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ABSTRACT 

Insulated concrete and double wythe cavity masonry walls are commonly used on building 

exteriors. Both wall types consist of inner and outer layers known as wythes, which surround an 

insulation layer, and these wythes are joined by mechanical devices known as shear connectors. 

In insulated concrete walls the inner and outer wythes are made entirely of concrete while that of 

double wythe cavity masonry walls are mostly made of bricks and Concrete Masonry Units, 

respectively. Overall, the structural performance of both walls is largely influenced by the shear 

connection system, and existing shear connection systems are currently being challenged by larger 

insulation thicknesses needed to meet stricter energy requirements. At the core of these changes 

to the thermal requirement for building envelopes, the structural load on walls such as the dead 

and live load are relatively unchanged, which means innovative considerations on how the load is 

transferred through the walls must be made. These innovative considerations, such as new shear 

connection mechanisms often create additional composite action in walls. Experimental, finite 

element, and analytical approaches can be used to quantify the amount of composite action 

developed in the walls, but existing approaches are cumbersome or limited to only uncracked 

conditions.  

This thesis presents a study focused on increasing composite action using new shear 

connection mechanisms as well as developing a unified analytical model to analyze the behaviour 

of partially composite insulated and double wythe cavity masonry walls. While both walls are 

similar in composition, double wythe cavity masonry walls are not completely sandwiched due to 

an air gap that allows for moisture drainage. This airgap is absent in insulated concrete walls due 

to superior moisture resistance. This means different methods have to be developed to improve 

the shear connection system for both walls. Rectangular and trapezoidal notches were created in 

different insulation types and used along with inclined GFRP connectors to improve the shear 

connection strength in insulated concrete walls, while a novel inclined connector was developed 

at the University of Alberta for double wythe cavity masonry walls. Small-scale longitudinal shear 
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testing was executed for both shear connection systems, and the notches increased the shear 

connection strength by as much as 50%, with the rectangular notch shown to be more effective 

due to proper locking mechanism with the insulation. Meanwhile, the inclined novel masonry 

connector proffered larger shear strength per connector cross-sectional area than existing 

traditional plate connectors, in some cases up to 212%. 

To compliment experimental tests, analytical expressions were developed to predict the 

strength of the shear connection schemes. A simplified analytical model was developed to predict 

the load-deflection response of both walls under flexural loading and more importantly, the 

amount of composite action generated by such shear connection mechanisms in full-scale walls. 

The analytical model was validated with experimental tests from literature, with an average test to 

predicted strength ratio of 0.94 with a coefficient of variation (COV) of 0.18 for insulated concrete 

walls. For double wythe cavity masonry walls, this ratio was 0.72 with a COV of 0.29. Among 

other factors examined along with the shear connection schemes in full-scale walls, the shear 

connector inclination and spacing influenced the degree of composite to a larger extent than others. 
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1. INTRODUCTION 

Insulated concrete walls and double wythe cavity masonry walls are common components in 

residential and industrial buildings. On their own, buildings account for over 40% of global energy 

usage and 33% of global greenhouse gas emissions (Huovila et al. 2009, Peng, 2016). In Canada, 

heating for buildings accounts for 65% of greenhouse gas emissions (GHG) (Stinson, 2017) of 

which 20% is lost due to poor wall insulation (Natural Resources Canada 2021). To reduce energy 

demands brought about by increased economic activities and heat loss through the walls, building 

codes are being updated to meet stricter requirements such as using larger insulation thickness. 

This means walls even built a decade ago are no longer desirable for new construction. 

Both wall types have been used as interior and external members of buildings for many years. 

Double-wythe cavity masonry walls usually have bricks and Concrete Masonry Units (CMUs) as 

external and internal layers (wythes), respectively, while insulated concrete walls have concrete 

as both layers. The main difference between both wall types is that an air gap is present in cavity 

masonry walls to allow for drainage of moisture and is absent in insulated concrete walls as 

concrete is less permeable to moisture than masonry. Both walls have insulation between the 

external layers that is placed for thermal purposes, and both layers are joined by mechanical 

devices known as shear connectors. This shear connector transfers longitudinal shear between the 

layers and could make both layers act as a single unit (fully composite) or individually (non 

composite). Most times both wall types tend to act as partially composite systems which is an 

intermediate behaviour between non and fully composite systems. 

