ancon Isolan [29] Ancon will advise on calculated deflections upon receipt of relevant design
data.

Halfen HIT [30] Not mentioned.

H-Bau Isopro [31] Calculate deflection caused by connection as w(mm) = (tan a) (med / Mra) |
(10)

| = cantilever length

med = bending moment for determining excess height resulting from Isopro
element, governing load combination determined by designer

merd = design moment of Isopro from provided design tables

tan a = deformation factor obtained from selection table
Deflection values used to estimate the required camber.
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3 Experimental Program

The following section outlines the processes and procedures followed in this experimental program. The
approach to designing the system is first provided. The experimental testing details are given for first
thermal testing, including the approach for thermal modeling, followed by structural testing. The methods

of preparing the test samples and their details are lastly included.

3.1 System Design

Since guidelines and standards do not address methods for designing balcony thermal breaks, a novel
approach had to be taken towards design. The thermal breaks were designed first and foremost based on
structural requirements, while keeping in mind the co-existing requirement of reducing thermal
conductivity across the break. Designs for a typical residential balcony slab with a thermal break for each

reinforcement type were developed in order to facilitate scaling and testing of the system.

The carbon steel and stainless steel reinforced concrete slabs are designed according to the CSA A23.3-04
standard within the Concrete Design Handbook, Third Edition [32]. The GFRP reinforced concrete slab is
designed according to the CSA S806-12 standard [33] with references to the Design Manual for Reinforcing
Concrete Structures with Fibre Reinforced Polymers provided by ISIS Canada [34]. The strength capacity of
the thermal break joint is estimated using approaches from several design codes, as explained in the
following sections. Ultimate strength design and deflection calculations for the full-scale balcony slab

containing each of the three reinforcement types may be found in Appendices A.1, A.2, and A.3.

3.1.1 Design Loads and Assumptions
Design loads were based on the requirements of the 2010 National Building Code of Canada (NBCC) [35].

A full summary of the load calculations is provided in Appendix A.4. The typical residential balcony for which
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design loads were determined was assigned a cantilevered length of 1.83 m (6 feet), and a corresponding

depth of 190 mm. Design loads were calculated for a one meter wide design section.

The thermal break connection was designed to resist shear from the external balcony only. This assumption
is justified for a building with exterior insulation in which the thermal break is installed in-plane with the

external insulation and exterior to the supporting column, as shown in Figure 4.

/— Exterior Building Insulation
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Slab Slab
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~\

Figure 4 Thermal Break Location

The bending moment acting on the thermal break was taken as that caused by the loads acting on the
cantilevered balcony slab. For simplicity, loads acting on the internal floor slab were neglected. In the design
of a full building complex, it would be required to ensure that the reinforcement required in the internal
slab due to the negative moment at the support is not larger than that required in the thermal break due

to the cantilevered balcony loads.

The following loads were included in design: self-weight of the concrete slab, self-weight of a balcony
guardrail, live load due to use and occupancy, live load acting on the guardrail, and snow load. Loads not

considered in design include wind and earthquake loads.

Dead loads included in design are the self-weight of the concrete slab and the self-weight of the balcony

guardrail. The self-weight of the concrete slab is calculated as the dimensional volume of the cantilevered

21



slab multiplied by a reinforced concrete density of 25 kN/m? [36], acting as a uniformly distributed load on
the member. The self-weight of the balcony guardrail is representative of a steel framed railing containing
glass panels with a height of 1.070 m as required by the NBCC [35]. The self-weight is approximated based
on the weight of double %” glass panels, weighing 0.478 kN/m? per panel [37], to account for the combined
weight of a single glass panel with steel framing. This load is treated as a concentrated load acting at the

cantilevered edge of the balcony.

The live load due to use and occupancy acting on the balcony surface is obtained for the case of an exterior
balcony from Table 4.1.5.3 of the National Building Code of Canada (NBCC) [35], which provides the
specified uniformly distributed live loads on an area of floor or roof. The live load acting on the guardrail is
obtained according to section 4.1.5.14 of the NBCC, considering the most critical load scenario between a
vertical load acting on the guardrail, and a horizontal load acting outwards at the minimum required height

of the guard (1.070 m).

Snow load is calculated according to the NBCC [35]. The balcony is assumed to be situated in Winnipeg,

Canada for snow and rain load data selection.

Load factors are obtained from Table 4.1.3.2.A of the NBCC [35]. Load case 2, with a dead load factor of

1.25, live load factor of 1.5, and companion load factor of 0.5 produces the critical load case for design.

3.1.2 Thermal Break Bending Moment Capacity

For the initial design, the strength of the insulating thermal break material was assumed to be negligible
and the forces transferred across the thermal break were assumed to be resisted solely by the
reinforcement at this cross-section. The intent in this is to provide a conservative approach to design such
as would be taken by engineers when designing a new system. Therefore, the moment capacity of the

section with the thermal break is calculated based on first principles of equilibrium in a cross-section as a
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force couple acting through the reinforcement, inducing tension in the upper reinforcement and
compression in the lower reinforcement. The moment arm, d, between the tensile and compressive forces
is taken as the distance from centroid to centroid of the reinforcement layers. Calculating the moment
capacity at the cross-section of the thermal break using methods from the concrete design handbook is not
possible since these methods include empirical equations dependant on the strength and properties of

concrete.

The strengths of carbon steel and stainless steel under both tension and compression are taken to be their
respective yield strengths. As discussed in Section 2.3.2, the contribution of FRP to compression capacity is
typically neglected in design, however literature provides approximate values for the compressive
properties of FRP as a function of its tensile properties. For the design of the thermal break moment
capacity, the compressive strength of GFRP rebar is assumed to be 60% of its ultimate tensile strength and

the compressive modulus is taken as 80% of its tensile modulus.

The design of longitudinal tensile and compressive reinforcement for steel and stainless steel reinforced
sections are approached in the same manner. The reinforcement area in a one meter wide design section
required to resist the factored bending moment is first determined. A reinforcement spacing is then
selected to provide at least the minimum required reinforcement. Based on guidance from industry
contacts provided by Crosier Kilgour & Partners Ltd., 16 mm diameter reinforcement was selected for both
steel and stainless steel reinforced sections. The reinforcement design is provided for all rebar types in
Table 6. A concrete cover of 40 mm was chosen for exterior exposure conditions and was used for all three

reinforcement types.
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Table 6 Rebar reinforcement ratio design

Reinforcement Type Bar Size Bar Diameter [mm] Spacing [mm]
Carbon Steel 10M 16 167
Stainless Steel 10M 16 250
GFRP 25M 25 250

The design of GFRP reinforced members requires a different approach, since serviceability requirements
typically govern in design due to the low modulus of elasticity of GFRP. Therefore, the spacing of GFRP
reinforcement at the location of the thermal break was selected based on deflection requirements, as
provided in Section 3.1.5. Once selected, the moment resistance of the thermal break was calculated to

ensure its adequacy.

3.1.3 Thermal Break Shear Force Capacity

Available technologies for reducing thermal bridging in a reinforced concrete balcony slab typically use
inclined shear bars to provide shear capacity. This increases the amount of reinforcement traversing the
thermal break, which in turn increases the overall thermal conductivity of the system. In order to optimize
thermal insulation capacity, shear bars were eliminated from the designs in this project. Instead, the
connection was designed to provide shear capacity through shear friction of the longitudinal

reinforcement.

The shear capacity of steel and stainless steel rebar, V., is estimated using section 13.4.4 of the Canadian
Standard CSA S16-09 for the design of steel structures [38], which provides the shear resistance of a steel

pin in Equation 1 as

V. = 0.66 ¢ A fy (1)

where ¢ is the material strength reduction factor for steel and is taken as 1 for experimental testing, As is

the cross-sectional area of the steel, and f, is the yield strength of the steel.
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There are currently no theoretical models to predict the transverse shear strength of FRP dowels [39].
Based on literature and available data of similar FRP products [40] [41], the shear strength of GFRP rebar
was estimated at 10% of its ultimate tensile strength. For strength calculations, the shear capacity of GFRP
was taken as 10% of the already reduced compressive strength, which was 60% of the ultimate tensile
strength. Therefore, the shear strength was taken as 6% of the rebar’s ultimate tensile strength in these

designs.

The designs were checked to ensure that the rebar would not fail under combined shear and tensile loading.
The interaction equation in Equation 2 was used to determine the capacity of a dowel subjected to shear

and tensile forces [42] [43]:
Vs ) Ty 5
-~ 22 <10 (2)

where V¢ and Tr are the factored shear and tensile forces, respectively, and V. and T, are the shear and
tensile capacity of the material, respectively. Given that this relationship is based on the maximum normal
stress and maximum shear stress theories of a material [42], it can be applied in the design of steel, stainless

steel, and GFRP rebar subjected to combined tensile and shear loading.

3.1.4 Reinforced Concrete Slab Capacity

The design of the full scale cantilevered reinforced concrete slab involved the design of two reinforcement
cross-section, as labelled in Figure 5. Section 1 adjacent to the thermal break was checked to ensure that
the reinforcement selected across the thermal break was adequate to resist the factored bending moment

and factored shear force within the concrete section.
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Figure 5 Section 1 and Section 2 as labelled for the design of reinforcement in the cantilevered reinforced concrete balcony slab

For the GFRP reinforced balcony, the entire balcony was designed as Section 1 due to deflection
constraints, meaning that the reinforcement traversing the thermal break is continuous to the cantilevered

edge of the balcony.

For the steel and stainless steel reinforced balconies, an additional concrete cross-section was designed for
the cantilevered edge of the balcony. This cross-section is referred to as Section 2 and was designed to
contain the minimum required reinforcement area. The moment capacity of Section 2 was then calculated.
Section 1 reinforcement was extended from the thermal break to the location within the slab that is
subjected to the moment capacity of Section 2, plus the required embedment length. The purpose of
reducing the reinforcement density at Section 2 is to reduce the amount of reinforcing materials and

therefore reduce the initial cost of constructing the balcony.
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3.1.5 Serviceability Requirements

Serviceability requirements in reinforced concrete design typically include limitations on the deflection of
a structural member and on crack widths within the concrete. The crack widths were not checked in these
designs, as they would dictate a significantly higher and unrealistic reinforcement density compared to all
other design checks, and are typically neglected in industry applications for this reason [44]. Therefore the

deflection under service load was the only serviceability requirement checked in these designs.

In order to accommodate the difference in stiffness introduced by the thermal break, deflections were
calculated using moment area theorems. It is noted that the moment area theorems do not consider the
lack of bond between thermal break and concrete, which would reduce stiffness of the member and allow
for opening between the thermal break and concrete. The experimental deflections are therefore

anticipated to be larger than calculated deflections. The obtained deflections are summarized below in

Table 7.
Table 7 Calculated maximum deflections for full-scale designs
Reinforcement Deflection introduced by Deflection introduced by Total maximum
Type thermal break length of slab deflection
[mm] [mm] [mm]
Carbon Steel 1.29 7.29 8.58
Stainless Steel 1.93 9.23 11.17
GFRP 2.62 10.81 13.44

The permissible deflection for a typical balcony floor slab is provided by CSA to be the clear span length of
the floor slab divided by 360 [33]. This produces a maximum allowable deflection of 5.1 mm for the design
balcony, which is exceeded by all designs as shown above. It should be recalled that most existing
manufactured balcony thermal breaks are installed with a precamber to account for their large deflection.

Therefore the calculated deflections using moment area theorems will be accommodated by precamber.
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As mentioned previously, serviceability requirements were also used to determine a reinforcement spacing
for the GFRP reinforced slab. This was done by calculating the deflection for a GFRP reinforced slab with
different reinforcement spacing and selecting the design that provided a reasonable deflection, determined
to be not more than 25% larger than the deflection obtained for stainless steel, while minimizing the total
reinforcement ratio. The design was then checked for strength requirements, as described in section 3.1

previously.

3.1.6 Stresses on Thermal Break Material

As an additional check, maximum stresses on the thermal break material were calculated for service and
ultimate conditions. This was done by assuming the strength capacity of the thermal break to be equal to
zero, therefore assuming that forces on the cross-section are transferred solely by the reinforcement.
Based on this, the stress in the reinforcement was calculated in order to calculate the corresponding strain.
Based on the strain in the reinforcement, the rotation of the cross-section was calculated. From this the
rotation of the cross-section and maximum strain in the thermal break material were calculated, along with
corresponding stress in the thermal break. The obtained stress values and their percentage of the material’s

ultimate stress are provided below in Table 8.

Table 8 Thermal break material stress calculations

At Service Load At Ultimate Load
Reinforcement Stress [MPa] % Ultimate Stress [MPa] % Ultimate
Carbon Steel 0.9 6.2 1.2 7.8
Stainless Steel 1.4 9.3 1.7 11.8
GFRP 2.7 18.3 8.6 58.1

As these calculations neglect the stiffness of the thermal break material, they should provide an over-
estimation of the stress on the thermal break. Given this, and the low stress values obtained in calculations,

the stresses on the thermal break are deemed acceptable for the designs.
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3.1.7 Test Sample Design and Dimensioning

In order to facilitate structural and thermal testing, sample sizes of the balcony designs were constructed.
Due to the nature of thermal testing and the error which it would incorporate into the results, scaling of
the system was not possible. Therefore, the dimensions of the design were kept to scale and a sample size

was extracted.

The full 190 mm depth of the slab was maintained. A sample width of 500 mm provided a symmetric
reinforcement distribution for each reinforcement spacing obtained in design. The thermal break was
placed at mid-length of the samples. The sample length was then dictated by the longest of the required
reinforcement embedment lengths, equal to 740 mm, meaning that the reinforcement must extend at
minimum this length into the concrete to develop full capacity at the thermal break. A sample length of
1600 mm was selected, providing an embedment length of 747.5 mm to either side. The resulting sample

dimensions are provided below in Figure 6.

- 1600 -
7475 — 7475 -

25 mm insulation

=190

Figure 6 Test sample dimensions, in mm

Samples tested without a thermal break were assigned the same reinforcement as samples designed with

the thermal break. These samples were simply constructed excluding the thermal break, and the same
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location at the mid-length of the sample was considered as the connection during testing. Maintaining the
same reinforcement and only including or removing the thermal break allows the experiment to isolate the

effects of including the thermal break material.

3.1.8 Test Sample Strength Calculations

Material strength testing was performed on steel and stainless steel reinforcement samples, as well as on
concrete cylinders cast during casting of the test samples, in order to determine the actual strengths of the
materials. The data from rebar tensile testing and concrete cylinder testing is included in Appendix A.5 and
A.6, respectively. Material strength testing was not performed on the GFRP reinforcing bars since the
required sample length could not be accommodated by the available testing facilities, and the strength of

the GFRP was taken as that provided by the manufacturer.

Tensile testing of the steel and stainless steel reinforcement was performed according to ASTM A370
Standard Test Methods and Definitions for Mechanical Testing of Steel Products [45]. For regular steel, the
2% offset method was used to obtain the yield stress and strain from the obtained test results. Due to the
roundhouse shape of the stress strain curve and the difficulty in isolating the initial slope, the 0.5%
extension method was used to determine the yield stress and strain for stainless steel reinforcement. The
yield strength for carbon and stainless steel specimens were found to be 462 MPa and 554 MPa

respectively.

Compressive concrete cylinder testing was performed according to ASTM C39 Standard Test Method for
Compressive Strength of Cylindrical Concrete Specimens [46]. At the time of structural testing, the concrete
compressive strengths were 39 MPa and 44 MPa for samples with and without a thermal break,
respectively. The concrete density was also evaluated as 2331 kg/m?® and 2403 kg/m3 for samples with and

without a thermal break, respectively, which correlate to thermal conductivities of 1.88 W/mKand 2 W/mK.
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Strength calculations were re-done for the sample sizes and are included in Appendix A.7, A.8, and A.9. A
summary of the ultimate strength capacity of the sample types is provided in Table 9 below. For samples
without the thermal break, the capacity at the supposed joint location is equal to that shown in the column
labelled “Slab Adjacent to Thermal Break”. The carbon steel and stainless steel samples, both with and
without the thermal break, are anticipated to fail by yielding of the steel at the location of the thermal

break. The GFRP reinforced samples are anticipated to fail by shearing of the concrete.

Table 9 Ultimate strength capacity of test samples

Thermal Break Slab Adjacent to Thermal Break
Reinforcement My [kN-m] My [kN-m] Vr [kN]
Carbon Steel 26.1 37.1 88.7
Stainless Steel 20.8 30.0 81.6
GFRP 51 65.5 48.8

Deflections were calculated for each sample type, based on moment area theorems. A summary of the
load-deflection curves for each sample type is provided in Appendix A.10. The calculated deflections up
until failure load (yielding for steel and stainless steel, concrete shear failure for GFRP) are provided below
in Table 10, along with the calculated failure load. Since the calculated deflections do not take into account
the lack of bond between thermal break and concrete, it is anticipated that experimental deflections will

exceed those calculated.

Table 10 Theoretical deflection at failure load for test samples

With Thermal Break Without Thermal Break
Reinforcement Failure Load Deflection at Failure Failure Load Deflection at Failure
[kN] [mm] [kN] [mm]
Carbon Steel 29.6 2.38 41.6 2.53
Stainless Steel 25.6 3.06 36.2 3.24
GFRP 433 7.71 433 5.88
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3.2 Thermal Test Program

3.2.1 Thermal Testing Setup

Thermal testing was carried out using facilities located at Red River College in Winnipeg, Canada. A dual-
sided thermal chamber was used to simulate the conditions of a balcony in service, being exposed to warm
interior temperatures on one side and cold exterior temperatures on the other. This therefore simulated
the highest heat transfer scenario, which would occur in cold winter months. The interior design

temperature was selected as 21°C, and the exterior design temperature for Winnipeg of -31°C was used.

The test samples were installed within the thermal chambers and a wall of 100 mm wide rigid extruded
polystyrene insulation, with an R-value of 20, was installed around the samples to separate the two thermal
environments. The thermal break was aligned with the cold chamber, as shown in Figure 7, to simulate the
alignment of the thermal break when installed in an externally insulated building. The far edges of the
samples are supported by screw pins placed at each corner (two supports per slab) with a 50 mm by 50
mm section of Armatherm measuring 25 mm in depth placed between the surface of the screw pin and the

sample to eliminate thermal effects from the supports.

Cold Chamber (\(__\ ‘ ‘ (\__\, \ Warm Chamber
A\ A= \\//\f: T
(- L

\\ rear wall mounted fans

plywood box to

/ 4" rigid insulation
reduce air flow

Figure 7 Thermal test chambers
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Figure 8 shows the junction between the top of the two test samples and the 4” rigid insulation wall in the
thermal chambers, as well as the 4” rigid insulation placed between the two samples. A 25 mm gap was
left between the sample and insulation wall, which was filled with a polyurethane spray foam sealant to
provide insulation directly against the samples, as shown in Figure 8. Caulking sealant was applied at all
edges between the spray foam, samples, and insulation wall to ensure airtightness between the two
thermal environments. A smoke wand was used to identify any remaining locations of air flow so that they
may be sealed with the caulking. The rigid insulation between the two samples was placed directly against

the samples with caulking applied along all edges to ensure a proper seal.