The common form of construction for both wall types is a combination of onsite and precast 

construction. The components of masonry walls which include Concrete Masonry Units (CMUs) 

and bricks are usually built offsite and assembled onsite. Insulated concrete walls can be 

completely built as precast members or onsite in the absence or proximity of precast facilities. 

Precast construction has enabled building contractors and owners to achieve 23-27 points in the 

Leadership in Energy and Environmental Design (LEED) system rating, of which 26 points are 
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needed for LEED certification  (VanGeem 2006, CPCI 2020). This may be further enhanced by 

using Fibre Reinforced Polymers (FRP) as connectors (Belarbi et al. 2016) because of their lower 

thermal conductivity, which has been shown to achieve 1.7 times the thermal efficiency of a 

similarly built steel-reinforced wall (Woltman et al. 2017). 

When composite action/strength is the sole consideration, designers can opt for fully 

composite walls, of which fully composite walls are more prone to thermal bowing. As an 

alternative, designers can design walls to be non-composite which are less susceptible to thermal 

bowing but have lesser structural capacity/composite action. At the moment, designers are faced 

with the need to have more thermally efficient building envelopes which is often achieved through 

larger insulation thickness between the wythes. However, this increase in insulation thickness 

adversely affects the structural strength of the connectors and consequently the amount of 

composite action reached by the walls. This means walls built with existing connectors could lose 

a significant amount of composite action. 

Amidst changes to the thermal requirement for building envelopes, the structural load on 

buildings such as the dead and live load, has been largely constant which means new 

considerations on how the load is transferred through the walls must be made. 

1.1 RESEARCH NEEDS 

1.1.1 Current trend 

The design of insulated concrete and double-wythe cavity masonry walls involves consideration 

of thermal and structural demands. However, this thesis is only focused on the structural 

behaviour. With the intent of improving the thermal efficiency of buildings, energy codes are 

being updated to require larger insulation thickness. This increase in insulation thickness 

challenges the appeal for composite action desired by engineers, as the connectors joining the 

wythes will lose stiffness which would affect the wall’s composite behaviour. 

The choice of connector type also presents a challenge, whereby composite action achieved 

particularly through steel reduces energy efficiency (Pantelides et al. 2008, Woltman et al. 2017, 
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Noël 2012). Even the use of connecting materials with low thermal conductivity such as FRP, 

often leads to lower levels of composite action due to their lower stiffness, especially GFRP. Also, 

FRPs have a low temperature resistance (ACI PRC 440.2-23), and often require additional resin 

coating for improved fire resistance (ACI PRC 440.2-23, Branco et al. 2010, Kandola et al. 2002). 

Again, these resin coatings are costly and reduce the mechanical properties (Petersen et al. 2015, 

Shahari et al. 2021). This means innovative processes have to be developed to achieve the desired 

level of composite action while maintaining the thermal integrity of a member. 

1.1.2 Insulated concrete walls 

Interventions for insulated concrete walls can be focused on the connectors and insulation. 

Although insulation has been shown to contribute towards composite action (Joseph et al. 2018, 

PCI 2011), its structural role is considered unreliable due to variation in insulation-concrete bond 

quality, which also depends on the type of insulation (Insel et al. 2006).  In the past, researchers 

have used surface treatments such as mesh-patterning and sandblasting to increase the insulation-

concrete bond strength, with sandblasting being the most effective. However, the level of such 

interventions was not reported, which makes it difficult to replicate. Stimulating insulation with 

shear keys is a concept that has been used in lightweight sandwich panels with FRP skin 

(Mathieson and Fam 2014, Mitra 2010, Mostafa et al. 2013). However, the effect of using 

insulation shear keys to increase composite action in insulated concrete walls with inclined shear 

connectors has not been investigated.  