Figure 8 Junction between top of test slabs and 4" rigid insulation wall in thermal test chambers, showing caulking and spray foam

In order to simulate the primarily longitudinal heat flow which would occur in an installed balcony with a
width significantly larger than its cantilevered length, the sides of the 0.5 m wide test samples were
insulated, as shown in Figure 9. Sections of 100 mm thick rigid insulation were adhered using construction
adhesive to the sides of the test samples, and caulking was applied between the edges of this insulation

and the concrete to eliminate any possibility of airflow between the insulation and the sample. Two samples
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were tested at once within the chamber, side by side, with one section of 100 mm wide rigid insulation

installed between them, as shown in Figure 9.

Figure 9 Test samples in thermal chamber showing longitudinal side insulation

The temperature within each environmental chamber was regulated by a fan positioned on the rear wall,
as shown in Figure 7, blowing air of the required temperature into the chamber. Because of this there was
a pronounced effect of uneven airflow within each chamber and along the surfaces of the unsheltered
samples, resulting in uneven convective conditions. To eliminate this convection and provide consistent
exposure conditions along all surfaces, a shelter built from plywood was installed around the samples within
each environmental chamber. This allowed the temperature of air in contact with the samples to reach the
design temperatures while eliminating the air flow. In order to monitor the temperature inside relative to
outside of the shelter, one 10k ohm thermistor with a tolerance of £0.2°C was installed both inside and

outside of the shelter as shown in Figure 10 and Figure 11.
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Figure 11 Plywood shelter with rear wall installed showing location of exterior temperature sensor

3.2.2 Sample Instrumentation for Thermal Testing

In order to record the temperature profiles of the samples, 10K ohm thermistors with a tolerance of +0.2°C
were installed on their surface and embedded within the concrete. The thermistors were purchased from

Digi-Key and soldered onto wire at the University of Manitoba.
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Prior to casting of the 18 samples, one steel reinforced mock-up sample was cast and instrumented with
an excess amount of thermistors. This was used to determine an efficient thermistor layout for the
remaining 18 samples that would provide a satisfactory temperature profile while minimizing the number

of sensors required. The thermistor layout for the mock-up sample is provided in Figure 12.
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Figure 12 Thermistor layout for mock-up sample, dimensions in mm

In order to reduce material costs, only one side of the sample was equipped with sensors. For testing, the
mock-up was first oriented and tested with the instrumented side extending into the warm chamber. The
sample was then reoriented and tested with the instrumented side extending into the cold chamber. The

mock-up sample was installed with the same 100 mm rigid insulation adhered to the exposed longitudinal
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sides as was used for the final 18 samples. The data acquisition units were located inside of the chamber,

as shown in Figure 13.

Figure 13 Mock-up thermal test on warm side

Figure 14 displays the longitudinal distribution of temperatures along the mid-line of the slab on the warm
side. Temperature increased as distance from the thermal break increased, indicating longitudinal heat
flow through the slab. Of interest is the modest increase in temperature from the top surface to the bottom
surface of the slab. This is concluded to be due to the buoyancy of warm air, as warmer air is unable to rise

away from the bottom surface of the slab and is therefore entrapped.

740 9159 16.43 18.05

324 680 11.70 14.77
B

5.05 11.85 13.70

815 983 18:18 19.05

Figure 14 Longitudinal cross-sectional temperatures, in °C, on warm side of mock-up sample, taken from mid-line of the sample

Figure 15 displays the temperature distribution of the transverse cross-section of the slab located 10 mm
from the thermal break, and it is from these results that the uneven convection introduced by the blower

fan was identified. In Figure 15 an increase in temperature from the left-hand side of the slab to the right-
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hand side is present. This is concluded to be due to air wash from the blower fan acting from the left-hand

side of the slab.

6.44 6.81 8.35 740 8.51 6.82 8.27
6.68 3105 324 1.55 7.41
Fan direction = 1
7.10 312 1.39 7.78
6.77 7.18 8.72 8.15 8.71 8.33 7.35

Figure 15 Transverse cross-sectional temperatures, in °C, on warm side of mock-up sample, distanced 10 mm from the thermal
break

Figure 16 displays the distribution of temperatures along the mid-line of the slab on the cold side. Similar
to the results from the first test, there is a decrease in temperature as distance away from the thermal
break increases, again showing the longitudinal heat flow. The modest increase in temperature from the

top surface to the bottom surface of the slab is again present.

-23.73 -24.69 -27.13 -28.15

-17.74 -20.70 -24.17 -26.19
B

-24.54 =27.30

-25.58 -26.93 -28.35 -28.74

Figure 16 Longitudinal cross-sectional temperatures, in °C, on cold side of mock-up sample, taken from mid-line of the sample

Figure 17 displays the temperature distribution of the transverse cross-section of the slab located 10mm
from the insulation joint on the cold side. Contrary to what was observed on the warm side of the slab, the
temperatures are relatively symmetric about the vertical centerline, indicating that the convective film
coefficient was relatively consistent along the slab’s surface in comparison to the behaviour seen in the

first test.
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Figure 17 Transverse cross-sectional temperatures, in °C, on cold side of mock-up sample, distanced 10 mm from the thermal
break

The results from the mock-up thermal tests indicated that uneven airflow surrounding the samples needed
to be reduced, resulting in the construction and use of the plywood shelter shown in Figure 10 and Figure
11. For the final thermistor layout it was decided to only instrument the top half of each sample and to
assume vertical symmetry in the temperature profile when comparing experimental results to those
obtained through modeling. This eliminated the need to include different convective exposure conditions

on the top and bottom of the samples in the computer models.

Figure 18 shows the final thermistor layout for GFRP reinforced samples, and the remaining drawings for
all sample types may be found in Appendix A.11. Both the warm and cold sides were instrumented,

eliminating the need to test each sample twice.
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Figure 18 Thermistor layout and labelling for GFRP reinforced samples
The surface mounted thermistors were adhered to the surface of the concrete. Those located at the level
of the reinforcement were tied to the reinforcing bars using cable ties. The thermistors suspended between
the two reinforcing bars and touching the thermal break material were adhered to the thermal break. The
remaining thermistors at this level were suspended between the two reinforcing bars using cable ties, as

shown in Figure 19. For samples without the thermal break, all thermistors suspended between the two

bars are suspended with cable ties.
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Figure 19 Thermistor installation method inside of samples

During casting of the concrete, the thermistor cables were lifted up and away from the samples by a
temporary bridge constructed onto the formwork, as shown in Figure 20. This allowed the cables to exit
the concrete as close to the sensors as possible. Extra care was taken during casting to avoid damaging the
internal thermistors, and the concrete was not vibrated within the instrumented area but instead just
outside of it, close enough to ensure adequate concrete compaction within all areas of the samples without

damaging the thermistors.
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Figure 20 Formwork prior to casting including thermal sensors

3.3 Thermal Modelling

Steady state thermal modelling was performed using Heat3 8.02, a three-dimensional finite element heat
transfer program developed by BLOCON (2017). The models were built according to ISO 10211 (2007) [47],
the international standard for modelling thermal bridges in building construction. Each reinforcement type
was modelled with and without a thermal break, to allow for a comparison between the temperature
profiles obtained through experimental testing with those found in modelling. The purpose of thermal
modelling was to simulate the conditions occurring within the experimental testing chambers in order to

validate the results and further quantify the physical properties of the different thermal breaks.

3.3.1 Numerical Calculation Method
The calculation method performed in Heat3 is governed by the following partial differentiation equation

for temperature T(x,y,z,t) in Equation 3 [48]:

J </16T>+ J (AST)+ 6(/16T>+1 t —CdT (3)
52 \Mox) Tay\May) T \Meg) TRy a = O
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in which I, (W/m3), is the rate of internal heat generation, A, (W/mK), is the material thermal conductivity,
and C, (J/m3K), is the volumetric heat capacity. To derive a solution, this partial differentiation equation is
discretized to produce a computational mesh of approximated values. In the present case it is assumed

that there is no internal heat generation, therefore | = 0.

For a given computational cell with dimensions Ax;, Ay;, and Az, there are six adjacent cells. The directional
heat flow in watts from one cell (l,j,k) to another (l,j,k+1) in each of the six directions is obtained by
multiplying the thermal conductance by the temperature difference between the two cells as follows in

Equation 4:
Qijk+1/2 = Kl-‘j,k_l_%(Ti,j,k —Tijr+1) (4)

where Kij1/2 is the material thermal conductance between the two cells. This is calculated as shown in the

Equation 5 for heat flow in the z-direction through the area Ax; ¢ Ay;:

Axi ij
fknss = "I, y Az L p (5)
205k 2Aijper | LIRFL2

where Rijw1/2 is the thermal resistance at the interface between the cells. This equation applies for all
internal cell surfaces. For the conductance at a boundary condition the equation is modified to Equation 6,

shown for heat flow in the x-direction through the area Ay; ¢ Az:

ijAZk
Kijk+12 = ax; (6)
2hn + Rijk+1/2

where Rjk+1/2 is now defined as the boundary surface resistance.
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An energy balanced is developed for each computational cell and the net heat flow to cell (i,j,k) from the
six adjacent cells is calculated as Hi;jx (W). This net heat flow results in either an increase or decrease in
temperature for the cell. The temperature at the new computational time step is calculated as follows in

Equation 7:

At y
Ci,j,k Axi Ay] AZk L,

Tijknew = Tijk + K (7)
3.3.2 Thermal Modelling Inputs

Several simplifications were made between the experimental test samples and the models. Due to their
minimal effect on longitudinal heat transfer, transverse reinforcing bars were not included in the models.
As well, since the program is limited to drawing straight line segments, the circular reinforcing bars were
each drawn as a square cross-section with an area equal to that of the original circular cross-section.

According to ISO 10211, the surrounding insulating wall was extended a length of 1m above and below the

modelled sample.

The interior boundary condition was specified as 21°C and the exterior boundary condition as -31 °C, as per
the Winnipeg design temperature. Both boundary conditions were assigned a surface resistance of 0.1
m?K/W to simulate the low airflow occurring within the plywood shelters of the experimental setup. The
boundary conditions were assigned to surfaces as shown in Figure 21. All surfaces in the y-z plane, as well
as the uppermost and lowermost rigid insulation wall surfaces in the x-y plane, were assigned the adiabatic
boundary condition. Two separate boundary conditions with the same exposure conditions for both the
interior and exterior exposure were designated, with boundary conditions two and four assigned as interior
and boundary conditions three and five assigned as exterior. The program calculates heat flow through

each individual boundary condition, and this assignment allowed for the separation between heat flow
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calculated through the balcony surfaces (boundary conditions two and three) and the heat flow calculated

through the insulating wall (boundary conditions four and five).

A
X

Exterior Exposure
T=-31°C
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. . Interior Exposure
Adiabatic “ T=21°C

Exterior Exposure 4 Interior Exposure
T=-31°C T=21°C

Figure 21 Boundary condition assignments on three-dimensional model

Material thermal conductivities were assigned according to the values found in literature listed in

Table 11. Since the value of thermal conductivity for FRP materials found in literature varies, due to the
varying properties of each individual FRP product, a sensitivity analysis was performed by varying the
thermal conductivity of GFRP in the model until the sum of differences in temperature between the
experimental results and thermal model was minimized and will be included in the experimental results

and analysis.
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Table 11 Material thermal conductivities used in computer modelling

Material Thermal Conductivity, A [W/mK]
Carbon Steel Rebar [8] 50

Stainless Steel Rebar [8] 25

GFRP Rebar 1.5

Armatherm 500 [18] 0.0742

Concrete [8] 2

3.3.3  Numerical Mesh

After inputting physical geometry and material properties, Heat3 produces a numerical mesh, shown in
Figure 22.a for the GFRP reinforced sample with a thermal break. A sensitivity analysis was then performed
in order to identify an adequately refined numerical mesh. Since the analysis of the temperature profiles
from thermal modelling would require interpolation to obtain temperature data at the exact locations of
the thermal sensors within the test samples, it was necessary to provide a refined numerical mesh to ensure

that error introduced by manual interpolation would be minimized.

Figure 22 Numerical mesh for GFRP reinforced sample with thermal break a) as derived by the program and b) as selected for
analysis
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In order to evaluate the sensitivity of the models to the refinement of the numerical mesh, the effect of
four numerical mesh densities on the calculated heat flow for each model was observed. Numerical mesh
1 was the coarse numerical mesh as derived by Heat3. For each subsequent numerical mesh, the number
of computational cells along each axis was doubled, and therefore the total number of computational cells
was increased by a factor of eight. The number of computational cells in each evaluated numerical mesh is

provided in Table 12.

Table 12 Number of computational cells in evaluated numerical mesh

Numerical mesh Number of Computational Cells
1 696

2 5,568

3 44,544

4 365,352

Figure 23 provides the average calculated heat flow through each model when evaluated with each
numerical mesh. From this figure it is apparent that the calculated heat flow is generally insensitive to the
selected numerical mesh. Between numerical mesh 1 and 2, the calculated heat flow increases by 1.9% on
average. Between numerical mesh 2 and 3, the calculated heat flow increased by 1.0% on average.
Comparing the heat flow calculated by numerical mesh 3 and 4, the increase is further reduced to 0.2% on
average. This indicates that the effect of the selected numerical mesh on the calculated heat flow is
decreasing as the fineness of the numerical mesh is increased. Given that the results are changing by 1.0%
between numerical mesh 2 and 3, and essentially unchanged between numerical mesh 3 and 4, increasing
by only 0.2%, it can be conservatively concluded that the heat flow results are grid independent to within

1.0% at the grid density of numerical mesh 3, and this mesh was selected for performing the analyses.
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Figure 23 Average heat flow calculated for each model with each variation of numerical mesh

3.4 Structural Testing Program

Structural testing was carried out at the McQuade Structures Laboratory at the University of Manitoba. The

samples were destructively tested as cantilevered slabs to simulate the loading of a balcony in service. The

configuration of the test setup is shown below in Figure 24. The specimens were supported by two roller

supports placed on concrete blocks, labelled as support A and support B.
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Figure 24 Structural Test Setup

Support B is located at the furthest end from the load point and has a width of 150 mm, as shown in Figure
24. The sample rests on a roller support containing two rollers, which allow horizontal movement with
minimal rotation. The purpose of support B is to ensure negative moment development at support A and
prevent the samples from overturning during testing, therefore a downwards force is applied to the top
surface of the samples, also over a width of 150 mm. This force is applied using two hydraulic jacks, as
shown in Figure 25. The hydraulic jacks apply force to a spreader bar, which is in contact with the sample
through a steel plate resting on compressible rubber. The compressible rubber, measuring 10 mm in
thickness, was placed between the sample and the steel plate to eliminate unevenness on the concrete

surface. A steel bar passes through each hydraulic jack and is held in place on top by a bolt, and is then
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anchored into the strong floor of the lab, allowing the jacks to push upwards on the bolts and therefore
downwards on the spreader bar. The required load was determined by taking the largest anticipated force
developed at this support during testing, based on sample strengths, and applying a safety factor of two.

This resulted in a load of 100 kN.

i 1500 i
Hydraulic Jack — l 500 l Hydraulic Jack —
Spreader Bar —
10 mm Compressible Rubber —
Test Sample —
Roller Support — I| |I
—lr— —A—
Steel Bar Anchored Steel Bar Anchored
into Strong Floor into Strong Floor

Figure 25 Structural Test Setup - Support B

Support A is located immediately behind the thermal break and has a width of 150 mm, as shown in Figure
24. The sample rests on a roller support containing two rollers and is braced with two additional wooden
blocks to prevent rotation towards the load point. The purpose of support A is to simulate the wall system
of a building, providing rigidity and preventing rotation. Therefore a downwards force was applied to the

top surface of the samples at this support, also through a width of 150 mm. This force was applied by a
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hydraulic jack placed between two spreader bars, as shown in Figure 26. The upper spreader bar was
anchored downwards at its outer edges into steel supports attached to the lowermost supporting concrete
block. The lower spreader bar was in contact with the samples through a steel plate placed on top of a
plaster form. The plaster form was used in place of compressible rubber due to the increased unevenness
in this area caused by the difficulty in finishing of the concrete around the thermal break and internal
thermal sensor wires. The applied load was calculated based on typical wall loads, and a final load of 100

kN was selected, which is equal to the hold down load applied at support B.

[ [

Spreader Bar

Hydraulic Jack

Spreader Bar

10 mm Plaster

Test Sample

Roller Support Braced I [ 1 [ 1 I
with Wooden Blocks | |

— Steel Bars Anchored
into Supporting
Concrete Blocks

Figure 26 Structural Test Setup - Support A
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The samples were loaded at the furthest cantilevered edge from the thermal break, as shown in Figure 24.
The centre line of the load was located 50 mm from the edge of the sample, therefore providing a moment
arm of 762.5 mm from the point of loading to the thermal break. The load was transferred to the samples
through a 100 mm wide plate, placed directly midline to the load point and therefore flush with the edge
of the samples. The samples were sandwiched between two steel plates, each with a 10 mm compressible
rubber section between them and the sample, which were held in place by steel bars and bolts, as shown
in Figure 27. The load from the actuator was transferred first through a rotating pin, which allowed for
rotation at the load point as the sample deflected. The load was then transferred through a spreader bar
which rested on two sets of rollers, which allowed for extension of the sample as it deflected. The
combination of the pin allowing rotation and rollers allowing extension allowed the samples to deflect

under the applied load without restricting their movement.

Rotating Pin

Spreader Bar

=

Rollers I|D1—E ﬁ ﬂ 0 |

10 mm Compressible Rubber

Test Sample

10 mm Compressible Rubber

[ l|:|‘| |l|:|‘ ]
™= 500 =

Figure 27 Structural Test Setup - Load Point
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3.4.1 Sample Instrumentation for Structural Testing
In order to observe their behaviour during testing, the samples were instrumented with a combination of

350 ohm strain gauges, 200 mm PI gauges, and an LVDT displacement sensor.

Strain gauges were attached to the reinforcing bars within the samples, at the locations shown in Figure
28. For the GFRP reinforced samples there were two strain gauges placed on each of the four reinforcing
bars. The first strain gauge, labelled as 1 in Figure 28, was placed halfway across the depth of the thermal
break. This was calculated to be the location of highest stress within the rebar during testing. The second
strain gauge was placed 25 mm outside of the thermal break, towards the end where the load was applied.
The two strain gauges were therefore placed 37.5 mm apart from one another. This allowed for a
comparison between the rebar stresses within the thermal break and those immediately outside of it. The
two rebars within the top layer were instrumented with strain gauges on their upper surface, and the two
rebars within the lower layer on their lower surface. This allowed the strain gauges to capture the highest
stress across the cross-section of each rebar. The compression reinforcement was instrumented for the
GFRP reinforced samples in order to observe their behaviour, since the behaviour of GFRP in compression
is relatively unknown. The steel and stainless steel reinforced samples were instrumented the same way as
the GFRP reinforced samples, with the exception that only the tension reinforcement were instrumented.
The results from the strain gauges on the tension reinforcement for these samples will be used to

determine the yield point during testing.
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Figure 28 Strain gauge configuration

To install a strain gauge, the surface of the rebar was first sanded to provide a smooth surface and cleaned
with rubbing alcohol to remove debris. The gauges were adhered using an industrial adhesive. They were
then covered with Teflon tape, followed by epoxy with a sand coating to protect the gauges within the

concrete while providing bond.