1.1.3 Double wythe cavity masonry walls 

Unlike insulated concrete walls, interventions for double-wythe cavity masonry walls are 

restricted to the connectors due to the airgap which prevents any shear contribution from the 

insulation. Insulation used for masonry cavity walls is also commonly mineral wool which has 

negligible stiffness compared to the rigid polystyrene foams used in insulated concrete walls. 

However, there is a dearth in the development of innovative connectors for double-wythe cavity 
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masonry walls in Canada, with the predominantly used wall connectors developed in the 1970s 

and 1980s. 

Inclined connectors have been used in insulated concrete walls where it showed improved 

structural performance due to better utilization of their material properties. However, the use of 

inclined connectors has not been utilized in double-wythe cavity masonry walls. 

1.1.4 Quantifying composite action in insulated concrete and double wythe cavity 

masonry walls 

The strength and stiffness of the shear connection system are usually evaluated using push-

through tests such as those conducted by Arevalo (2019), Bunn (2011), Egbon and Tomlinson 

(2023), and Williams and Hamid (2005). When the shear connection mechanism is changed, it 

then becomes necessary to determine the amount of composite action generated by such 

interventions in full walls. This is usually done through experimental testing, numerical or 

analytical modelling of full walls. To achieve this, an understanding of how the walls behave under 

loading is needed.  

Walls undergo various amount of deformation overtime, and the common sources of 

deformation include out of plane loads (wind) as well as environmental factors which include 

temperature differential (difference in temperature between the external and internal wythe) and 

humidity (expansion and contraction of the wythes). When partially composite walls undergo 

deformation,  one wythe tries to move relative to the other, and internal forces are generated in the 

wythes. The internal forces create strain discontinuity (a deviation from plane sections) between 

the wythes which is physically manifested along the wall as a relative slip between wythes and is 

largest at the end of the wall. This slip is resisted by connectors through longitudinal shear 

contribution, and the shear contribution depends on its strength and stiffness.  

As with other load sources, out of plane loads can act as positive (towards the wythe) and 

negative (suction, away from the wythe), and the connectors are expected to have adequate 

strength in both directions in order to contribute significantly to the strength and stiffness of  walls. 
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When both wythes act separately (non-composite, Fig. 1.1a) the strain discontinuity is largest 

and there is zero longitudinal shear contribution (i.e., connectors have zero stiffness). In partially 

composite walls (Fig. 1.1b) the strain discontinuity is between that of a non-composite section and 

fully composite section. In fully composite sections, there is no strain discontinuity (Fig. 1.1c) and 

connectors provide complete longitudinal shear transfer (i.e. connectors have infinite stiffness).  

 
Figure 1.1: Classification of composite action in walls (a) Non (b) partially (c) fully composite  

More so, there are similarities in design provisions for both wall types contained in respective 

concrete and masonry design codes and standards (CSA S304-14 2019, CSA-A23.3 2019), (ACI 

318 2019, TMS 402/602 2016), (BS EN 1992 (Eurocode 2), BS EN (Eurocode 6)). While both 

wall types resist load through the same mechanism, the outer wythe in double wythe cavity 

masonry walls are usually unreinforced which creates different actions after cracking. 

Knowing the load transfer mechanism is similar for both wall types mean existing analytical 

models developed for one wall type can be adapted to analyze the other wall type. Some of the 

models to predict the load-deflection response of walls include Gombeda et al. (2017), Tomlinson 

and Fam (2016a) (developed for partially composite insulated concrete walls) and Sakr and Neis 

(2001) (developed for double wythe cavity masonry walls). While these models predict the load-

deflection response of both walls, there has been no attempt to use analytical models developed 

for partially composite insulated concrete walls to analyze double wythe cavity masonry walls, 

 (a) 

 (b) 

 (c) 
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and vice-versa. This is because existing analytical models for both wall types have several iteration 

steps which makes them difficult to follow and adapt for other cases. 