Four 200 mm Pl gauges were installed on each sample to measure the rotation and opening of the thermal
break during testing. The configuration of the Pl gauges is provided below in Figure 29. To provide a
reference, the two exposed longitudinal sides of the samples will be referred to as the East and West edges
of the sample. The East edge of the sample was instrumented with two horizontal Pl gauges crossing the
thermal break. One Pl gauge was installed at the uppermost level of the concrete, and the second was
installed at the lowermost level, as shown in Figure 29. The west edge was also instrumented with two
horizontal Pl gauges, placed at the upper and lowermost edges of the sample, however they were placed
immediately behind the thermal break as opposed to across it. Pl gauges 1 and 2 on the East edge were

intended to capture the extension and compression of the sample on the upper and lower most edges
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respectively in order to quantify the rotation over the thermal break. Because the Pl gauges extended a
length of 200 mm, extending 25 mm over the thermal break and 175 mm over concrete, the two additional
Pl gauges were installed on the West edge. These Pl gauges were intended to capture movement due to
cracking of the concrete in this location. The intent was to show that there was minimal cracking and
therefore minimal movement occurring over Pl gauges 3 and 4, therefore the movement occurring over Pl

gauges 1 and 2 could be used to quantify rotation over the thermal break.

=200 mm
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a) Eastedge - Pl gauges crossing thermal break

—
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=
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|—200 mm

b) West Edge - Pl gauges behind thermal break

Figure 29 Structural Test Setup - Pl gauge configuration

The Pl gauges were mounted onto the samples using a combination of bolts and washers. The deflection
occurring over a Pl gauge was therefore measured from centerline to centerline of its two mounts. The
washers directly in contact with the samples measured 18 mm in diameter. Therefore the centerline of the

Pl gauge mounts were aligned as shown in Figure 30, and are offset by 9 mm from the thermal break.
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Figure 30 Pl gauge mount alignment

One LVDT displacement sensor was placed at the cantilevered end of the samples and installed as shown
in Figure 31 in order to record the maximum deflection of the sample. A small steel plate was welded to
the structural test setup at mid-width of the samples, in line with the load point, providing a surface onto

which the LVDT could be attached.

Load Point

LVDT — |
Displacement ||

Sensor T
50 mm ——‘—‘——|

Figure 31 LVDT instrumentation

3.5 Specimen Details and Casting

Preparation and casting of the 18 test samples was done at the University of Manitoba W.R. McQuade

Structures Laboratory. Wooden formwork was first built. The alignment of the thermal break was marked
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inside of the formwork for all samples. The reinforcement cages, including the thermal break material for

the samples that contained it, were first constructed outside of the formwork and lowered into position.

The steel and stainless steel reinforcement cages were tied together using steel ties, whereas the GFRP
reinforcement cages were tied using cable ties. This is as it would be done in industry, since it is not
desirable to introduce steel ties into GFRP reinforced members since this would introduce the possibility of
corrosion. Reinforcing bars were supported by plastic chairs within the forms. The plastic chairs were cut
to the required height to ensure accuracy in the depth of the reinforcing bars. Once prepared, the
reinforcing cages were lowered into position within the formwork. For samples with the thermal break, the
thermal break material was friction fit between the two side walls of the formwork, ensuring that it would
not be displaced. For samples without the thermal break, care was taken to align the reinforcement
properly when placing in the forms, as well as during casting. Figure 32 shows the formwork for samples

containing the thermal break prior to casting.

Figure 32 Formwork prior to casting
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To facilitate movement of the samples once cast, lifting hooks were embedded in the concrete. Quarter
inch diameter wire rope was used for the lifting hooks. The hooks were installed 400 mm from each end of

the sample, as this produced zero bending moment across the thermal break when lifted from the hooks,

as shown in the force analysis in Figure 33.

R=1.9kN R=19kN
T W =2.375 kN/m T
1 1 ' 1 ¥ 1 ¥ 1 ¥
400 400 400 400
0.95 0.95
SFD [KN]
095 -0.95
BMD [kN-m]
0.19 0.19

Figure 33 Force analysis for self-weight load induced by lifting hooks

The hooks were attached to the rebar using cable ties, as shown in Figure 34. One three foot section of
rope was used for each tie. The ends of the rope were frayed to increase surface area in contact with the
concrete in order to provide adequate bond. Once the reinforcement cages were in place with the lifting

hooks installed, the thermal sensors were installed at the appropriate locations.
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Figure 34 Lifting hook attached to reinforcing bar in formwork

The concrete for the project was donated by Building Products, and the samples were cast from two trucks
of concrete over one day. The first casting was performed in the morning and the 9 samples containing the
thermal break were cast. The second casting was performed in the afternoon and the remaining 9 samples
without the thermal break were cast. Concrete cylinders were also cast for compressive strength testing in

order to monitor the concrete strength during curing and testing.

During casting of the concrete, care was taken to avoid damaging the internal sensors. Concrete was either
poured or shovelled into the ends of the forms, away from the sensors, and then moved or vibrated to fill
the forms. Vibrating was not done within 150 mm of the thermal break in order to avoid damaging the
internal sensors. Instead the surrounding area was vibrated thoroughly in order to ensure adequate
compaction of the concrete around the sensors. The samples were then moist cured with water soaked

burlap covered by plastic tarp to avoid inducing stresses in the concrete due to drying shrinkage.
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4 Experimental Results and Analysis

The following section presents the results of thermal and structural experimental testing. The thermal
testing results are first presented, and an analysis is performed to compare the experimental results to the
numerical results and draw conclusions regarding the system. The structural testing results are then
presented, and the failure mode, ultimate load carrying capacity, and deflection of each system are
analysed, as well as the performance of GFRP reinforcement in compression. The structural experimental

behaviour will be compared to the calculated behaviour presented in Section 3.1.

To identify each individual sample, they are numbered in the order in which they were thermally tested,

from sample 1 through 18, as provided in Table 13 below.

Table 13 Test sample numbering scheme

Sample Numbering Scheme

Reinforcement With Thermal Break Without Thermal Break
GFRP 1,2,3 4,5,6

Carbon Steel 10,11,12 7,8,9
Stainless Steel 13,14,15 16,17,18

4.1 Experimental Thermal Results

The following section will present and evaluate the results obtained from the thermal testing program. The
experimental data will first be presented, with the consistency of the results and the direction of heat flow
within the test samples evaluated. The experimentally obtained temperature profiles of the samples are
presented and discussed. The results from the numerical thermal modelling are then presented, with an
analysis to determine the optimal value for the thermal conductivity of GFRP to be used in the models. The
numerical results are then used to validate those obtained experimentally, and an analysis is performed

using the results from Heat3 to determine the heat flow across the thermal break assemblies.
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Prior to examining the steady state temperature data obtained from the thermistors, it is possible to draw
preliminary conclusions about the systems from the infrared image provided below in Figure 35. This image
shows the temperature gradient across two GFRP reinforced samples, one with a thermal break and one
without, taken from the warm chamber. The sample without the thermal break shows significantly colder
surface temperatures, shown by the deep purple area immediately adjacent to the insulating wall.
Comparatively, the surface temperatures on the sample with the thermal break are significantly higher,
demonstrating the effectiveness of the thermal break in isolating the warm and cold sides of the chamber

from one another and decreasing the total heat flow through the slab.

T = | GRRP without et sl GFRP with
thermal break thermal break

A

Figure 35 Photograph (left) and infrared image (right) of GFRP reinforced slabs tested in thermal chambers, taken from the warm
chamber.

4.1.1 Quality and Consistency of Thermal Experimental Results

Before performing an analysis, the data obtained through experimental thermal testing will first be
examined on its own. Data from thermal testing is composed of a temperature profile for each test sample,

with the temperatures recorded by thermistors located as shown in Figure 18.

There are a maximum of 66 temperature points in carbon steel reinforced samples and 54 temperature

points in stainless steel and GFRP reinforced samples. Several thermistors were damaged, likely during
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casting of the concrete due to the aggressive nature of this process, and were therefore not functioning
during thermal testing. For the steel reinforced samples, an average of 13% or 9 of the thermistors were
damaged in each sample. For the stainless steel reinforced samples, an average of 6% or 3 of the
thermistors were damaged. For the GFRP reinforced samples without a thermal break, an average of 4% or
2 of the thermistors were damaged. Due to an error in procedure while performing the experiments, the
lead wires to the internal thermistors for samples one and two containing GFRP reinforcement with a
thermal break were removed prior to testing. Therefore these two samples were instrumented with only
the surface thermistors at level /, and only sample number three for the samples containing GFRP
reinforcement with a thermal break was instrumented with the full thermistor layout. It is noted that there
is a higher number of damaged thermistors in the carbon steel reinforced samples, however there are no

obvious explanations for this discrepancy.

To observe the consistency in results between tests, the difference in temperatures recorded at identical
locations within two samples of each sample type is compared, with the results summarized below in Table

14. The average temperature difference and standard deviation are provided for each sample type.

Table 14 Average temperature difference and standard deviation of individual temperature points calculated between two
samples of the same type

Average Temperature Difference Standard Deviation

[°C] [°C]
) 0.89

GFRP With Thermal Break 0.9
Without Thermal Break 1.3 1.03
With Thermal Break 0.8 0.85

Steel

Without Thermal Break 1.0 1.01
Stainless With Thermal Break 0.8 0.62
Steel Without Thermal Break 0.6 0.48
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The low average temperature difference and standard deviation show consistency between the results of
different experimental tests on the same sample types and confirm the consistency of the experimental
setup. The highest observed average temperature difference for a sample type is equal to 1.3 + 1.03 °C.
Including in consideration that the tolerance of the thermal sensors installed was + 0.2°C, from the results

in the above table it can be concluded that the experimental setup produced consistent results.

4.1.2 Direction of Heat Flow
To observe the general direction of heat flow during thermal testing and to verify our assumption of
predominantly longitudinal heat flow, the longitudinal, vertical, and transverse heat flows, Q, at a

temperature point were calculated for several test samples using the approximation in Equation 8:
Q = —k AT/Ad (8)

where k is the thermal conductivity of the material through which heat flows, AT is the change in
temperature between two points over which heat flow is calculated, and Ad is the distance between the
two points. The temperature point about which the heat flow was calculated is located in cross-section C,

row 2 and level Il as labelled in Figure 18, and as indicated in Figure 36.

Temperature point C-2-1

- - - w T.Ill" - -
o STt Pa= !
| @] ]
II ELK
Section C

Figure 36 Temperature point selected for calculation of directional heat flows, located in cross-section C

As provided in Figure 37, the longitudinal heat flow is labelled as the x-direction, the vertical heat flow as

the y-direction, and transverse heat flow as the z-direction. Temperature point C-2-11 was selected as it is
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surrounded by concrete in all directions, therefore the calculation of heat flow to each adjacent

temperature point can be calculated using the thermal conductivity of concrete equal to 2 W/mK.

At

Temperature point C-2-11

™

Q- Q.+

Qy-
Figure 37 Heat flow labelling for direction of heat flow analysis

A summary of the obtained heat flows is presented in Table 15. Negative values indicate that the direction

of flow is opposite of what is shown in Figure 37.

Table 15 Heat flow values calculated at discrete locations within test samples

GFRP Steel Stainless Steel
Thermal No Thermal Thermal No Thermal Thermal No Thermal

Break Break Break Break Break Break
,S\laur;‘qpblir 3 6 12 9 14 18
Qx+ 107.3 211.3 - 197.2 138.3 194.4
Qx- 180.1 284.0 374.3 4337 368.9 274.7
Qy+ 32.5 34.0 77.3 24.8 60.5 9.0
Qy- 161.4 19.8 30.7 69.7 27.4 4.2
Q; 10.9 7.7 355 9.8 1.3 4.4

As shown in Table 15, the longitudinal heat fluxes, Qs+ and Qx-, have significantly higher magnitudes than
the vertical, Qi+ and Qy-, and transverse, Q,, heat fluxes. This is with the exception of sample number 3,

containing GFRP reinforcement with a thermal break, in which the upwards vertical heat flux is of
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equivalent magnitude. Given that the five remaining sample types confirm the predominantly longitudinal
heat flow within the system it can be confirmed that our assumption was correct. On average, longitudinal
heat flow values are 4.9 times larger than vertical and 39.9 times larger than transverse. The significantly
low transverse heat flow confirms that the provided plywood shelter within the thermal testing chambers

effectively eliminated the transverse temperature gradient observed in the mock-up samples.

4.1.3 Experimental Temperature Profiles

The following section will present graphically the longitudinal temperature profiles observed from one of
each sample type and will discuss the data. As the results between test samples are consistent, with an
average standard deviation of 0.8°C amongst all temperature profiles, one example from each type of
sample (each type of reinforcement both with and without a thermal break) will be presented below for
discussion. Blue data points on the following figures indicate negative temperatures whereas red data
points indicative positive temperatures. A yellow shaded rectangle indicates the location of the thermal
break for samples containing the break, whereas a blank rectangle indicates a sample without a thermal
break and is in place to indicate the alignment of the break for the purpose of drawing comparisons,

however it is in actuality continuous concrete for these samples.

Figure 38 provides the experimentally obtained cross-sectional temperature profiles for the GFRP
reinforced samples both with and without a thermal break. Of immediate notice is the separation of
positive and negative temperatures to either side of the thermal break in Figure 38a. This indicates the
effectiveness of the thermal break in shifting and increasing the temperature gradient across the thermal
break, reducing the penetration of cold temperatures to the interior of the building. Comparatively in
Figure 38b, without the thermal break, temperatures as low as -7.7°C are found to the interior of the break.
By introducing the thermal break the system is now able to better isolate the two environments and

prevent the colder temperatures from penetrating the warm side of the slab.

65



0.1 283 243 21 244-284 47 82 113 14,6 121
0.05 |- 46 -2¢5-284 81 74 137
sl 28 &1 84 39 116
0.05 -
_01 1 1 ! | 1 | L 1 J
0.25 0.2 0.15 0.1 -0.05 0 0.05 0.1 0.15 02 0.25
a)
0.1 288 244 282 3913217 46 3.1 97 145
0.05 - 37 41 16 44 69
sl & 137 41 48 35 68
005
-01 1 J L 1 1 |l L L J
0.25 0.2 0.15 0.1 -0.05 0 0.05 0.1 0.15 02 0.25
b)

Figure 38 Experimentally obtained temperature profiles for a GFRP reinforced test sample a) with thermal break and b) without

Figure 39 presents the longitudinal temperature profiles for samples reinforced with regular carbon steel.
Figure 39b, containing carbon steel reinforcement without a thermal break, may be considered as the base
case of a regularly reinforced balcony without any thermal break remediation. As was observed with the
GFRP reinforced samples, the thermal break effectively separates the negative temperatures to the cold
side and the positive temperatures to the warm side. However due to the increased thermal conductivity
of the carbon steel in comparison to that of GFRP, the improvement is not as significant. When comparing
Figure 38a for a sample containing GFRP with a thermal break and Figure 39a for a sample containing steel
with a thermal break, temperatures on average 55% lower are found adjacent to the thermal break on the
warm side for the steel reinforced sample compared to the GFRP reinforced sample. This indicates that the

benefit introduced by the thermal break is optimised when used in combination with reinforcing materials

thermal break, all temperatures in “C
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that also possess a lower thermal conductivity. Despite the increase in reinforcement surface area due to
using larger diameter rebar for GFRP than carbon steel, the GFRP reinforced section still provides better

performance with regards to reducing the penetration of cold temperatures to the interior.
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Figure 39 Experimentally obtained temperature profiles for a carbon steel reinforced test sample a) with thermal break and b)
without thermal break, all temperatures in °C

Figure 40 presents the longitudinal temperature profiles for samples reinforced with stainless steel. As seen
with the two other types of reinforcement, the thermal break effectively separates the negative

temperatures to the cold side and the positive temperatures to the warm side. Since the thermal
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conductivity of stainless steel is lower than that of carbon steel, the stainless steel reinforced section
performs better than the carbon steel reinforced section in terms of reducing the penetration of colder
temperatures to the warm side of the sample. The temperatures immediately adjacent to the thermal
break on the warm side for the stainless steel reinforced sample are on average 147% higher than those
found in the carbon steel reinforced sample with a thermal break. When comparing the temperatures
immediately adjacent to the thermal break for both the GFRP reinforced and stainless steel reinforced
samples, there is very little variance. At the top surface of the samples the temperature of the GFRP
reinforced sample is 1.1°C colder than that of the stainless steel reinforced sample, however at mid-height
the GFRP reinforced sample is 0.4°C warmer than the stainless steel reinforced sample. This indicates that
the two systems perform similarly in terms of reducing the penetration of cold temperatures to the interior
of the building. Further analysis in terms of heat flow and thermal modelling can be used to determine the

overall performance of the systems relative to one another.
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Figure 40 Experimentally obtained temperature profiles for a stainless steel reinforced test sample a) with thermal break and b)
without thermal break, all temperatures in °C

The initial assessment of the temperature data obtained from thermal testing demonstrates the
effectiveness of the thermal break in separating the two thermal environments. When compared to the
base case of regular carbon steel reinforcement without a thermal break, the optimized system containing
GFRP reinforcement with a thermal break increases the temperatures adjacent to the thermal break on the

warm side by an average of 13.7°C. To further quantify the performance and properties of the systems,

0.1 -0.05

4]

b)

0.05

thermal modelling will be employed in the following sections.
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4.2 Thermal Modelling

As presented in section 3.3, thermal modelling was performed using Heat3 to verify the temperature
profiles obtained through experimental testing, and to draw further conclusions regarding the systems and
their thermal insulating properties. The general inputs and numerical mesh for thermal modelling were
presented previously in section 3.3. The following sections will first provide the approach to determining
the value for the thermal conductivity of GFRP to be used in thermal modelling. An analysis comparing the
temperature profiles obtained through modelling and those obtained experimentally will follow, and the

results from the models will be used to draw conclusions on the thermal performance of the systems.

4.2.1 Thermal Conductivity of GFRP

To model the cast in place balcony thermal breaks in Heat3D the thermal conductivity of each material was
required. Unlike steel and stainless steel, different GFRP products are each composed of a different
combination of polymers and fibers, and therefore have different thermal conductivities. For the GFRP
product selected for testing, there is no available literature or manufacturer data provided regarding its
thermal conductivity. As discussed in section 2.3.1 there are values for thermal conductivity found within
literature for other GFRP products. Based on these values, an analysis was performed within Heat3D to

determine the thermal conductivity of GFRP that would best reproduce the experimental results.