Simpler models such as Pacholok 1989, Papanikolas et al. 1990, Al-Rubaye et al. 2021, and 

Olsen and Maguire 2016 only predict the load and deflection of both walls up to cracking and not 

at yielding of longitudinal reinforcement or at ultimate, which is also of interest to designers.  

This means that a simplified and unified model is needed to predict the entire load-deflection 

response for both walls, and the model should be developed in a simplified manner such that it is 

easily adopted by designers without intensive additional learning and execution resources. 

1.2 RESEARCH OBJECTIVES 

The objective of this research was to; 

1. Develop methods to better assess the amount of composite action in insulated concrete and 

double wythe cavity masonry walls. 

To achieve the objective of this thesis, the following tasks were executed: 

1. Conduct a review of literature on shear connection systems for both wall types. 

2. Carry out push-through tests on notched and unnotched small-scale insulated concrete 

walls with inclined connectors and develop analytical expressions to predict the strength 

of the shear connection system. 

3. Similar to Task 2, conduct small-scale shear testing on a novel connector as well as 

traditional connectors for double-wythe cavity masonry walls, and also develop analytical 

expression to predict their strength. 

4. Develop and validate a designer-friendly analytical model to predict the load-deflection 

response of full-scale non-load bearing insulated concrete walls under flexural loading. 

Conduct a parametric analysis on the effect of connector spacing, type, and size, on 

composite action. Other parameters include longitudinal reinforcement ratio, wythe 

thickness, and wall length. 
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5. Adopt the model developed in Task 4 (insulated concrete walls) for non-load bearing 

double wythe cavity masonry walls under flexural loading. Conduct a parametric analysis 

on the amount of composite action developed by the novel and traditional connectors 

evaluated in Task 3. Other parameters examined include loading direction (pressure, 

suction), longitudinal reinforcement ratio, cavity width, wall length, and connector 

spacing. 

Due to a prolonged laboratory closure due to major renovations and the COVID-19 Pandemic, 

full-scale experimental wall tests could not be conducted to evaluate the amount of composite 

action developed by the shear connection systems developed in Task 2 and 3 above, leaving 

analytical or finite element modelling as the only feasible options. 

1.3 RESEARCH SCOPE 

Although the design of insulated concrete and double wythe cavity masonry walls involve thermal 

and structural considerations, this thesis is only focused on the structural performance of both 

walls. Also, long-term actions that may affect wall behaviour such as creep, swelling, and 

shrinkage, are beyond the scope of this study. In addition, the walls considered are simply 

supported non-prestressed walls under static symmetric flexural loading only, while the effect of 

superimposed axial loads is beyond the scope of this thesis. The walls examined are single-storey 

walls without interruptions from intermediate floors. 

In place of full-scale experimental tests, simplified analytical expressions were developed to 

determine the amount of composite action developed by the shear connection systems. Analytical 

modelling was chosen over Finite Element Modelling (FEM) as it enables the wall behaviour to 

be determined using mechanical formulations that are known to designers and can be executed 

using simple hand or spreadsheet calculations that are easy to follow. Also, computations for 

analytical modelling are inexpensive, often requiring far less computational space and time in 

comparison to FEMs. In addition, designers often utilize FEM software as a “black box” where 



8 

 

users do not often have extensive knowledge of finite element modelling, leading to erroneous 

interpretations and results. 

In this thesis, the connectors examined are those which have sufficient axial stiffness that 

would make the wythes in the walls deflect together and remain parallel during loading. As such, 

walls where the wythes do not deflect together are beyond the scope of this research. The 

connectors examined in this research are those with regular geometries such that properties (e.g., 

moment of inertia) can be easily determined.  

Due to availability of materials, connectors for the insulated concrete walls examined in this 

study were made from protruded Glass Fibre Reinforced Polymers (GFRP) bars. While GFRP’s 

have a lesser thermal conductivity than steel, they could not be utilized for the cavity masonry 

walls due to the need to bend and drill holes (slots) in the main connector to accommodate a 

smaller embedment tie as shown later in Section 4.2.1. If these slots and bends were made on the 

GFRP material, this would lead to a reduction in its mechanical properties such as its tensile 

strength by up to 50% (Nanni et al. 1998, Imjai et al. 2017, Jagadeesh et al. 2023). This is why 

steel connectors were used for the cavity masonry walls. 

The walls examined are those under one-way action while walls under two-way bending are 

beyond the scope of this study. In addition, the walls examined are single-storey walls without 

interruptions from intermediate floors. 

1.4 THESIS OUTLINE 

This thesis is sub-divided into two parts which relate to small-scale testing and analytical 

modelling of full-scale wall behaviour of insulated concrete walls and double-wythe cavity 

masonry walls. After the introduction, the next chapter presents a review of literature related to 

both wall types and the four subsequent chapters comprise journal manuscripts. 

Chapter 2: Literature review – Provides background knowledge on insulated concrete and 

double-wythe cavity masonry walls. Chapter 2 accomplishes Task 1 of the research objectives. 
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Chapter 3: Experimental investigation of longitudinal shear transfer in insulated concrete 

wall panels with notched insulation – This chapter is from a published paper (Journal paper 1 in 

Preface), and it presents results from experimental testing of concrete panels with rectangular and 

trapezoidal notches used in combination with truss-shaped GFRP connectors. This chapter 

completes Task 2 of the research objectives. 

Chapter 4: Experimental longitudinal shear testing of novel and traditional shear connectors 

in double-wythe cavity masonry walls – This chapter (Journal paper 2 in Preface, under review), 

presents results from the experimental longitudinal testing of a novel masonry connector against 

existing plate connectors. This chapter completes Task 3 of the research objectives. 

Chapter 5: Simplified load-deflection analytical model for partially composite insulated 

concrete wall panels under flexural loading – This chapter (Journal paper 3 in Preface, under 

review) presents a simplified analytical model to predict the load-deflection response of full-scale 

walls and validated with previous experimental data. Chapter 5 accomplishes Task 4 of the 

research objectives. 

Chapter 6: Analytical flexural model for partially composite double wythe 

cavity masonry walls – This chapter, which is from a manuscript under preparation, presents the 

application of the analytical model for insulated concrete walls to double-wythe cavity masonry 

walls. The contribution of the novel connector (discussed in Chapter 4) towards composite action 

is compared to existing masonry connectors. This chapter completes Task 5 of the research 

objectives. 

Chapter 7: Conclusion 

This chapter summarizes the results from prior chapters with research contributions and 

recommendations for future studies. 

Appendix A: Load-Slip Response of Connectors in Insulated Concrete Walls 

Appendix B: Design Example for Insulated Concrete Wall Under Flexural Loading 

Appendix C: Formulations For the Load-Slip Response of Masonry Connectors 
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Appendix D: Design Example for Double Wythe Cavity Masonry Wall Under Flexural Loading 
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2. LITERATURE REVIEW 

2.1 DOUBLE-WYTHE CAVITY MASONRY WALLS 

Double wythe masonry cavity walls (Fig. 2.1a) are mostly used as exterior walls in many 

residential, commercial, and industrial structures. This wall type is typically constructed onsite, 

with the outer wythe made of brick veneer or Concrete Masonry Units (CMUs), while the inner 

wythe is made of CMUs and called the structural wythe (Wang et al. 1997). The cavity encloses 

an insulation layer which is placed for thermal purposes and does not contribute to the structural 

response of the wall system. An air-gap of at least 25 mm is created after the veneer and serves as 

a water drainage path (Langmans et al. 2017, Brick Industry Association 2018, Allen and Iano 

2009). A vapour or moisture barrier is attached to the warmer side of the insulation to prevent the 

entry of water vapour due to condensation (Clayford 2003, Hatzinikolas et al. 2015). 