To determine the optimal thermal conductivity of GFRP, the system was modelled with a range of values
and that which minimized the difference between the model results and experimental results was selected
for all further analyses. The values selected range from 0.1 W/mK to 3.5 W/mk, based on data available in
literature. A summary of the average and maximum temperature difference calculated over this ranges of

thermal conductivity values is provided in Figure 41 and Figure 42, respectively.
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Figure 41 Average temperature difference calculated between experimental and numerical results for a range of GFRP thermal
conductivities
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Figure 42 Maximum temperature difference calculated between experimental and numerical results for a range of GFRP thermal
conductivities

For the samples containing a thermal break, the average temperature difference continues decreasing as
the value for A decreases towards 1.75 W/mK, and begins increasing as A continues decreasing past 1.6
W/mK. The lowest maximum difference is observed when A is equal to 1.5 W/mK. The total sum of
differences when A is equal to 1.5 W/mK is only 0.9°C, or 1.3% higher than that when A is equal to 1.6
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W/mK. Based on these observations, a value of 1.5 w/mK for the thermal conductivity of GFRP provides an

optimized representation of the experimental results.

For the samples without a thermal break there is very little difference observed within the obtained
temperature profile of the model when the thermal conductivity of GFRP is varied. For each variation, a
maximum local temperature difference of 4.61°C is observed. The average decreases as A decreases, but

only by 1% over the range of values observed.

For the samples containing the thermal break the GFRP reinforcement is the main conduit for heat to flow
across the thermal break, therefore it is anticipated that varying the thermal conductivity of the material
would produce more significant of an effect than for the model without a thermal break. The thermal
conductivity of concrete is larger than that of the GFRP, therefore for the samples without a thermal break
the temperature distribution in the balcony is insensitive to the thermal conductivity of GFRP. Therefore,
the results observed for samples containing the thermal break provide a better analysis for the effect of
varying the thermal conductivity of GFRP. Based on the above observations, a thermal conductivity of A=1.5

W/mK was selected for further analyses.

4.2.2 Comparison between Model and Experimental Results

To use the results from the models developed in Heat3D to draw conclusions regarding the balcony thermal
breaks developed in this project, we must first compare results from the two methods to ensure that they
agree within reasonable error. To do so, interpolation is performed on the temperature profiles obtained
from Heat3D to obtain temperature values at the same coordinates as those recorded experimentally. This
allows for a direct comparison between the two temperature profiles. Results from each test sample are
compared to those from modelling by observing the absolute temperature difference at each point of
sampling. Provided in the following section is a summary of the average and maximum temperature

differences observed within each sample and a discussion regarding the analysis.
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Table 16 presents the calculated average and maximum temperature differences observed between each
experimental sample and the model for all GFRP reinforced samples. The average temperature difference
ranges from 0.8 — 1.9°C. The average temperature difference for samples containing GFRP without a
thermal break is equal to 1.3°C, while that for samples with a thermal break is equal to 1.37 °C. The average
maximum temperature difference for samples containing GFRP without a thermal break is equal to 3.8 °C
while that for samples with a thermal break is equal to 5.4°C. In general, given the low average local
temperature differences of 1.30°C and 1.37°C for samples without and with a thermal break, respectively,
it can be concluded that the model provides an adequate representation of the systems and may be used
to further analyse the systems containing GFRP reinforcement. Although local discrepancies are present,
as shown by the increased maximum local temperature differences, the behaviour of the system as a whole
is represented well by the model. These local discrepancies may also be accounted for by experimental

error, such as exact placement of the thermal sensors during construction and casting of the concrete.

Table 16 Comparison between experimental and modelled temperature profiles for GFRP reinforced samples

GFRP Reinforced Samples

Without Thermal Break With Thermal Break
Test Sample 4 5 6 1 2 3
Average Temperature Difference ["C] 0.8 1.2 1.9 1.6 0.9 1.6
Maximum Temperature Difference [°C] 2.8 4.1 4.6 5.2 4.2 6.9

Table 17 presents the calculated average and maximum temperature differences observed between each
experimental sample and the model for all steel reinforced samples. The average temperature difference
ranges from 1.2 — 2.1°C. The average for samples containing steel reinforcement without a thermal break
is equal to 1.2°C, while that for samples with a thermal break is equal to 1.8. The average maximum
temperature difference for samples containing steel reinforcement without a thermal break is equal to

3.7°C while that for samples with a thermal break is equal to 6°C. For steel reinforced samples, the system
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without a thermal break is slightly more accurately represented, with an absolute average local
temperature difference of 1.2°C, in comparison to that found for the samples with a thermal break equal
to 1.8°C. The local discrepancies are again present, as shown by the increased local maximum temperature

differences.

Table 17 Comparison between experimental and modelled temperature profiles for carbon steel reinforced samples

Carbon Steel Reinforced Samples

Without Thermal Break With Thermal Break
Test Sample 7 8 9 10 11 12
Average Temperature Difference [°C] 1.2 1.3 1.2 1.2 2.1 2
Maximum Temperature Difference [°C] 4.9 3.6 2.5 3.5 7.8 6.7

Table 18 presents the calculated average and maximum temperature differences observed between each
experimental sample and the model for all stainless steel reinforced samples. The average temperature
difference ranges from 1.2 — 2°C. The ultimate average for samples containing stainless steel reinforcement
without a thermal break is equal to 1.27°C, while that for samples with a thermal break is equal to 1.83.
The average maximum temperature difference for samples containing steel reinforcement without a
thermal break is equal to 3.7°C while that for samples with a thermal break is equal to 5.37°C. As was
observed for the steel reinforced samples, the system without a thermal break is slightly more accurately
represented, with an absolute average local temperature difference of 1.27°C, in comparison that that
found for the samples with a thermal break equal to 1.83°C. Local discrepancies are again present, as shown

by the increased local maximum temperature differences.

Table 18 Comparison between experimental and modelled temperature profiles for stainless steel reinforced samples

Stainless Steel Reinforced Samples

Without Thermal Break With Thermal Break
Test Sample 16 17 18 13 14 15
Average Temperature Difference [°C] 1.2 14 1.2 1.9 1.6 2
Maximum Temperature Difference ["C] 49 3.6 2.5 53 5.4 5.4
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The systems modelled without a thermal break provide a marginally better representation than the systems
modelled with a thermal break, showing an average temperature difference across all sample types of
1.27°C and 1.66°C for samples with and without the thermal break, respectively. Local temperature
discrepancies are present within all sample types. These may however be accounted for by experimental
error, such as the exact placement of the thermal sensors within the concrete during casting, and therefore
do not discredit the performance of the model in representing the experimental conditions. For samples
containing each type of reinforcement the model developed in Heat3D provides a sufficiently accurate
representation of the temperature profile observed under the experimental conditions, as determined by

the low average local temperature difference, and can therefore be used for further analysis of the systemes.

4.2.3 Heat Flow across Thermal Breaks
The following section will present the results from the models developed in Heat3 pertaining to the heat
flow through each modelled system. These results will be used to draw conclusions on the reduction in

heat flow across the cast in place balcony slab introduced by the thermal break.

Boundary condition assignments are detailed in Section 3.3.2. The following section will analyze the heat
flow through the thermal break assembly using the heat flow calculated through boundary conditions two
and three representing the exposed concrete surfaces in the assembly for the interior and exterior surfaces,

respectively.

As shown in the following results, the heat flows calculated through boundary conditions two and three for
samples without a thermal break are equal in magnitude and opposite in direction. For samples containing
a thermal break, the heat flow through boundary condition two is on average 7% larger than that calculated
through boundary condition 3. This indicates that the thermal break is providing enough resistance to direct
a portion of the total heat flow into the reinforced concrete slab from the cold side either upwards or

downwards through the surrounding insulating wall. Given that the insulating wall is composed of a plain
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insulating block and does not represent the construction of a typical wall system in which a balcony would
be installed, the heat flow through this portion of the model is not used to represent the heat flow through

the balcony thermal break system.

Table 19 provides the calculated heat flows for GFRP reinforced samples both with and without a thermal
break. Without a thermal break, the average heat flow through the system is equal to 24.60 W. With the
introduction of the thermal break, the average heat flow is reduced to 10.82 W, providing a 56.1%

reduction is heat loss through the balcony system.

Table 19 Heat flows through samples containing GFRP reinforcement as calculated by Heat3

Surface Without Thermal Break With Thermal Break Percent Reduction
(W] (W] (%]
Interior Exposure 24.60 11.45 53.5
Exterior Exposure -24.60 -10.18 58.6
Absolute Value Average 24.60 10.82 56.1

Table 20 provides the calculated heat flows for steel reinforced samples both with and without a thermal
break. Without a thermal break, the average heat flow through the system is equal to 28.87 W. With the
introduction of the thermal break, the average heat flow is reduced to 20.06 W. This only provides a 30.5%
reduction in heat loss through the balcony system, which is significantly lower than the percent reduction
observed for the GFRP reinforced samples. The average heat flow through the system containing steel
reinforcement with a thermal break is also only 18% lower than that calculated for the GFRP reinforced

system without a thermal break.

Table 20 Heat flows through samples containing carbon steel reinforcement as calculated by Heat3

Surface Without Thermal Break With Thermal Break Percent Reduction
(W] (W] (%]
Interior Exposure 28.87 20.40 29.3
Exterior Exposure -28.87 -19.72 31.7
Absolute Value Average 28.87 20.06 30.5
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Table 21 provides the calculated heat flows for stainless steel reinforced samples both with and without a
thermal break. Without a thermal break, the average heat flow through the system is equal to 26.09 W.
With the introduction of the thermal break, the average heat flow is reduced to 14.44W, providing a

percent reduction of 44.7%.

Table 21 Heat flows through samples containing stainless steel reinforcement as calculated by Heat3D

Surface Without Thermal Break With Thermal Break Percent Reduction
(W] (W] [%]
Interior Exposure 26.09 14.94 42.8
Exterior Exposure -26.09 -13.93 46.6
Absolute Value Average 26.09 14.44 44.7

A further comparison may be made between the conventional method of constructing a balcony and the
three variations of thermal breaks. The conventional balcony is represented in this experimental program
by the steel reinforced samples without a thermal break and is compared in Table 22 to the samples
containing a thermal break reinforced with each carbon steel, stainless steel, and GFRP. The largest percent
reduction in heat flow when compared to the conventional balcony is observed for the GFRP reinforced
thermal break, equal to 62.5%, which is more than twice the percent reduction observed for carbon steel
reinforced samples, equal to 30.5%. Stainless steel reinforced samples also provide a significant

improvement, providing a 50% reduction in heat flow through the system.

Table 22 Comparison between heat flows through a conventional balcony system and the thermal break variations

Surface Average Heat Flow Percent Reduction
(W] (%]
Continuous Balcony with Carbon Steel Reinforcement 28.87 -
Steel Reinforced Thermal Break 20.06 30.5
Stainless Steel Reinforced Thermal Break 14.44 50.0
GFRP Reinforced Thermal Break 10.82 62.5

In general, the introduction of the thermal break provides a significant reduction in total heat flow through

the balcony system. The most significant improvement is observed for the GFRP reinforced samples,
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indicating that the thermal performance of the cast in place balcony thermal break is optimized when used
in conjunction with reinforcement with a low thermal conductivity. Stainless steel reinforcement also
provides a significant reduction, reducing the total heat loss through the system by 50%. Therefore, a
thermal break reinforced with either stainless steel or GFRP reinforcement will provide a significant
reduction in the total heat loss of a building’s envelope. These provide a promising solution for building
greener buildings with lower environmental footprints. Based on the results of this thermal analysis, GFRP

reinforcement is recommended as the preferred reinforcement for balcony thermal break systems.

4.3 Structural Testing Results

The following section presents and analyzes the data obtained through experimental structural testing.
First, a general overview of the data obtained from the strain gauges, Pl gauges, and LVDT sensors is
presented. The compressive performance of GFRP in a thermal break is reviewed based on the data
obtained from strain gauges. The ultimate failure and yield loads of the test samples is then discussed and
compared with the calculated design values presented in section 3.1.8, followed by a discussion regarding
the failure modes and physical performance of the samples. Lastly, serviceability performance including

deflection of the samples is discussed.

Due to an error in the data acquisition system used for structural testing, the data sets obtained from two
samples are disregarded. These samples are sample number four containing GFRP reinforcement without
a thermal break and sample number 13 containing stainless steel reinforcement with a thermal break. The
error was due to the data acquisition system scaling the recorded data using an unknown and incorrect
reference, therefore it is not possible to process the data to have it scaled to the appropriate reference.
The remaining two samples for each sample type in which one was lost produced consistent results,

therefore these will be used to draw conclusions regarding the system.
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4.3.1 Structural Experimental Data
The data obtained from structural experimental testing is composed of data from the reinforcement
mounted strain gauges, surface mounted pi gauges, and the LVDT installed on each test sample. The

following subsections will present and discuss data from representative samples for each type of sensor.

4.3.1.1 Strain Gauge Data

The strain gauge data obtained from structural testing is examined as a plot of the strain versus the point
load applied over the course of a structural test. The data produced consistent results within each sample
type, therefore one set of strain gauge data from each type of sample will be discussed below in detail.
Strain gauges applied to the rebar at mid-depth of the thermal break material are referenced as location 1,
and those applied 25 mm from the thermal break to the cantilevered edge will be referenced as location

2, as provided in Figure 43.

Load Point 21
||
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| Bl
| 1

| ——I—'——S?.S mm

Figure 43 Strain gauge placement

For the GFRP reinforced samples both the top and bottom reinforcing bars were instrumented with strain
gauges, therefore four plots obtained from strain gauges applied to two reinforcing bars (one tension
reinforcing bar and one compression reinforcing bar) are presented below for the GFRP reinforced samples.
Conversely, two plots are presented for each steel and stainless steel sample, obtained from one tension

reinforcing bar, as these samples were only installed with strain gauges on the tensile reinforcement.
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The first set of results shown in Figure 44 are obtained from sample number one containing GFRP
reinforcement with a thermal break. The two strain gauges applied to the tension reinforcement confirm
that this reinforcement was subjected to a tensile force for the entire duration of the test. The

reinforcement demonstrates linear elastic deformation until failure of the specimen at 63 kN.

The two strain gauges applied to the compression reinforcement demonstrate that this reinforcement was
subjected to a compressive force for the entire duration of the test. The reinforcement demonstrates
linear-elastic behaviour until a load of approximately 30 and 40 kN for strain gauges at locations 1 and 2,

respectively, after which the relationship becomes curvilinear before failure.
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Figure 44 Strain gauge data for a GFRP reinforced sample with a thermal break

The following set of results in Figure 45 are from sample number six containing GFRP reinforcement without
a thermal break. The two strain gauges applied to the tension reinforcement demonstrate that this
reinforcement was subjected to a tensile force for the entire duration of the test. Both curves are composed

of two linear sections with a depression occurring in between. The first linear section demonstrates an
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increased slope and therefore increased stiffness in the system until a point load of approximately 13 kN,
at which cracking in the concrete first occurs. This increased stiffness is due to the contribution of the
concrete to the tensile capacity prior to cracking. The load then again increases as strain increases, but at

a shallower slope and therefore a lower stiffness in the reinforcement, until reaching ultimate failure.
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Figure 45 Strain gauge data for a GFRP reinforced sample without a thermal break

The results from the two strain gauges applied to the compression reinforcement demonstrate that the
rebar experienced both tensile and compressive forces, indicating a fluctuating neutral axis. The location
of the neutral axis over the duration of structural testing is provided in Figure 46. The labels ‘Insulation” and
‘Concrete’ refer to the strain gauges installed in line with the thermal break and immediately adjacent to
the thermal break in the concrete, respectively. The labels ‘Bar 1’ and ‘Bar 2’ differentiate between the two
compressive reinforcing bars in the sample. The height of the tensile and compressive reinforcement are

also plotted for reference.
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Neutral Axis in Sample 6
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Figure 46 Neutral axis height measured from bottom surface of slab over duration of structural testing for sample 6, containing
GFRP reinforcement without a thermal break

Prior to cracking of the concrete at approximately 13 kN, both bottom bars are subjected to compression
with the neutral axis located above the compression reinforcement. After cracking of the concrete occurs,
the neutral axis lowers and both the tensile and compressive reinforcement are subjected to tension. This
indicates that cracking of the concrete has a larger effect on the behaviour of the reinforcement for samples
not containing a thermal break. This is expected, as the thermal break provides a discontinuity in the

concrete and isolates the behaviour of the reinforcement for samples in which it is installed.

The following set of results in Figure 47 are from sample number 12 containing steel reinforcement with a
thermal break. As anticipated, the data from the two strain gauges applied to one of the tensile
reinforcement demonstrates that this reinforcement is subjected to tension for the duration of the test.
The reinforcement exhibits the typical behaviour of carbon steel subjected to tension, exhibiting linear

elastic behaviour until the point of yielding, after which the steel yields and undergoes plastic deformation.
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Carbon Steel Reinforcement with Thermal Break
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Figure 47 Strain gauge data for a carbon steel reinforced sample with a thermal break

The following set of results in Figure 48 are from sample number 7 containing steel reinforcement without
a thermal break. Similar to the GFRP reinforced sample without a thermal break, there is a change in slope
occurring at the onset of concrete cracking. The strain increases linearly until concrete cracking initiates at
a point load of approximately 14 kN, after which the strain continues to increase but with a shallower slope.

This behaviour is typical of a reinforced concrete slab.
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Carbon Steel Reinforcement without Thermal Break
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Figure 48 Strain gauge data for a carbon steel reinforced sample without a thermal break

The following set of results in Figure 49 are from sample number 14 containing stainless steel
reinforcement with a thermal break. The data shows that the bars were subjected to tension for the
duration of the test. The shape of the curve is curvilinear, which is anticipated as this was observed in the
tensile tests performed on individual rebar. The minor fluctuations observed along the length of the curve
indicate cracking within the concrete. Due to the lower reinforcement ratio used for stainless steel
reinforced samples compared to carbon steel reinforced samples the stiffness of the section is lower,

allowing for increased deflection and higher amounts of concrete cracking during loading.
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Stainless Steel Reinforcement with Thermal Break
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Figure 49 Strain gauge data for a stainless steel reinforced sample with a thermal break

The following set of results in Figure 50 are from sample number 17 containing stainless steel
reinforcement without a thermal break. The results are similar to those observed in the samples containing
GFRP and carbon steel reinforcement without a thermal break, with an initial steeper slope prior to
concrete cracking and a shallower slop after cracking has occurred. The larger fluctuations within the curve
are representative of larger concrete cracks, showing that the behaviour of the concrete has a greater
impact on the behaviour of the reinforcement for samples without a thermal break. The shape of the curve

is again curvilinear due to the properties of the stainless steel rebar.
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Stainless Steel Reinforcement without Thermal Break
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Figure 50 Strain gauge data for a stainless steel reinforced sample without a thermal break

In general, the data obtained from the strain gauges produced the anticipated results. Samples containing
the thermal break isolated the behaviour of the reinforcement, whereas in the samples without a thermal

break the behaviour of the concrete had a more significant effect on the behaviour of the reinforcement.

4.3.1.2 Deflection Data

The LVDT data obtained from structural testing is examined as a plot of the deflection versus the applied
load over the course of a structural test. The data produced consistent results within each sample type,
therefore one set of LVDT data from each type of sample will be discussed below in detail. The experimental
data for each sample was cut off after the maximum deflection as recorded by the LVDT, as this was used

to determine the end of testing.

Figure 51 below presents the LVDT data from samples numbered 2 and 5 containing GFRP reinforcement

with and without a thermal break, respectively. The data curve for both samples shows intermittent
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decreases in load with an increasing total deflection for the majority of the curve. These intermittent
decreases in load are due to cracking within the concrete of the specimen under loading. The deflection
curve of both samples is relatively similar until a load of approximately 35 kN, at which the deflection of
the sample containing a thermal break begins to increase more rapidly. As anticipated, the final total
deflection of sample number 2 containing a thermal break is larger than that of sample number 5 without
a thermal break. Immediately prior to failure, the applied load decreases rapidly over a very short time

frame while the deflection continues to increase.
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Figure 51 LVDT data obtained from samples containing GFRP reinforcement

Figure 52 below presents the LVDT data from samples numbered 10 and 7 containing steel reinforcement
with and without a thermal break, respectively. Again, the data curve for both samples shows intermittent
decreases in load with a continuously increasing total deflection up until yielding of the reinforcement.
After yielding of the reinforcement, the slope of the curve decreases and the total deflection increases
rapidly with minimal increase in applied load. As anticipated, the deflection curve for sample number 10
containing a thermal break is larger than that of sample number 7 without a thermal break for all applied

loads.
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Figure 52 LVDT data obtained from samples containing steel reinforcement

Figure 53 below presents the LVDT data from samples numbered 13 and 18 containing stainless steel
reinforcement with and without a thermal break, respectively. As observed for the two previous
reinforcement types, the curve for both samples shows intermittent decreases in load with an increasing
total deflection for the majority of the curve. The slope of the curve becomes gradually shallower as the
steel reinforcement begins to yield, therefore increasing the rate of deflection. As anticipated and as
observed with the two previous reinforcement types, the deflection curve for sample number 13 containing

a thermal break is larger than that of sample number 18 without a thermal break.
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Figure 53 LVDT data obtained from samples containing stainless steel reinforcement

In general, samples containing the thermal break produced a larger deflection than those without a thermal
break. This is due to the decrease in stiffness of the system with the introduction of the thermal break. The
data obtained from the LVDT sensors will be used in the following sections to further analyse the deflection

and serviceability performance of the samples.

4.3.1.3 Pl Gauge Data
The Pl gauge data obtained from structural testing is examined as a plot of the Pl gauge extension versus
the applied load over the duration of a structural test. The intention of the Pl gauge placement was to

capture the rotation of the thermal break.

The data obtained from Pl gauges showed to be very inconsistent, regardless of reinforcement type and
presence of a thermal break. Below in Figure 54 is an example of data obtained from a sample which
produced the anticipated behaviour, taken from sample number 12 containing steel reinforcement with a
thermal break. The Pl gauge located across the thermal break at the top surface of the sample experiences

a significant amount of elongation, increasing rapidly after yielding of the reinforcement. Similarly, the Pl
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gauge located across the thermal break but at the bottom of the sample experiences a significant amount
of compression, also increasing in rate after yielding of the reinforcement. The two Pl gauges installed
immediately behind the thermal break exhibit a similar behaviour to the two installed across the thermal
break but to a much smaller magnitude. For this sample it is concluded that the majority of the rotation
recorded by the Pl gauges extending across the thermal break is induced by the presence of the thermal
break, whereas the rotation recorded immediately behind the thermal break is likely to be induced by

cracking of the concrete in this region.
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Figure 54 Pl gauge data obtained from sample number 12 containing steel reinforcement with a thermal break

Figure 55 below provides the Pl gauge data obtained from sample number 2 containing GFRP reinforcement
with a thermal break, and does not follow the anticipated pattern. The Pl gauge installed at the bottom
edge of the sample behind the thermal break registers positive extension over the duration of the test,
whereas this area should be compressing. The two Pl gauges installed across the thermal break record
extension and compression on the top and bottom Pl gauges, respectively, indicating rotation of the sample

towards the load point.
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Figure 55 Pl gauge data obtained from sample number 2 containing GFRP reinforcement with a thermal break

The rotation at the thermal break for each sample will be presented in Section 4.3.5, calculated based on
the two Pl gauges installed across the thermal break. The data from sample number 6, containing GFRP

reinforcement without a thermal break, was disregarded due to a malfunction of the Pl gauges.

4.3.2  Analysis of GFRP Reinforcement in Compression

The following section will investigate the performance of GFRP reinforcement in compression by evaluating
the stress and strain distributions within the samples. Figure 56 provides the stress and strain distribution
along a GFRP reinforced concrete cross-section subjected to cantilever loading. For a reinforced concrete
section, the parabolic stress distribution is replaced by an equivalent rectangular stress block, with the

dimensions governed by the parameters a; and B1.
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Figure 56 Stress and strain distribution for a GFRP reinforced concrete cross-section

For the thermal break cross-section, the compressive stress distribution within the thermal break is
unknown. The parameters a; and B: applied for concrete may not be used for analysis as they are
dependent on the properties and strength of concrete. The properties of the GFRP reinforcement will
therefore be investigated by neglecting the capacity of the thermal break, as was done in design, and
assuming that all force transferred across the thermal break is carried by the reinforcement. This produces

the stress and strain distributions shown in Figure 57.
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Figure 57 Stress and strain distribution for a GFRP reinforced thermal break, neglecting the capacity of the thermal break
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Knowing the applied force during testing, P, and the dimensions of the test setup, the resulting forces in

the reinforcement, Tr and C¢’, can be calculated according to Equation 9:

Pl
TF = _CF = E (9)

where [ is the moment arm between P and the thermal break and d is the vertical distance between the
reinforcing bars. Knowing the resulting forces in the reinforcement, and the strain as recorded by the strain
gauges during testing, the stresses in the reinforcement, Giension aNd Gcompression Can be calculated according

to Equation 10:

TF

Otension — E (10)

for the tensile reinforcement and Equation 11:

—Cp
Ocompression — A_F, (11)

for the compressive reinforcement. From these two values, the modulus of elasticity can be calculated

according to Equation 12:

Otension
Etension = (12)
€F
for the tensile reinforcement and Equation 13:
E _ Ocompression 13
compression — P ( )
F

for the compressive reinforcement. The resulting modulus of elasticity for the reinforcement within sample
1 over the duration of loading is provided in Figure 58. As there are two tensile and two compressive

reinforcing bars within the width of each test sample, location 1 and 2 each refer to one longitudinal cross-
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section containing the reinforcement. The tensile modulus of elasticity for the GFRP, Etension, provided by
the rebar manufacturer is equal to 66.4 GPa. The average Etension Calculated from all samples using this

method is equal to 69.3 GPa with a standard deviation of 0.52 GPa.

Modulus of Elasticity of GFRP Reinforcement in Thermal Break
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Figure 58 Modulus of elasticity of GFRP reinforcement in thermal break for sample 1, neglecting capacity of thermal break

The tensile reinforcement demonstrates a lower modulus of elasticity for the duration of the test compared
to the compressive reinforcement. Given that previous research has found that the compressive modulus
of FRP is typically a fraction of its tensile modulus, Ecompression is likely being influenced by the thermal break.
By contributing to the compressive capacity of the cross-section, the thermal break is increasing the
stiffness within this region and therefore increasing the calculated modulus of elasticity for the
reinforcement when calculated in this method. This indicates that the thermal break does provide a

significant contribution to the compressive capacity.

Of interest is the shape of the plot of Ecomopression Over the duration of the test. Until an applied load of
approximately 25 kN and 34 kN for bars one and two respectively, Ecompression iS increasing, indicating an

increase in stiffness in the system. This may be due to the increasing neutral axis incorporating more depth
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of the thermal break to the compressive capacity. After this Ecompression D€gINS to decrease, indicating a
reduction in stiffness in the system and plastic deformation within the compressive region of the thermal
break. This is introduced by the plastic deformation of the thermal break material as it experiences crushing

under the applied load. .

The strain in compressive reinforcement at onset of plastic deformation in the compressive region of the

thermal break is tabulated in

Table 23. There is a significant range in the strain at onset of plastic deformation. The average GFRP strain

at onset of plastic deformation is equal to 2,512 micro-strain with a standard deviation of 340 micro-strain.

Table 23 Micro-strain in GFRP reinforcement at onset of plastic deformation within the thermal break

Sample Bar Micro-strain at onset of plastic deformation
Sample 1 1 1980
2 2800
Sample 2 1 2600
2 2280
Sample 3 1 2900

4.3.3 Test Sample Yielding and Failure Loads

The following section will provide an analysis of the ultimate failure and/or yielding loads observed for all
thermally broken samples. The applied load, P, at the cantilevered edge of the sample is provided, as well
as the resulting bending moment, M, at the location of the thermal break. For comparison, the theoretically

calculated sample strengths are provided.

The GFRP reinforced samples were found to exhibit a brittle shear failure within the concrete. The load at
which a brittle shear failure occurred within a GFRP reinforced sample was determined by observing the
load-deflection curve of the sample and locating regions where the load decreased suddenly. Small

decreases in load indicate small cracks appearing within the concrete and were not deemed to be a brittle
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failure, whereas large decreases indicate a significant brittle fracture and were used to indicate the ultimate

failure load.

The steel and stainless steel thermal breaks both exhibited yielding of the reinforcement. After yielding,
the samples deflected significantly and reached the deflection capacity of the test configuration before

concrete crushing. The moment resistance of the thermal break was based on the following Equation 14:

M, = Asfyd (14)

where Asis the area of steel in tension, f,is the steel’s yield strength, and d is the distance between the
compressive and tensile reinforcement. As such, the moment capacity of the system is based on the yield
strength of the reinforcement, and will subsequently be referred to as the yielding moment, or the yielding
load when referencing the experimentally applied load that caused vyielding. In order to observe the
reduction in capacity introduced by the thermal break, the moment at which yielding first occurs in the
reinforcement will be compared between the thermally broken and regular concrete slabs. The load at
which yielding first occurred within a steel or stainless steel reinforced sample was determined as that at
which a strain gauge within the sample first recorded the yield strain. The yield strain for carbon and
stainless steel reinforcement were previously determined through rebar tensile testing and were

determined to be 0.00315 and 0.00434 for steel and stainless steel, respectively.

4.3.3.1 Ultimate Failure Loads of GFRP Reinforced Samples

Table 24 provides a summary of the ultimate failure loads observed for GFRP reinforced samples with a
thermal break. For all samples, the calculated design strengths are lower than those observed
experimentally. This may be due to the conservative assumption in design that all force being transferred
across the thermal break is carried by the reinforcement, therefore neglecting the capacity of the thermal

break material itself. It is also possible that the compressive strength of the GFRP reinforcement was
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underestimated, since its compressive strength was taken as the lower end of values provided in literature.
Between the three samples tested, the largest percent difference between the ultimate applied load is

4.2%, indicating that the performance of the three samples was consistent.

Table 24 Ultimate failure loads and moments for GFRP reinforced samples with a thermal break

Puit [kN] Muit [kN-m]
Calculated 48.8 37.21
SLAB 1 63.5 48.5
SLAB 2 66.1 50.4
SLAB 3 66.3 50.6

samples with a thermal break.

Table 25 provides a summary of the ultimate failure loads observed for GFRP reinforced samples without a
thermal break. Again, the calculated design strengths are lower than those observed experimentally. It
should be noted that the calculated ultimate load for the GFRP reinforced samples both with and without
a thermal break are equal to one another as the shear capacity of the reinforced concrete slab governed in
design. The percent difference between the ultimate applied load obtained for samples 5 and 6 is 14.2%,
indicating that the performance was less consistent than what was observed for the GFRP reinforced

samples with a thermal break.

Table 25 Ultimate failure loads and moments for GFRP reinforced samples without a thermal break

Puit [kN] Muit [kN]
Calculated using actual strengths 48.8 37.2
SLAB 5 74.7 56.9
SLAB 6 64.1 48.9

Table 26 provides a summary of the ratio between experimentally observed failure loads and calculated
failure loads for all GFRP reinforced samples. Here, the calculated failure load is taken as that calculated

using the actual material strengths. For all samples, the observed failure load is significantly larger than the
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calculated failure load. The method of calculating the strength of the samples therefore provides a
conservative approach. On average the experimental strengths for the samples containing a thermal break
are 33.9% larger than the calculated strength. For the samples not containing a thermal break the
experimental strengths are on average 42.2% larger than the calculated strengths. This discrepancy is likely

due to underestimating the compressive capacity of the GFRP reinforcement.

Table 26 Ratio between experimental failure load and calculated failure load for GFRP reinforced samples

Sample Puit/Pealc [kN]
SLAB 1 1.302
SLAB 2 1.355
SLAB 3 1.359
Average with thermal break 1.339
SLAB 5 1.530
SLAB 6 1.314
Average without thermal break 1.422

On average, a 6% decrease in ultimate load capacity was experimentally observed between the samples

reinforced with GFRP without a thermal break and those in which it was included.

4.3.3.2 Yielding Loads of Steel Reinforced Samples

Table 27 provides a summary of the yielding loads observed for steel reinforced samples with a thermal
break. For sample number 11, the yielding load was not able to be calculated from experimental data due
to a malfunction of the strain gauges. For samples 10 and 12, the calculated yielding load is lower than
those observed experimentally. The percent difference between the yielding load for these two samples is

2.5 %, indicating that the performance was consistent.

Table 27 Yielding loads and moments for steel reinforced samples with a thermal break

Py [kN] My [kN]
Calculated 34.2 26.1
SLAB 10 36.1 27.5
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SLAB 11 N/A N/A
SLAB 12 35.2 26.8

Table 28 provides a summary of the ratio between experimentally observed yielding loads and calculated
yielding loads for the carbon steel reinforced thermal breaks. Here, the calculated yielding load is taken as
that calculated using the actual material strengths. The observed yielding load is larger than the calculated
yielding load. The method of calculating the strength at yielding for these samples therefore provides a
conservative approach. On average the experimental strengths for the samples containing a thermal break

are 4.1% larger than the calculated strength.

Table 28 Ratio between experimental failure load and calculated failure load for steel reinforced samples

Sample Py/Pcalc [kN]
SLAB 10 1.055
SLAB 11 -
SLAB 12 1.027
Average with thermal break 1.041

On average, a 16% decrease in ultimate load capacity was observed by introducing a thermal break. The
decrease in load carrying capacity is due to the concentration of stresses within the reinforcing bars across
the thermal break, leading to yielding of the reinforcement at a lower applied load in comparison to

samples without a thermal break.

4.3.3.3 Yielding Loads of Stainless Steel Reinforced Samples

Table 29 provides a summary of the yielding loads observed for stainless steel reinforced samples with a
thermal break. It can be seen that the calculated yielding load is marginally larger than the observed
experimental yielding load. The percent difference between the yielding load for the two samples is 3.8 %,

indicating that the performance was consistent.
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Table 29 Yielding loads and moments for stainless steel reinforced samples with a thermal break

Py [kN] My [kN]
Calculated 27.3 20.8
SLAB 14 28.7 21.9
SLAB 15 29.82 22.7

Table 30 provides a summary of the ratio between experimentally observed yielding loads and calculated
yielding loads for the stainless steel reinforced thermal breaks. The observed yielding load is larger than

the calculated yielding load by 7.3% on average.

Table 30 Ratio between experimental failure load and calculated failure load for stainless steel reinforced samples

Sample Py/Pcalc [kN]
SLAB 14 1.052
SLAB 15 1.093
Average with thermal break 1.073

On average, a 19.7% decrease applied load at yielding was observed between the samples reinforced with
stainless steel without a thermal break and those in which it was included. As is the case with carbon steel
reinforced samples, the decrease in load carrying capacity introduced by the thermal break is due to the
concentration of stresses within the reinforcing bars across the thermal break, leading to yielding of the

reinforcement at a lower applied load in comparison to samples without a thermal break.

4.3.3.4 General Remarks Regarding Ultimate Failure Loads

In general, the results pertaining to ultimate failure and yielding load from structural experimental testing
were found to be more consistent among samples containing a thermal break in comparison to samples
without the thermal break. The largest percent difference among samples containing a thermal break was
calculated to be 4.2%, 2.5%, and 3.8% for samples containing GFRP, carbon steel, and stainless steel

reinforcement, respectively. Comparatively, for samples without a thermal break the largest percent
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difference was calculated to be 14.2%, 8.5%, and 6.4% for GFRP, carbon steel, and stainless steel
reinforcement, respectively. The high consistency among results from samples containing a thermal break

provides confidence in the conclusions drawn upon the newly designed system.

The decrease in ultimate load or yielding load capacity for each of the reinforcement types caused by the
introduction of the thermal break is summarized in Table 31. The ultimate failure load of the GFRP
reinforced section is only reduced by 6%, which is reasonable given that the failure occurs by concrete
shearing. Shearing within the concrete is less influenced by the presence of the thermal break in
comparison to the carbon steel and stainless steel reinforced sections, for which the moment capacity of

the system is dependent on yielding of the reinforcement.

Table 31 Percent reduction in ultimate load capacity for GFRP reinforced samples and yielding load for carbon and stainless steel
reinforced samples

Reinforcement Type Percent Reduction [%]
GFRP 6
Carbon Steel 16
Stainless Steel 20

For all samples containing a thermal break, the calculated ultimate capacity was found to be lower than
the experimentally obtained ultimate capacity. This indicates that the methods and assumptions used to
calculate the system’s capacity provide a conservative approach. For steel and stainless steel reinforced
samples, in which yielding of the reinforcement at the location of the thermal break governs in design, the
approach for calculating the capacity of the thermal break is underestimated by neglecting the capacity of

the thermal break material itself.

The largest discrepancy between calculated and experimental ultimate loads was found for the GFRP
reinforced samples, with the experimental capacity on average 33.9% higher than the calculated capacity.

Shear failure of the reinforced concrete section governed in design for the GFRP reinforced samples both
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with and without a thermal break. Comparatively, steel reinforced samples containing a thermal break
yielded at a load on average 4.1% higher than the calculated capacity, while stainless steel reinforced
samples yielded at a load on average 7.3% higher. The larger discrepancy for GFRP reinforced samples is

likely due to underestimating the compressive strength of the GFRP.

Given that the cast in place balcony thermal break is a novel design which has not yet been introduced to
industry, providing a conservative approach to calculating the strength of the system is ideal in order to
persuade the industry to implement it in projects. Although the approach of neglecting the capacity of the
thermal break may not provide an accurate analysis to the behaviour of the system, the results above show
that it is a conservative method to predict the load carrying capacity of the system containing a thermal

break.