Modern double-wythe cavity walls are joined using connectors which are the main 

contributors to wall strength (Sakr and Neis 2001, Wang et al. 1997). Connectors are usually made 

of steel, and the structural contribution from a connector is dependent on its size 

(diameter/thickness) and embedment length. In addition, the connector strength is also influenced 

by the anchorage provided by mortar joints, and the thickness of the mortar joint typically ranges 

between 10 and 15 mm (Cascardi et al. 2020, Petersen et al. 2012, Martins et al. 2017). CSA 

A370:14 (2018) limits the size of flat and round connectors to 50% and 67% of the mortar 

thickness, respectively. 

2.2 INSULATED CONCRETE WALLS 

Insulated concrete wall panels, also called sandwich panels, are typically made of an insulation 

core material positioned between concrete layers, also known as wythes. The core material is 

usually added for thermal purposes (Joseph et al. 2017, Goudarzi et al. 2016) while the wythes 

provide a combination of structural resistance and architectural features (Fig. 2.1b). Insulated wall 

panels are used in a variety of applications, most commonly as exterior walls in residential 

buildings, commercial facilities, and industrial complexes. This wall type is typically fabricated 



12 

 

in a precast facility, shipped to site, and then attached to the structure (Norris and Chen 2016, PCI 

2011). This off-site means of production facilitates shortened construction time, financial savings, 

better quality control, durability, and improved safety (Tomek 2017). 

 
Figure 2.1: (a) Double-wythe cavity masonry wall (b) insulated concrete wall 

2.3 SIMILARITIES AND DIFFERENCES BETWEEN INSULATED CONCRETE 

WALLS AND DOUBLE WYTHE MASONRY CAVITY WALLS 

Over time, insulated concrete and double wythe cavity masonry walls have been used in similar 

applications, most commonly as exterior walls in single and multi-storey residential, commercial, 

and industrial structures, respectively (Martins et al. 2017, PCI 2011). Most insulated concrete 

walls are produced in off-site precast facilities while double wythe cavity masonry walls are 

usually constructed on-site. On-site construction is usually applied for double-wythe cavity 

masonry walls due to the sensitivity of the connector-mortar joints to movement during 

transportation. However, when it is uneconomical to use a precast facility due to its remoteness 

from a job site, insulated concrete walls are constructed on-site, just like double wythe cavity 

masonry walls. 

The outer wythe of insulated concrete walls is reinforced while that of double wythe cavity 

walls (brick) is usually unreinforced. Knowing this, designers often adopt insulated concrete walls 

due to the additional strength from the reinforced outer wythe. However, in cases where strength 

is not an important consideration, double wythe cavity masonry walls are chosen due to the 

 (a)  (b) 
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superior aesthetic appearance of brick (Martins et al. 2016). In addition, as masonry blocks are 

more permeable to water than concrete, designers often prefer to start the foundation of walls using 

concrete and continue with the same material (concrete) in the superstructure. 

Apart from the difference in the wythe material, the means of shear transfer in both wall 

systems is mostly through connectors that link wythes together (Bunn 2011). In insulated concrete 

walls, the structural role of the insulation is debatable and considered unreliable (Insel et al. 2006). 

This is because the insulation-concrete bond quality depends on the type of insulation which 

includes Expanded (EPS) and Extruded (XPS)Polystyrene, Polyisocyanurate, and Polyurethane, 

(Joseph et al. 2018, Mathieson and Fam 2014, PCI 2011). Amongst these insulation types, larger 

shear strength has been achieved in panels with EPS due to its rougher surface profile (Naito et al. 

2012, Hassan and Rizkalla 2010, Frankl et al. 2008). In double-wythe cavity masonry walls, the 

shear contribution from insulation is zero because the insulation is adhesively bonded with a 

vapour barrier to one wythe and a space is left from the other wythe which serves as a drainage 

path (Fig. 2.1a) (Hatzinikolas et al. 2015). The vapour barrier is mostly required for cavity 

masonry walls because masonry is more permeable to vapour than concrete. Without a vapour 

barrier in double wythe cavity masonry walls, the integrity of the insulation and connectors would 

be reduced, often creating discomfort to occupants in the form of mould (Natural Resources 

Canada 2021). 