4.3.4 Structural Failure Modes and Yielding Behaviour

The following section will present photographs taken during structural testing in order to identify and
discuss failure modes and general behaviour of the samples. For sample types that failed or performed in
the same manner, representative images from one sample will be provided for discussion. Figure 59 is
provided below to show the structural test set up and to provide a reference for labelling areas in the
following photographs. For clarity, all images will be shown from the same direction with the load point to

the left hand side.
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Figure 59 Structural Test Setup

4.3.4.1 Structural Failure Modes of GFRP Reinforced Samples

As anticipated based on design calculations, the samples containing GFRP reinforcement with a thermal
break failed by shearing of the concrete, at two different locations within the slabs. Figure 60 provides two
images taken of sample number 1, containing GFRP reinforcement with a thermal break. Shown on the
right half of each image is Support A, with the load point towards the left. The thermal break material is
visible and is immediately to the left of Support A. The most notable behaviour within this sample is the
shear cracking, visible to the left of the thermal break. As the structural test progressed and load increased,
the shear cracking continued to widen until ultimate load was reached, at which a brittle shear failure

occurred along the plane shown by the cracking below.
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Figure 60 Concrete shear cracking in sample 1 immediately adjacent to support A between support A and the load point a) early
on in testing but after ultimate design load and b) shortly before ultimate failure.

Minor flexural cracking also appeared over the duration of the testimmediately behind support A, as shown
in Figure 61, due to the minor curvature of the slab at this location. This cracking was present for all samples
tested in the experiment, regardless of reinforcement type or presence of the thermal break, and appeared
very early on in testing for all samples. The fixity of support A was increased in order to minimize the
curvature at this location and isolate the structural behaviour of the thermal break. It is recognised however
that due to stresses carried through the concrete by the reinforcement it is not possible to entirely

eliminate curvature in this location, and therefore minor cracking is acceptable.
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Figure 61 Concrete flexural cracking between support A and B on sample 1

Figure 62 shows sample number 2, containing GFRP reinforcement with a thermal break, immediately prior
to failure. Ultimate failure of this sample again occurred by shearing of the concrete to the left of Support

A, along the shear plane shown by cracking below.

Figure 62 Concrete shear cracking immediately prior to failure in Sample 2

Figure 63 and Figure 64 provide images of Sample 3, containing GFRP reinforcement with a thermal break
during structural testing. Figure 63 shows the presence of shear cracking occurring to the left of Support A

towards the load point, prior to ultimate failure, as was also observed for Samples 1 and 2. Figure 64
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however shows the sample after ultimate failure, which occurred by shearing of the concrete between
support A and support B. Due to the configuration of the testing setup, the magnitude of the shear force
within the sample between the load point and support A, as well as that between support A and support
B, were equal in magnitude and equal to the applied point load. Therefore it is dependent on each individual

sample whether the ultimate failure was to occur to the left or to the right of support A.

Figure 64 Concrete shear failure occurring between support A and B in sample 3

Samples containing GFRP reinforcement without a thermal break also exhibited shear failure within the

concrete, as was observed for the GFRP reinforced samples containing a thermal break. Figure 65 shows
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sample number 5 after having reached ultimate failure load, at which a brittle shear failure occurred

between supports A and B, similar to the failure seen in sample 10 above.

Figure 65 Concrete shear failure between support A and support B in sample 5

Figure 66 shows sample number 6, also containing GFRP without a thermal break, after having reached
ultimate load at which a brittle shear failure occurred between support A and the load point. Compared to
shear failure occurring at this location in samples containing a thermal break, the angle of the shear cracking
occurred at a steeper slope, and therefore the shear crack propagated a longer length along the slab

towards the load point.

Figure 66 Concrete shear failure between support A and the load point in sample 6
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A preferred or ideal mode of failure within the above system would be by gradual crushing of the thermal
break material, which would progress gradually and provide warning. However, given that the system
design concluded that the shear strength of the concrete would govern, for both samples with and without

a thermal break, and the experimental results reflected as such, this is a positive outcome.

4.3.4.2 Yielding Behaviour of Carbon Steel Reinforced Samples
As anticipated based on design calculations, the samples containing carbon steel reinforcement both with

and without a thermal break experienced yielding of the steel reinforcement.

The image provided in Figure 67 is taken of sample number 10, containing steel reinforcement with a
thermal break. This image was taken very shortly prior to yielding of the steel reinforcement, and shows
the thermal break immediately adjacent to support A, with the load point out of frame to the left. Very

minimal separation between the thermal break material and the concrete is present.

Figure 67 Image of sample number 10 showing minimal opening of the thermal break prior to steel yielding
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Figure 68 shows sample number 10 again, however after yielding of the steel reinforcement. Flexural shear
cracks have begun to appear to the left of support A. Minor flexural cracking also appeared between
support A and B over the duration of the test for all steel reinforced samples, both with and without a
thermal break, due to the curvature of the sample. Most notably, the separation between the thermal

break and concrete has significantly increased.

Figure 68 Image of sample number 10 after yielding of the steel reinforcement

Figure 69 shows sample number 11, also containing steel reinforcement with a thermal break, at the end
of structural testing with the steel reinforcement fully yielded. The sample has deflected significantly due
to the elongation of the reinforcing bars after yielding. The lack of bond between the reinforcing bars and
the thermal break material allows for the bars to yield unrestrained in this location, increasing the total

deflection of the samples.

109



Figure 69 Deflection of sample number 10 at the end of testing

Figure 70 shows sample number 8, containing steel reinforcement without a thermal break, after yielding
of the reinforcement. The image shows support A with the location where a thermal break would be
installed immediately to the left of it, with the load point to the left out of the frame of the image. Flexural

cracking occurred to the left of support A, and increased significantly in width after yielding of the

reinforcement.

Figure 70 Sample number 8 after yielding of the steel reinforcement
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Sample number 8 is shown again in Figure 71, showing the deflection of the sample at the end of testing.
It is noted that the curvature of this sample is gradual over its length, in comparison to sample number 10

shown in Figure 69, in which the curvature is concentrated about the thermal break.

Figure 71 Figure 15 Deflection of sample number 8 at the end of testing

As designed, the steel reinforced samples both with and without a thermal break reached yielding of the
steel reinforcement before exhibiting any mode of ultimate failure. Yielding of the steel reinforcement prior
to concrete crushing is desirable as the steel will deflect after yielding and provide significant warning
before ultimate collapse. As seen above, the presence of the thermal break allows for the steel to elongate
unrestrained at this location, therefore increasing the curvature across the thermal break significantly after
yielding. Yielding of the reinforcement also greatly increases the separation between the thermal break
and concrete, exposing the reinforcing bars. Additional design considerations will need to be included to
protect the reinforcing bars from corrosive elements that may be introduced through the opening, as well

as to maintain the fire resistance of the system.

4.3.4.3  Yielding Behaviour of Stainless Steel Reinforced Samples
Stainless steel reinforced samples performed very similarly to steel reinforced samples during structural

testing in terms of physical performance and vyielding. As anticipated based on design calculations, the
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samples containing stainless steel reinforcement both with and without a thermal break experienced

yielding of the reinforcement.

Figure 72 is taken of sample number 13, containing stainless steel reinforcement with a thermal break. This
image was taken very shortly prior to yielding of the stainless steel reinforcement, and shows the thermal
break immediately adjacent to support A, with the load point out of frame to the left. Separation is visible

between the thermal break and concrete.

w

,, g

33

Figure 72 Sample 13 prior to yielding of the stainless steel reinforcement

Figure 73 shows sample 13 again, however after yielding of the stainless steel reinforcement. As was the
case with carbon steel reinforced samples containing a thermal break, flexural shear cracking has appeared
to the left of support A towards the load point, and the separation between the thermal break and concrete

has significantly increased.
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Figure 73 Sample 13 after yielding of the stainless steel reinforcement

Figure 74 shows sample 16, containing stainless steel reinforcement without a thermal break, after yielding
of the reinforcement. As was seen with steel reinforced samples without a thermal break, flexural cracking
has appeared in the tension zone to the left of support A towards the load point. The curvature along the
length of the sample is again gradual, in comparison to the stainless steel reinforced samples with a thermal

break in which the curvature is concentrated over the thermal break.

Figure 74 Sample 16 after yielding of the stainless steel reinforcement

113



As designed, the stainless steel reinforced samples both with and without a thermal break reached yielding
of the reinforcement before exhibiting failure, such as concrete crushing. The samples performed very
similarly to steel reinforced samples in terms of physical performance and failure modes. Significant
separation between the thermal break and concrete was again present after yielding of the reinforcement,
and curvature along the sample was visibly concentrated about the thermal break for samples in which it

was included.

4.3.5 Thermal Break Rotation

The rotation across the thermal break, ®, of each sample was calculated based on the data recorded by PI

gauges according to Equation 15 as follows

_ Atop - Abottom (15)

P
h

where Awop is the extension recorded by the top Pl gauge, Avottom iS the contraction recorded by the bottom

Pl gauge, and h is the vertical distance between the two Pl gauges, equal to 172 mm.

The rotation for all GFRP reinforced samples is presented in Figure 75. It is apparent that sample number
5, without a thermal break, presents less rotation than the three samples containing a thermal break. The
rate of increase in rotation for all samples is approximately linear in relationship with the applied load,

which is reflective of the linear-elastic behaviour of the GFRP.
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Figure 75 Thermal break rotation for GFRP reinforced samples

The rotation for all carbon steel reinforced samples is presented in Figure 76. Consistent behaviour is
observed among the samples. The rate of increase in rotation with respect to the applied load is significantly

higher after yielding of the reinforcement.
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Figure 76 Thermal break rotate on for carbon steel reinforced samples

The rotation for all stainless steel reinforced samples is presented in Figure 77. The behaviour is generally

inconsistent, with sample number 13 containing a thermal break demonstrating lower rotation than
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samples 16 and 18 without a thermal break for a range of applied load. The rate of increase in rotation with
respect to the applied load again increases due to yielding of the reinforcement, with the roundhouse curve

shaped observed during yielding of stainless steel.
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Figure 77 Thermal break rotation for stainless steel reinforced samples

The average rotation of each sample type at the equivalent service load, Ps, is presented in Table 32. A
significant increase in rotation is introduced by the thermal break, equal to 109% on average for all samples.
This is due to the lack of bond between the thermal break-concrete interface and therefore reduced
stiffness at this section. The standard deviation of the rotation is significant, equal to 21%, 24%, and 61%
of the average observed rotation for the GFRP, carbon steel, and stainless steel reinforced samples,
respectively. This indicates that the behaviour of the thermal breaks in terms of rotation is variable from

sample to sample.
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Table 32 Rotation calculated at equivalent service load

Average Rotation Standard Deviation % Increase by
[radians] Thermal Break
GFRP Thermal Break 0.0049 0.06 117
No Thermal Break 0.0023 N/A
Carbon Steel Thermal Break 0.0031 0.05 88
No Thermal Break 0.0017 0.02
Stainless Steel Thermal Break 0.0033 0.09 122
No Thermal Break 0.0014 0.06

4.3.6 Sample Deflection

The following section will investigate the deflection of the samples. The experimental deflection is
evaluated at the equivalent service load, Ps, equal to 19.7 kN. According to the design calculations for the
thermal break systems, in order to accommodate the deflection requirements as prescribed by the National
Building Code of Canada the systems would need to be installed with a precamber. The following results
will therefore not be compared directly to the allowable deflection as prescribed by the National Building
Code of Canada, which is equal to the span length divided by 360. This provides an allowable deflection
equal to 2.12 mm, which as shown in the following results is exceeded by all samples. The increase in
deflection of the samples with the introduction of a thermal break will therefore be focused upon, and the

required precamber for each sample to meet the deflection requirements will be discussed.

Table 33 below provides the experimental deflection for GFRP reinforced samples. The average observed
deflection at service load for samples without a thermal break is equal to 9.63 mm. Conversely to what was
anticipated, the average observed deflection at service load for samples with a thermal break is 9% smaller
and equal to 8.77 mm. When observing the data from individual test results, sample number 5 without a
thermal break deflected nearly the same amount as samples with a thermal break. Sample number 6
however, deflected 2.08 mm further than sample number 5, for a total of 10.67 mm, which significantly

increased the average deflection. The variation in deflection within samples of the same type may be due
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to the inconsistent nature of concrete cracking, which is dependent on the aggregate placement and

concrete compaction of each individual sample, which impacts the stiffness of the sample. It may also be

influenced by the inconsistent behaviour of GFRP reinforcement in compression.

Table 33 Deflection at service load for GFRP reinforced samples

Sample Deflection [mm)] Required Precamber [mm]
Samples with Thermal Break 1 8.84

2 8.77

3 8.69

Average 8.77 7
Samples without Thermal Break 5 8.59

6 10.67

Average 9.63 8

The deflection of the GFRP reinforced samples over the duration of testing is plotted in Figure 78. It is

observed that at the service load conditions, the samples containing a thermal break are deflecting less

than those with a thermal break. Considering the stiffness of the thermal break material and concrete,

which are equal to 49.3 GPa and 29.2 GPa, respectively, it is understood that the thermal break is effectively

increasing the stiffness of this cross-section and therefore reducing deflection. When plastic deformation

begins to occur in the thermal break, at approximately 33 kN, a reduction in stiffness in the thermally

broken samples is observed and they begin to deflect more than the samples without a thermal break. In

general, this provides very good results for the GFRP reinforced thermal breaks as they provide a reduction

in deflection under service conditions.
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Figure 78 Deflection of GFRP reinforced samples

Table 34 below provides the experimental deflection for steel reinforced samples. The average observed

deflection at service load for samples without a thermal break is equal to 6.59 mm. The samples containing

a thermal break deflected on average 9.7% more, with an average deflection of 7.3 mm. This confirms the

anticipated behaviour of the thermal break increasing the total deflection of the sample, and is opposite to

what was observed for the GFRP reinforced samples. In terms of the required precamber, the presence of

the thermal break increases the required precamber by 13.9%.

Table 34 Deflection at service load for steel reinforced samples

Sample Deflection [mm] Required Precamber [mm]
Samples with Thermal Break 10 6.97

11 7.45

12 7.48

Average 7.30 6
Samples without Thermal Break 7 596

8 5.83

9 7.97

Average 6.59 5
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Table 35 below provides the experimental deflection for stainless steel reinforced samples. The average
observed deflection at service load for samples without a thermal break is equal to 7.08 mm, which is
increased by 36.7% to 11.18 mm for samples containing a thermal break. This again confirms the
anticipated behaviour. The stainless steel reinforced section with a thermal break deflects 34.7% more than
the equivalent sample containing steel reinforcement. This is due to the decrease in reinforcement ratio,
where the stainless steel reinforcement is placed at 250 mm on center, whereas the steel reinforcement is
placed at 167 mm on center, providing an overall higher stiffness to the system. In terms of the required

precamber, the presence of the thermal break increases the required precamber by 45.3%.

Table 35 Deflection at service load for stainless steel reinforced samples

Sample Deflection [mm] Required Camber [mm)]
Samples with Thermal Break 14 11.01

15 11.34

Average 11.18 9
Samples without Thermal Break 16 7.44

17 7.79

18 6.02

Average 7.08 >

The deflection data observed for the steel and stainless steel reinforced samples produced the anticipated
results, with these samples showing a significant effect on the sample deflection when thermal break was
included. The samples containing a thermal break deflected on average 9.7% and 36.7% more than those
without a thermal break for samples reinforced with steel and stainless steel, respectively. The increase in
deflection for the stainless steel reinforced samples is due to their lower reinforcement ratio, with the
stainless steel samples containing 66% as much reinforcement area as the carbon steel samples. This
indicates that the influence of the thermal break on increasing deflection is larger for sections with a lower

initial stiffness.
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For GFRP reinforced samples, the behaviour of the two sample types was not significantly different. The
samples containing GFRP reinforcement deflected 9% less for samples containing a thermal break when
compared to those without. This is most likely due to the fact that GFRP reinforcement in tension has a
linear stress strain relationship, exhibiting linear elastic behaviour until failure. Therefore, the deflection of
the samples is not increased by the plastic deformation of the reinforcement as is the case with carbon and
stainless steel reinforced samples. This indicates that the GFRP reinforced thermal break provides the best
performance in terms of serviceability and deflection requirements in comparison to the carbon and

stainless steel reinforced thermal breaks.

4.3.7 Summary
The structural experimental results pertaining to ultimate and yielding loads, rotation at service load, and

deflection at service load are summarized in Table 36.

Table 36 Summary of structural experimental results

Ultimate Failure (GFRP) or ~ Rotation at Service  Deflection at

Yielding (Carbon and Load [radians] Service Load

Sample Type Stainless Steel) Load [kN] [mm]
Carbon Steel Thermal Break 35.7 0.0031 7.30

No Thermal Break 42.6 0.0017 6.59
Stainless Steel  Thermal Break 29.3 0.0033 11.18

No Thermal Break 36.4 0.0014 7.08
GFRP Thermal Break 65.3 0.0049 8.77

No Thermal Break 69.4 0.0023 9.63
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5 Conclusions & Recommendations

Thermal and structural testing were conducted on representative sample sizes of reinforced concrete
balcony slabs with and without thermal break to investigate the thermal insulation and ultimate strength
capacity of the systems. Three variations of reinforcement type were examined, including GFRP
reinforcement, steel reinforcement, and stainless steel reinforcement. Although multiple manufacturers
currently provide balcony thermal break products reinforced with stainless steel, GFRP reinforcement
presents an alternative solution for developing an efficient thermal break due to its low thermal
conductivity in comparison to stainless steel. The following conclusions and recommendations summarize
the results of the experimental program and provide recommendations for future research pertaining to

the project.

5.1 Conclusions

Thermal experimental testing was performed to simulate the conditions of a reinforced concrete balcony
slab in service conditions, exposed to an interior temperature of 21°C and an exterior temperature of -31°C.
The temperature profiles obtained from thermal experimental testing demonstrated the efficiency of the
thermal break in separating the two thermal environments. When used in conjunction with GFRP
reinforcement, providing the lowest thermal conductivity of the three reinforcement types, the
performance of the thermal break in terms of increasing the interior floor slab temperature was improved.
The GFRP reinforced thermal break effectively increased the temperatures adjacent to the thermal break
on the warm side by an average of 13.7°C. This will consequentially increase the thermal comfort for

inhabitants and reduce the potential for surface condensation and mould growth.

The thermal models developed using Heat3 were in agreement with experimental thermal results and were

used to draw further conclusions of the system. The models were developed using a refined numerical
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mesh in order to provide increased accuracy in the calculated temperature locations. The numerical models
were found to accurately predict the thermal behaviour of the test samples under the experimental
conditions, with individual temperature points varying on average by only 1.5°C, and were therefore used
to draw further conclusions regarding the performance of the systems. The models showed that the GFRP
reinforced thermal break performed the best in terms of reducing heat flow across the thermal break.
When compared to the conventionally built reinforced concrete balcony slab, represented by the samples
containing steel reinforcement without a thermal break, the heat flow across the thermal break was
reduced by 30.5%, 50%, and 62.5% for thermal breaks reinforced with carbon steel, stainless steel, and
GFRP respectively. These results showed that the GFRP reinforced balcony thermal break outperforms the
stainless steel reinforced thermal break in terms of thermal performance. The additional 12.5% reduction
in heat flow obtained from replacing stainless steel with GFRP reinforcement will provide a substantial

reduction in the total heat loss for a building.