Both wall types are built with energy and structural considerations to minimize heat loss 

without which, results in larger carbon footprint and financial cost of operation, and failure 

(Natural Resources Canada 2020). Energy considerations are detailed in energy codes that are 

currently prescribing higher R-values for buildings which can be attained by increasing insulation 

thickness (National Research Council of Canada 2017) and by using thermally efficient materials 

such as FRP as connectors. However, composite action is adversely affected by measures such as 

larger insulation thicknesses in both wall types (Bunn 2011, Choi et al. 2019).  This is because 
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larger insulation thickness results in a larger connector span, which leads to a reduction in 

connector stiffness and contribution towards composite action. (Bunn 2011, Choi et al. 2019). 

Under loading, strain discontinuity is created between the wythes. This strain discontinuity 

accumulates along the wall in the form of slip between the wythes and is largest at the end of the 

wall, and this slip is resisted by the connectors in the form of longitudinal shear contribution. 

When both wythes act separately (non-composite) the strain discontinuity is largest, in partially 

composite walls the strain discontinuity is lesser compared to non-composite sections while in 

fully composite sections, there is no strain discontinuity. Also, there are similarities in design 

provisions for both wall types contained in respective concrete and masonry design codes and 

standards (CSA S304-14 2019, CSA-A23.3 2019), (ACI 318 2019, TMS 402/602 2016), 

(Eurocode 2, Eurocode 6). 

2.4 ROLE OF CONNECTORS AND ASSESSING BEHAVIOUR OF INSULATED 

CONCRETE AND DOUBLE WYTHE CAVITY MASONRY WALLS 

The design of single wythe concrete and masonry walls is commonly taught in undergraduate and 

graduate civil engineering programs. However, this design process differs from that of insulated 

concrete and double wythe cavity masonry walls which is made complicated due to the need to 

account for the slip between the wythes. The amount of slip between the wythes is determined by 

the stiffness of the shear connection system, while the strength of the shear connection system 

determines how much longitudinal shear they can contribute to walls (Fig. 2.2). 

The amount of longitudinal shear varies based on the connector type and this means that 

methods of evaluating the strength of the connectors are critical in understanding the behaviour of 

walls. The behaviour of insulated concrete and double wythe cavity masonry walls is classed into 

three categories which are discussed in Section 2.5. 
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Figure 2.2: (a) Longitudinal shear generated in wall section (b) individual shear contribution 

from shear connection (Arevalo and Tomlinson 2020) 

2.5 COMPOSITE ACTION 

Both wall types under consideration are constructed using shear connectors which are a major 

factor affecting wall strength and stiffness (Arslan et al. 2020, Jaiden 2017). Depending on the 

desired nature of the wall, which is influenced by structural and thermal demands, walls are 

designed to act as non (Fig. 2.3c), partially, and fully-composite members (Fig. 2.3a). Generally, 

non-composite walls are thicker than fully composite walls (PCI 2011), and since there is no 

restraint to slip between the wythes, are more suitable for conditions where little or no thermal 

bowing is desired (Losch 2003, PCI 2010). In real-life, walls tend to act between these extremes 

as partially composite walls (Fig. 2.3b) (Frankl et al. 2011, O’Hegarty and Kinnane 2020). 

Non-composite members have negligible shear transferred between the wythes which means 

that the wythes act independently. In these applications, the shear connectors act as ties to prevent 

delamination of the exterior wythe under self-weight or wind loads. For partial composite walls, 

only a percentage of the load needed for full composite action is transferred between wythes. In 

full-composite walls, the forces developed within the section are transferred between adjacent 

wythes, with the shear connector being the largest contributor to strength and stiffness (Benayoune 

et al. 2008, Bush and Stine 1994, Kazem et al. 2015, Morcous et al. 2011, Pessiki and Mlynarczyk 

2003, Reneckis et al. 2004). 