Structural experimental testing was performed in order to verify the ultimate load carrying capacity and
serviceability performance of the balcony thermal break systems. The test samples were monotonically
loaded as cantilevers to reproduce the load on a balcony in service conditions, and were tested until
ultimate failure. Each test specimen was instrumented with strain gauges to record the strain of the
internal reinforcing bars, an LVDT to record deflection at the cantilevered tip of the specimen, and Pl gauges
to record strain at the thermal break. The experimentally obtained failure loads (for GFRP reinforced
samples) and yielding loads (for carbon and stainless steel reinforced samples) for samples containing a
thermal break were found to be 33.9%, 4.1%, and 7.3% higher than the calculated strengths for GFRP,
carbon steel, and stainless steel reinforced samples, respectively. This indicates that the methods used to
calculate the ultimate strength capacity of the thermal break system for each reinforcement type provided

a conservative approach.
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The GFRP reinforced samples both with and without a thermal break experienced shear failure within the
reinforced concrete slab. This is a positive outcome, given that the sample containing a thermal break did
not experience failure at the thermal break but instead performed as a GFRP reinforced concrete slab
would without the thermal break. The steel and stainless steel reinforced sections containing a thermal
break both experienced yielding of the reinforcement at the location of the thermal break prior to failure

in the concrete.

Upon visual inspection during structural testing, a separation between the thermal break material and the
concrete of the test specimens had developed along the top half of the samples due to the lack of bond
between the thermal break material and the concrete. The width of this opening increased significantly
after yielding of the steel and stainless steel reinforcement. The rotation at the balcony connection was
found to approximately double with the introduction of the thermal break, but is significantly variable from

sample to sample with a standard deviation equal to 38% of the observed rotation on average.

The GFRP reinforced thermal break performed optimally in terms of deflection requirements at service
conditions in comparison to the steel and stainless steel reinforced thermal breaks. The samples containing
a thermal break deflected on average 11% and 58% more than those without a thermal break for samples
reinforced with steel and stainless steel, respectively. The samples containing GFRP reinforcement however
deflected 9% less for samples containing a thermal break when compared to those without when evaluated

at the service load condition.

5.2 Lessons Learned

Provided that the results of this experimental program will be built upon in future work, it is important to
discuss the lessons learnt throughout the experimental program to provide guidance in improving the

program. The majority of the lessons learnt relate to experimental set ups and instrumentation. One area
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that could be greatly improved upon is the installation of thermal sensors within the concrete. Given the
nature of casting concrete, it is important to adequately protect these sensors within the formwork such
that fewer sensors are damaged. | would recommend applying a protective coating, such as a coating of
hot glue or heat shrink wrap, over the sensors to provide additional protection. It is important that the

selected protection is not bulky such that it won’t interfere with the thermal properties of the system.

The most significant lesson learnt throughout the project is the importance of communication. Given the
collaborative work between different organizations required to execute this project, a high level of
communication is required at all stages. Maintaining constant and clear communication between all parties

will improve the efficiency of the project, and will prevent unnecessary delays or errors from occurring.

5.3 Recommendations

Based on the results of the experimental program, the GFRP reinforced thermal break provides the best
performance in terms of reducing heat transfer across the balcony to building interface, while providing
sufficient structural performance in terms of ultimate load capacity. It is therefore recommended that the
development of a GFRP reinforced balcony thermal break system continue to be investigated in order to

produce a product that may be readily adopted by industry.

Further research is recommended to refine the reinforcement layout in order to determine the design
which provides an optimal balance between the thermal and structural performance. In terms of thermal
performance, the benefit provided by the GFRP reinforced thermal break is significant. It may therefore be
reasonable to increase the reinforcement ratio in order to benefit the structural performance of the
system, at a loss to the thermal performance. However the goal in developing the thermal break system
should remain to optimize the thermal performance while providing sufficient structural performance in

terms of ultimate load capacity and serviceability requirements.
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Further research is recommended to evaluate the serviceability performance of the GFRP reinforced
thermal break. It is recommended that the rotation of the thermal break be of focus in order to determine
a method to predict and evaluate the rotation at this location. It is highly recommended that the separation
between the concrete and thermal break interface be addressed. The width of this separation may possibly
be reduced by methods such as increasing the reinforcement ratio, decreasing the reinforcement bar size
but maintaining the same reinforcement ratio, or by alternative methods such as applying an adhesive
between the two materials or installing near surface mounted reinforcement. The performance of these
methods must be experimentally verified before they are suggested as a practical solution to reducing the

separation between concrete and thermal break.

To conclude, the GFRP reinforced thermal break system should be further investigated and developed into
an industry adoptable product as it provides the optimal solution for reducing thermal bridging across
reinforced concrete balcony slabs, providing the ideal product to improve the energy efficiency of building

envelopes and lead the industry towards a greener future.
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A.1 Full-Scale Balcony Ultimate Strength Design - GFRP Reinforcement
ieinforcement Data

VRod GFRP #8 Bars

fu=1000 MPa fucomp = 0.6 f, = 600 MPa
Er=66.4 GPa Efcomp = 0.8 Ef=53.12 GPa
€ =0.0151 Efu,comp = 0.0106

Ap =506.7 mm?

dp =25 mm

Thermal Break Moment Capacity Design

Moment arm between A and Af
d=h—-2c.—dp
d=85mm
Moment resistance M, = Trd = Cr d
Tt = fucomp As
Cr = fu,comp A7
M = M¢ = 38.2 kN-m
Solving for minimum required Ar and Af
Ar=A¢ = Mg / fycomp d = (38.2 kN-m) (10°) / (600 MPa) (85 mm) = 749 mm?
Selected Bar Spacing
Selected spacing is based on results from deflection calculations (see Appendix Z).
s=250mm
As = (500 mm?) (1000 mm) / 250 mm = 2000 mm?
Moment resistance of the connection
M = fucomp Ar d = (600 MPa) (2000 mm?) (85 mm) (10°) = 102 kN-m

Thermal Break Shear Capacity Check

Shear Capacity
The shear strength of frp, f,, is assumed to be 0.1 fycomp = 0.1 (600) = 60 MPa
V: = f, Ar = (60 MPa) (2000 mm?) = 120 kN
Factored shear force applied to upper row of rebar =V¢/2 =19.1 kN
Vi/V,=19.1kN /120 kN =0.16
Tensile Capacity
Tr = fucomp Ar = (600 MPa) (2000 mm?) = 1200 kN
Tr=Ms/d=(38.2 kN-m) / (85 mm) = 449 kN
Te/ Tr=449 kN / 1200 kN =0.37
Interaction Equation



(Vi / Vo2 + (T / T2 < 1.0
(0.16)2 +(0.37)2=0.163 < 1.0

Reinforced Concrete Slab Design (S806-12)

Check Minimum Slab Reinforcement
Afmint = 400 (Ag / Ef) = (400) (1000 mm) (190 mm) / (66,400 MPa) = 1145 mm? / m
d=h-c.—dp/2=137.5mm
Atmin2 = M/ fuj d = (38.2 kN-m) (10°) / (1000 MPa) (0.85) (137.5 mm) = 327 mm?
Check shear capacity of the section
Ve=0.05 Nk ke f'c2 by dy with Ve>0.11 Y2 by, dy
A=10
dy>09d=1240r0.72 h=137
km = (Ved / Mg)¥2 = [(38.2) (10°) (137.5) / (38.2) (10%)]¥? = 0.37
pw =As/bd=0.015
k.= 1+ (Ef prw)¥> = 10.99
V¢ =(0.05) (0.37) (10.99) (30)*/ (1000) (137) (10%) = 86.5 kN
Ve >0.11 (30)%2 (1000) (137) (10°) = 82.5 kN
Ve =86.5 kN > V¢ =38.2 kN - the section is adequate for shear
Check moment resistance of the section
Asp = 500 mm? (1000)/ 250 = 2000 mm?
d=h-cc—dp/2=137.5mm
pio = a1 B (f'c / fu) (Ecu/ Ecut Erpu) = (0.8) (0.9) (30 / 1000) (0.0035 / 0.0035 + 0.0151) = 0.0041
pr=(2000) / (1000) (137.5) = 0.0145 > ps,
The section will fail by concrete rupture.
firp = 0.5 Esrp €cu [ (1 + 4 02 B e / prep Efrp €cu) % -1]
firp = (0.5)(66,400 MPa)(0.0035) [(1 + (4)(0.9)(0.8)(30 MPa)/(0.015)(66,400 MPa)(0.0035) )2 -1]
=474 MPa
a = Asp frrp / a1 ' b = (2000 mm?) (474 MPa) / (0.8) (30) (1000 mm) = 39.5 mm
M, = At frp (d — a/2) = (2000 mm?) (474 MPa) (137.5 mm — 39.5 mm /2) (10°¢) = 111.6 kN-m
M =Trlg / vt
f.=0.6 f¥?=(0.6) (30 MPa)"? =3.29 MPa
Mer = (3.29 MPa) (1000 mm)(190 mm)3/ (12) (190 mm /2) (10°) = 19.8 kN-m
M, =111.6 kN-m > Mt =38.2 kN-m and M, = 111.6 kN-m > 2 M, = 40 kN-m

Development Lengths

Clause 9.6.3



Embedment length =14+ d or lg + 12d,
d=137.5mm
12dp =300 mm
Tension
lg=1.15 ki ko ks ka ks fr A / O des
ki=1.0
k2 = 1.0 normal density concrete
ks = 1.0 for Ay > 300 mm?
ks =1.0 CFRP
ks = 1.0 surface treatment
des=52.5<2.5d,=62.5mm
f'CO.S < 5
Using ff = 474 MPa
ly = (1.15) (1.0) (474 MPa) (500 mm?) / (5) (52.5 mm) = 1038 mm
Factored by At required / At provided = 749 / 2000 = 0.3745
lg =(0.3745) (1038 mm) = 389 mm
Total Embedment length = 389 + 300 = 689 mm

Transverse Reinforcement

Transverse reinforcement will be placed at 250 mm on center throughout the entire slab.

Beam Deflection

Calculated deflections are for the reinforced concrete slab only and neglect the influence of the thermal
break.
Mer=fr lg / vt
fr=0.6f1?=3.29
lg = (1000) (190)3 / 12 = 5.72 x 108
yi =95 mm
Mer = (3.29) (5.72) (108) / (95) (10°) = 19.8 kN-m < M, = 30.1 kN-m .. section is cracked

Entire beam length - #8 @ 250 mm o.c. ISIS Design Manual for Deflection Equations
n = E¢/ Ec = (46000) / (4500) (30)¥%=1.87
d=h-c.—dp/2=137.5mm
ps = (2000 mm?) / (1000 mm) (137.5 mm) = 0.015
k =[(pn)?+ (2pn)]*? — pn = [(0.015)%(1.87) + (2)(0.015)(1.87)]"? - (0.015)(1.87) = 0.21
kd =28.9
ler=(1/3) (1000) (28.9)° + (1.87) (2000) (137.5 - 28.9)? = 5.22 x 10’ mm*



PL3

Deflection due to point load Ap= ——
3El.,

[1- n(D?]
Deflection due to distributed load A, = SWE—?:T [1- n(LTg)‘*]
N=1-lu/lg=0.9
L =1830 mm, Ly = 1464 mm from cantilever end to M.,
Ec=4500 f' /% = 24648
Ps=1.02+1.5=252kN
ws=87+4.8+1.72=15.22 kN/m
Ny =[(2.52) (10°) (1830)* / (3) (24648) (5.22) (107)] [1—0.9 (1464/1830)*] = 2.16mm
Ay = [(15.22) (1830)*/ (8) (24648) (5.22) (107)] [1 — 0.9 (1464/1830)%] = 10.47 mm

Atota = 12.63 mm > Aaiow = 5 mm . precamber will be required at selected spacing
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A.2 Full-Scale Balcony Ultimate Strength Design - Steel Reinforcement

Reinforcement Data



15M Steel Bars
f, =400 MPa
Es =200 GPa
A, =200 mm?
dp =16 mm

Thermal Break Moment Capacity Design

Moment arm between As and A

d=h-2c.—dp

d=94 mm
Moment resistance M, =T, d =C d

T =1, As

Co="fy A

M, = M¢ = 38.2 kN-m
Solving for minimum required As and A’

Ass = A’ = Mg/, d = (38.2 kN-m) (10°) / (400 MPa) (94 mm) = 1016 mm?
Selected Bar Spacing

s=167mm

As = (200 mm?) (1000 mm) / 167 mm = 1200 mm?
Moment resistance of the connection

M, = f, As d = (400 MPa) (1200 mm?) (94 mm) (10°) = 45.1 kN-m

Thermal Break Shear Capacity Check

Shear Capacity
V: = 0.66 f,A; = 0.66 (400 MPa) (1200 mm?) = 316.8 kN
Factored shear force applied to upper row of rebar =V¢/ 2 =19.1 kN
Ve/ Ve=19.1kN/316.8 kN = 0.06
Tensile Capacity
T, = f, A = (400 MPa) (1200 mm?) = 480 kN
Ti=M¢/d=(38.2 kN-m) / (94 mm) = 406 kN
Te/ T, =406 kN /480 kN = 0.85

Interaction Equation
(Ve/ V)2 + (Te/T)2< 1.0
(0.06)? +(0.85)2=0.73<1.0
Reinforced Concrete Slab Design (CSA A23.3) - Section 1

Check Minimum Slab Reinforcement
Asmin = 0.002 Ag = 0.002(1000mm) (190mm) = 380 mm? / m



Moment resistance of the section
As = (200 mm?) (1000 mm)/ (167 mm) = 1200 mm?
a="f, A/ aif'cb=(400 MPa) (1200 mm?) / (0.8) (30 MPa) (1000 mm) = 20 mm
d=h—-cc—dp/2 =190 mm —40 mm —16 mm/2 = 142 mm
M, = f, A (d — a/2) = (400 MPa) (1200 mm?) (144 mm — 17.2 mm/2) (10°®) = 65 kN-m
Check shear capacity of the section
Ve=ABfM by dy
d=190-40-16/2 =142 mm
dy>09d=127.80r0.72h=136.8
bw = 1000 mm
A=1
B=0.21 (clause 11.3.6.2)
Ve =(0.21) (30 MPa)*? (1000 mm) (136.8 mm) (1073) = 157 kN
V=157 kN > V¢ = 38.2 . kN the section is adequate for shear

Slab Design at Cantilevered End - Section 2

Design with Minimum Slab Reinforcement and Check Capacity
Asmin = 0.002 Ag = 0.002(1000mm) (190mm) = 380 mm? / m
Select 15M at 500 mm o.c.
As = (200 mm?) (1000 mm)/ (500 mm) = 400 mm?
Moment resistance of the section
a="f, A/ aif'cb=(400 MPa) (400 mm?) / (0.8) (30 MPa) (1000 mm) = 6.7 mm
d=h-c.—dpy/2=190—-40~-16/2 = 142 mm
M, = f, A (d — a/2) = (400 MPa) (400 mm?) (144 mm — 6.7 mm/2) (10°¢) = 22.5 kN-m
Reinforcement Summary
15M @ 500 mm o.c. top and bottom for M, = 22.5 kN-m

Development Lengths

Clause 12.10.4
Embedment length =1g+d or lg + 12d,
d=142 mm
12dp =192 mm
Development length required in tension
la = 0.45 ki ks ks ka f, dp /02
ki=1.0
ko = 1.0 uncoated bars
ks = 1.0 normal density concrete
ks = 0.8 bar size



ly = (0.45) (0.8) (400 MPa) (16 mm) (30 MPa)®® = 421mm

Embedment length =421 mm + 192 mm =613 mm (620 mm)
Development length required in compression

lap = 0.24 dp f, %> = (0.24) (16 mm) (400 MPa) (30 MPa)?° = 280 mm

Embedment length = 280 mm + 192 mm =472 mm (480 mm)

Transverse Reinforcement

Transverse reinforcement will be placed at 500 mm on center throughout the entire slab.

Reinforcement Summary

Connection & Slab Section 1

15M at 167 (500/3) mm o.c. top and bottom

Embedment length of 620 mm provided into interior and exterior floor slabs.
Slab Section 2

15M at 500 mm o.c. top and bottom
M¢=22.19 kN-m at 480 mm from connection

Beam Deflection

Calculated deflections are for the reinforced concrete slab only and neglect the influence of the thermal
break.
Mer=Tfrlg/ vt
fr=0.6f1?=3.29
lg = (1000) (190)3 / 12 = 5.72 x 108
yi =95 mm
Mer = (3.29) (5.72) (108) / (95) (10°) = 19.8 kN-m

1I5M @ 125 mm o.c.
Ms = 30.1 kN-m > M .~ section is cracked
n=E/E.=8.11
B=b/nA;=1000/(8.11) (1032) =0.119
d=h-c.—dp/2 =144 mm
kd=[2dB+1)¥2-1]/B=41.5mm
le=b (kd)3/ 3+ n As (d — kd)? = (1/3) (1000) (41.5)* + (8.11) (1032) (144 — 41.5)* = 1.12 x 108 mm*
Mer / M, =0.66
le = (Mar/Ma)3 g + [1 = (Mer/Ma)?] ler = (0.66)3 (5.72) (108) + (1 — 0.66%) (1.12) (108) = 2.44 x 10®
N =PI*/3EI = (2.52)(10°)(1830%)/(3)(24648)(2.44x 10%) = 0.86 mm



Aw = wI*/8EI = (15.22)(1830%)/(8)(24648)(2.44 x 108) = 3.55 mm

Atotal = 441 mm > <Aa”OW = 5 mm
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A.3 Full-Scale Balcony Ultimate Strength Design - Stainless Steel Reinforcement

Reinforcement

Number 5 Stainless Steel Bars - Provided by Salit Steel
f, = 518 MPa
E; =200 GPa
Ap =200 mm?
dp =16 mm

Thermal Break Moment Capacity Design

Moment arm between A and Ass’

d=h-2c.—dp

d =94 mm
Moment resistance M, = Tss d = Cs d

Tes = fy Ass

Cos =Ty Ass’

M, = M¢ = 38.2 kN-m
Solving for minimum required As and Ag’

Ass = As’ = M; /f, d = (38.2 kN-m) (10) / (518 MPa) (94 mm) = 784 mm?>
Selected Bar Spacing

s=250mm

Ass = (200 mm?) (1000 mm) / 250 mm = 800 mm?
Moment resistance of the connection

M;: = f, Ass d = (518 MPa) (800 mm?) (94 mm) (10°®) = 39.0 kN-m

Thermal Break Shear Capacity Check

Shear Capacity
V, = 0.66 f,As = 0.66 (518 MPa) (800 mm?) = 273.5 kN
Factored shear force applied to upper row of rebar=V¢/ 2 =19.1 kN
Ve/Ve=19.1kN /273.5 kN =0.07
Tensile Capacity
Tr = fy, Ass = (518 MPa) (800 mm?) = 414 kN
Tr=Ms/d=(38.2 kN-m) /(94 mm) = 406 kN
T¢/ Tr =406 kN / 414 kN = 0.98
Interaction Equation

(Vi / Vo) + (T / T2 < 1.0



(0.07)? + (0.98)2=0.97 < 1.0

Slab Capacity Adjacent to Connection (CSA A23.3) — Section 1

Check Minimum Slab Reinforcement
Assmin = 0.002 Ag = 0.002(1000mm) (190mm) = 380 mm? / m
Moment resistance of the section
As = (200 mm?) (1000 mm)/ (250 mm) = 800 mm?
a="f,As/aif'cb=(518 MPa) (800 mm?) / (0.8) (30 MPa) (1000 mm) = 17.3 mm
d=h-c.—dp/2 =142 mm
M =1, Ass (d —a/2) = (518 MPa) (800 mm?) (142 mm —17.3 mm/2) (10°°) = 55.3 kN-m
Check shear capacity of the section
Ve=ABf M by dy
dv>09d=127.8 mmor0.72 h =136.8 mm
bw = 1000 mm

A=1
g = 0.4 1300
14+1500g, 1000+55,

Sze=35s,/15+a;=(35)(136.8) / (15 +20)=136.8
Mg

+V

ey =<1 -[(38.2) (10°) / (136.8) + (38.2) (10)] / [2 (200,000) (400)] = 0.00198

B=1[0.4/(1+ 1500 (0.00198))] - [1300 /(1000 + 136.8)] = 0.115
Ve =(0.115) (30)*? (1000 mm) (136.8) (10%) = 86.2 kN
Ve =86.2 kN > V¢ =38.2 .. kN the section is adequate for shear

Slab at Cantilevered End — Section 2

Design with Minimum Reinforcement and Check Capacity
Assmin = 0.002 Az = 0.002(1000mm) (190 mm) = 380 mm?/ m

Select #5 at s = 500 mm o.c.
Ass = 200 mm? (1000)/ 500 = 400 mm?

Check moment resistance of the section
Ass= (200 mm?) (1000 mm)/ (500 mm) = 400 mm?
a="f,As/aif'cb=(518 MPa) (400 mm?) / (0.8) (30 MPa) (1000 mm) = 8.63 mm
d=h-c.—dp/2=142 mm
M, = f, Ass (d —a/2) = (518 MPa) (400 mm?) (142 mm — 8.63mm/2) (10°®) = 28.53 kN-m
Reinforcement Summary

#5 at 500 mm o.c. top and bottom for M, = 28.53 kN-m

Ms = 28.53 kN-m at 280 mm from connection



Development Lengths

Clause 12.10.4
Embedment length =g+ d or lg + 12dp
d=142 mm
12dp =192 mm
Development length required in tension
lg = 0.45 kika ks kg fy dp /02
ki=1.0
ko = 1.0 uncoated bars
ks = 1.0 normal density concrete
ks = 0.8 #5 bars
la = (0.45) (0.8) (518 MPa) (16 mm) (30 MPa)?° = 545 mm
Embedment length = 545 mm + 192 mm = 737 mm (740 mm)
Development length required in compression
lgp = 0.24 dy f, 05 = (0.24) (16 mm) (518 MPa) (30 MPa)®5 = 363 mm
Embedment length = 363 mm + 192 mm = 455 mm (460 mm)

Reinforcement Summary

Thermal Break & Slab Section 1
#5 at 250 mm o.c. top and bottom

Embedment length of 740 mm provided into interior and exterior floor slabs
Slab Section 2

#5 at 500 mm o.c. top and bottom

Beam Deflection

Calculated deflections are for the reinforced concrete slab only and neglect the influence of the thermal
break.
Mer=fr lg / yt
fr=0.6f1?=3.29
lg = (1000) (190)* /12 =5.72 x 10®
ye =95 mm
Mer = (3.29) (5.72) (10%) / (95) (10°) = 19.8 kN-m
Section 1 —#5 @ 500 mm o.c.
Ms = 15.7 kN-m < M -~ section is uncracked and g is used
lg = (1000) (190)* /12 =5.72 x 10®

Section 2—-15M @ 167 mm o.c.



Ms = 30.1 kN-m > M -~ section is cracked
n:Es/EC:8.11

B=b/nAs=1000/(8.11) (800) = 0.154

d=h—-cc—dp/2 =142 mm

kd=[(2dB+1)¥?-1]/B=36.9mm

lee=b (kd)?/ 3 + n A (d — kd)? = (1/3) (1000) (36.9)° + (8.11) (800) (142 — 36.9)> = 8.84 x 10’ mm*

Mcr/ Ma =0.66

le = (Mar/Ma)? g + [1 = (Mer/Ma)?] ler = (0.66)3 (5.72) (108) + (1 — 0.66°) (8.84) (107) = 2.27 x 10°
D =PI3/3El = (2.52)(10°)(1830%)/(3)(24648)(2.27x 108) = 0.92 mm
A = WI*/8EI = (15.22)(1830%)/(8)(24648)(2.27 x 108) = 3.81 mm

Atota| = 4.73 mm > <Aa|\ow = 5 mm

1830 mm (6")
Se':f“’” 4 x#5 @ 500 mm o.c. Se‘;““iL
H i 1 1 1 ]
25 mm insulation
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A.4 Load Takeoff for Structural Design
Estributed loads

Slab Self-Weight

Dimensions
ln = 1830 mm (6 ft)
h =190 mm
w =1000 mm

Reinforced concrete density = 25 kN/m?3
wq = (1.83) (0.19) (25) = 8.69 kN/m per m

Snow Load
Wsnow = Is [Ss (CoCwCsCa) + S/
s=Cuv=Cs=Cy=1.0
C,=0.8
Ss=1.9, S, =0.2 for Winnipeg
Wsnow = (1.9) (0.8) + (0.2) = 1.72 kN/m

Concentrated Loads

Balcony Railing Self-weight
h =1070 mm from NBCC
%” glass weight = 0.478 kN/m?

Assume 2 panes for calculations
P¢=(2)(0.478) (1.070) = 1.02 kN

Case 2: Horizontal Load on Guard

h =1070 mm from NBCC
P =1 kN acting horizontally at h

Concentrated Moment

Horizontal Load on Guard

Pi=1 kN acting horizontally at h
M = 1.07 kN-m

Live Load
Specified in the 2010 NBCC
Exterior Balconies
wi = 4.8 kN/m per m

Factored Distributed Load

ws=1.25wqg+ 1.5 wy + 0.5 Wgnow
=189 kN/m

Case 1: Vertical Load on Guard
NBCC 4.1.5.14.4)
P = 1.5 kN per m acting vertically

Factored Vertical Concentrated Load

Pf=1.25P4q+ 1.5P
=1.275 kN Case 2
=3.525kN Case 1

Factored Concentrated Moment

Case 1 only
Mt = 1.5 M,
=1.605 kN-m



Shear Force and Bending Moment Diagrams
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A.5 Rebar Tensile Testing

Carbon Steel

The yield point is calculated using the 0.2% offset method for carbon steel samples.

Carbon steel rebar specifications for tensile testing

Rebar Diameter | Cross sectional fy L Number of
Size (mm) area (mm?) (MPa) (mm) specimens
15M 16 200 400 25 3
Carbon steel tensile test results
Test fy f, average 3 €, average Eave (Gpa)
(MPa) y g v y g ave (0P
471.8 0.0033
446.2 462 0.0029 0.00315 160
468.2 0.0032
Sample 1
800
— 0.2% offset
% 600 —
"% 400
4
£ 200
0
0 0.05 0.1 0.15
strain
Sample 2
700
600 .
E 500 .2% offset —
= 400
% 300
£ 200
100
0
0 0.05 0.1 0.15 0.2

strain




Stainless Steel

stress [MPa]

800

600

400

200

0.2% offset

Sample 3

0.05

0.1

strain

0.15

The yield point is calculated using the 0.5% extension method for stainless steel samples.

Stainless steel rebar specifications for tensile testing

strain

Rebar Diameter | Cross sectional fy L Number of
Size (mm) area (mm?) (MPa) (mm) specimens
#5 16 200 518 25 3

Stainless steel tensile test results
Test i f, average € €, average Eave (Gpa)
(MPa) v g v v g ave \GP
SS1 555.0 0.0041
SS2 555.4 554 0.0042 0.00434 128
SS3 551.5 0.0047
Sample 1
1000 A
— 800 0.5% extension
o
S 600
A 400
g
% 200
0
0 0.05 0.1 0.15 0.2 0.25 0.3




stress (MPa)

stress (MPa)

1000
800
600
400
200

1000
800
600
400
200

0.5% extension

0.05

0.5% extension

0.05

Sample 2

0.1 0.15 0.2 0.25
strain
Sample 3
0.1 0.15 0.2 0.25

strain

0.3

0.3



A.6 Concrete Compressive Strength and Density

Concrete Cylinder Testing

Concrete cylinders were cast in order to monitor the strength of concrete during testing. The samples were
cast using two pours — pour 1 was done in the morning and was used to cast the samples with the thermal
break, and pour 2 was done in the afternoon and was used to cast the samples without the thermal break.

28 Day Concrete Strength

Based on 28 day concrete strength results, a concrete strength of 42 MPa was used to calculate the actual

strength of the test samples.

Cvlinder Diameter | Height Area Load Load Stress A;/;;asie
4 (mm) | (mm) | (mm? (Ib) (N) (MPa) | o
1 74280 330414 42
Pour 1 2 100 200 7.9E+03 71950 320050 41 42
3 74200 330058 42
1 72740 323564 41
Pour 2 2 100 200 7.9E+03 | 75650 | 336508 43 43
3 77140 | 343136 44
Test Day Concrete Strength
A
Cvlinder Diameter | Height Area Load Load Stress gfr?sie
y (mm) | (mm) | (mm? (Ib) (N) (M) | o
1 68210 303413 39
Pour 1 2 100 200 7.9E+03 67630 300833 38 39
3 70810 314979 40
1 77850 346294 44
Pour 2 2 100 200 7.9E+03 78450 348963 44 44
3 75250 334729 43




Concrete Density

Concrete density is obtained in order to determine the corresponding thermal conductivity from I1SO 10456
[8]. For thermal modelling a thermal conductivity of 2 W/mK was applied for all models based on these

results.
Cylinder Volume Mass Density | Average Density | Thermal Conductivity
(m?) (kg) (kg/m?) (kg/m?) (W/mK)
1 0.00157 3.655 2327
Pour 1 2 0.00157 3.615 2301 2331 1.88
3 0.00157 3.715 2365
1 0.00159 3.820 2408
Pour 2 2 0.00157 3.750 2387 2403 2
3 0.00153 3.695 2413




A.7 Test Specimen Ultimate Strength Calculations — GFRP Reinforcement

Reinforcement

VRod GFRP #8 Bars

fu=1000 MPa fucomp = 0.6 f, = 600 MPa
Er=66.4 GPa Etcomp = 0.8 Er=53.12 GPa
€ =0.0151 Efu,comp = 0.0106

Ap =506.7 mm?

dp=25mm Concrete f'c =42 MPa

Thermal Break Moment Capacity Design

Moment arm between A and Af
d=h—-2c.—dp
d=85mm
Moment resistance M, = Trd = Cr d
Tt = fucomp At
Cr = fucomp A7
M =Mt =19.1 kN-m
Selected Bar Spacing
s=250
Af = (500) (500) / 250 = 1000 mm?
Moment resistance of the connection
M = fycomp Ar d = (600 MPa) (1000 mm?) (85 mm) (10°) = 51 kN-m

Thermal Break Shear Capacity Check

Shear Capacity
The shear strength of frp, f,, is assumed to be 0.1 fycomp = 0.1 (600) = 60 MPa
V; = fy As = (60 MPa) (1000 mm?) = 60 kN
Factored shear force applied to upper row of rebar =V¢/ (2 x 2) = 9.55 kN
Ve/V,=9.55/60=0.159
Tensile Capacity
Tr = fucomp Ar = (600 MPa) (1000 mm?) = 600 kN
Tr=Ms/d=(19.1 kN-m) /(94 mm) = 203 kN
T¢/ T =203 /600 =0.338

Interaction Equation



(Vi / Vo2 + (T / T2 < 1.0

(0.159)? +(0.338)*=0.14< 1.0

ilab Capacity Adjacent to Connection (S806-12)

Moment resistance of the section
Asp = 500 mm? (500)/ 250 = 1000 mm?
d=h-c.—dp/2=142 mm
pro = a1 B (f'c / fu) (Ecu/ Ecut Errpu) = (0.8) (0.9) (42 / 1000) (0.0035 / 0.0035 + 0.0151) = 0.0057
pt-(1000) / (500) (137.5) = 0.015 > pgy
The section will fail by concrete rupture
firp = 0.5 Efrp €cu [ (1 + 4 01 B e / prrp Efrp Ecu) % -1]
fip = (0.5)(66,400)(0.0035) [(1 +(4)(0.9)(0.8)(42)/(0.015)(66,400)(0.0035) )¥>-1] =578 MPa
a = Asp frp / a1 f'c b = (1000) (578) / (0.8) (30) (500) = 48.2 mm
M = Agp frrp (d —a/2) = (1000) (578) (137.5 —48.2/2) (10°®) = 65.5 kN-m
M =Tfrlg / vt
fr=0.6 f'c/* = (0.6) (42)"2 = 3.89
M, = (3.89) (500)(190)3/ (12) (190/2) (10°®) = 11.7 kN-m
M =65.5 kN-m > M = 19.1 kN-m and M, = 65.5 kN-m > 2 M = 23.4 kN-m

Shear capacity of the section

Ve =0.05 A ki ke F'c3 by, dy with Ve>0.11 Y2 by dy
A=1.0
dy>09d=1240r0.72 h=137
km = (Ved / Mg)¥2 = [(19.1) (10%) (137.5) / (19.1) (108)]¥? = 0.37
prw =Ar/ b d=0.015
ke =1+ (Ef prw)¥? = 10.99

Ve =(0.05) (0.37) (10.99) (42)"3 (500) (137) (1073) = 48.4 kN

Ve>0.11 (42)¥2 (500) (137) (1073) = 48.8 kN

Ve =488 kN >Vi=19.1 kN



A.8 Test Specimen Ultimate Strength Calculations — Steel Reinforcement

Reinforcement

15M Steel Bars

Concrete
f, =462 MPa f=42 MPa
E; =200 GPa
Ap =200 mm?
dp =16 mm

Thermal Break Moment Capacity

Moment arm between As and A’

d=h-2c.—dp

d =94 mm
Moment resistance M, =Tsd = C, d

Te =1, As

C="f, A/

M, = Mf=38.2/2=19.1 kN-m
Selected Bar Spacing

s=167

As = (200) (500) / 167 = 600 mm?
Moment resistance of the connection

M;: = f, As d = (462 MPa) (600 mm?) (94 mm) (10°) = 26.1 kN-m

Thermal Break Shear Capacity Check

Shear Capacity
V, = 0.66 f,A, = 0.66 (462 MPa) (600 mm?) = 183 kN
Factored shear force applied to upper row of rebar =V¢/ (2 x 2) =9.6 kN
Vs/Vr=9.6/183=0.05
Tensile Capacity
T, = f, As = (400 MPa) (600 mm2) = 240 kN
Tr=Ms/d=(19.1 kN-m) / (94 mm) = 203 kN
T¢/Tr=203 /240 =0.85

Interaction Equation



(Vi / Vo2 + (T / T2 < 1.0
(0.05)? + (0.85)2=0.725 < 1.0

ilab Capacity Adjacent to Connection (CSA A23.3)

Moment resistance of the section
As = (200 mm?) (500 mm)/ (500/3 mm) = 600 mm?
a="f, A/ aif'cb=(462 MPa) (600 mm?) / (0.8) (42 MPa) (500 mm) = 16.5 mm
d=h—-cc—dp/2 =142 mm
M, = f, A (d — a/2) = (462 MPa) (600 mm?) (142 mm — 16.5 mm/2) (10¢) = 37.1 kN-m
Shear capacity of the section
Ve=ABF? by d,
dy>09d=127.80r0.72 h=136.8
bw =500 mm
A=1
B =230/(1000 + dy) = 0.20 (simplified method)
Ve = (0.20) (42 MPa)*? (500 mm) (136.8 mm) (107) = 88.7 kN
Ve=288.7 kN >V¢=19.1 kN



A.9 Test Specimen Ultimate Strength Calculations — Stainless Steel Reinforcement
Reinforcement

Number 5 Stainless Steel Bars - Provided by Salit Steel

Concrete
f, = 554 MPa f=42 MPa
E; =200 GPa
Ap =200 mm?
dp =16 mm

Thermal Break Moment Capacity Design

Moment arm between As and A’

d=h-2c.—dp

d=94 mm
Moment resistance M, =Tsd = C, d

Te =1, As

Co=f,AS

M, = Mf=38.2/2=19.1 kN-m
Selected Bar Spacing

s=250

As = (200) (500) / 250 = 400 mm?
Moment resistance of the connection

M = f, As d = (554 MPa) (400 mm?) (94 mm) (10°) = 20.8 kN-m

Thermal Break Shear Capacity Check

Shear Capacity
V, = 0.66 f,As = 0.66 (554 MPa) (400 mm?) = 146.3 kN
Factored shear force applied to upper row of rebar=V¢/ (2 x2) =9.5 kN
Vi/Vr=9.6/146.3 =0.066
Tensile Capacity
T, = f, As = (518 MPa) (400 mm?) = 207 kN
Tr=Ms/d=(19.1 kN-m) / (94 mm) = 203 kN

T/ T, =203 /207 =0.98

Interaction Equation



(Vi / Vo2 + (T / T2 < 1.0
(0.066)% + (0.98)> = 0.96 < 1.0

ilab Capacity Adjacent to Connection (CSA A23.3)

Moment resistance of the section
As = (200 mm?) (500 mm)/ (250 mm) = 400 mm?
a="f, A/ aif'cb=(554 MPa) (400 mm?) / (0.8) (42 MPa) (500 mm) = 13.2 mm
d=h—-cc—dp/2 =142 mm
M, = f, A (d — a/2) = (554 MPa) (400 mm?) (142 mm — 13.2 mm/2) (10°¢) = 30 kN-m

Shear capacity of the section
Ve=ABfH by dy
d,>09d=127.80r0.72 h=136.8
bw = 1000 mm
A=1

g = 0.4 1300
141500, 1000+5,,

Se =355,/ 15 +ag=(35) (136.8) / (15 + 20) = 136.8
My
£ = —‘;*;;:f =[(38.2) (10°) / (136.8) +(38.2) (10%)] / [2 (200,000) (400)] = 0.00099
B =1[0.4/(1+ 1500 (0.00099))] - [1300 /(1000 + 136.8)] = 0.184
V. =(0.184) (42)¥? (500) (136.8) (10%) = 81.6 kN

Ve=81.6 kN >Vi=19.1 kN

A.10 Calculated Load Deflection Curves for Test Specimens

Curves are plotted until calculated rebar yield or concrete fracture load.



With Thermal Break Without Thermal Break

Reinforcement Failure Load Deflection at Failure Failure Load Deflection at Failure
[kN] [mm] [kN] [mm]

Carbon Steel 29.6 2.38 41.6 2.53

Stainless Steel 25.6 3.06 36.2 3.24

GFRP 433 7.71 43.3 5.88
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A.11 Thermistor Layout for Thermal Testing

GFRP Reinforced Samples
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