Often, the term “fully composite action” is broadly used in describing walls. However, it 

should be correctly used to refer to the amount of composite action based on stiffness and strength. 

A fully composite panel by strength means there are sufficient connectors needed to make both 

 (a)  (b) 
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wythes act together at peak load. For a full composite panel by stiffness, there is no slip (i.e., strain 

discontinuity) between the wythes meaning that the full moment of inertia of the panel can be 

used. 

Specifically for double-wythe masonry walls, full-composite action by strength used to be 

achieved by filling the joint between the wythes (collar joint) with mortar or grout (TEK 16-01A 

2006). A similar approach of using solid concrete zones was formerly used in insulated concrete 

walls (Frankl et al. 2008, Suryani and Mohamad 2012). However, this method rids the insulation 

of its thermal benefits by creating thermal bridges through the insulation. This means that the 

realization of large strength and stiffness, which full-composite sections offer, can impede the 

thermal benefits such as high R-values. This is a major concern that needs to be addressed 

especially with the development of new energy codes that are prescribing larger R-values for 

buildings. 

 
Figure 2.3: Classification of walls (a) Full composite (b) partially composite (c) non-

composite 

2.6 SHEAR CONNECTION TESTING 

Connector responses (Fig. 2.2b) can be classified as dowel-type (Fig. 2.4a) where they transfer 

forces via beam action or truss-type (Fig. 2.4b) where they transfer forces using axial connector 

properties (Woltman et al. 2013, Tomlinson et al. 2016). 

 (a) 

 (b) 

 (c) 
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Figure 2.4: Classification of connector behaviour (a) dowel action (b) truss action 

 

Unlike double wythe masonry walls, more innovative schemes have been developed in the aspect 

of connectors for insulated concrete walls. They include the use of discrete and distributed 

connectors (Naito et al. 2012, Sopal 2013, Einea et al. 1994, Maximos et al. 2007). Discrete 

connectors are placed at specified intervals/locations along a wall while distributed connectors are 

continuous along the wall. Common connectors for double wythe masonry (Fig. 2.5) and insulated 

concrete walls (Fig. 2.6) are generally examined under compression, tension, or shear. While 

connectors for insulated concrete walls have no strict limit for thickness, the diameter of masonry 

wall ties is limited to two-thirds of the mortar joint for round and helical shapes, and 50% for flat 

configurations (CSA A370). This is to ensure the surrounding mortar has sufficient cover to resist 

the forces developed in the connector (CSA A370). 

 
Figure 2.5: Common Masonry wall ties (a) Rectangular (b) Z (c) Ladder (d) Corrugated (CSA 

A370:14) 

 

 (a)  (b) 

 (a)  (b)  (c)  (d) 
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Figure 2.6: Insulated concrete walls with different connector types (a,b,c,e shown along the 

wall length, with (d) along the wall width) (a) truss bar connectors (b) Plate-type connectors 

(c) Pin-type connector (d) Profiled Connector (I-section) (e) Bent bar truss connector (f) Grid 

type truss connector 

Tension and compression tests primarily reveal the axial capacity of connectors, and the axial 

strength of connectors may affect the amount of composite action in walls (Arslan et al. 2020, 

Sakr and Neis 1997). This is because connectors with sufficient axial strength ensure the wythes 

deflect together and remain parallel to each other while resisting load. The shear response is often 

assessed using push-through testing. Push-through tests are usually small-scale tests, and this test 

reveals the connector’s ability to contribute longitudinal shear to the wall, which is the main 

determinant of the amount of composite action in walls (Hodicky et al. 2014, Sakr and Neis 2001). 

Tension, compression, and shear properties for connectors are usually carried out using small-

scale assemblies where the connector is inserted between wythes of both wall types. This is done 

to replicate conditions in real walls where the connectors interact with wall components such as 

concrete, mortar, and grout. Many experimental tests have been conducted on the behaviour of 

connectors under tension and compression (Arslan et al. 2020, Hatzinikolas et al. 1979, Corradi et 

Discrete connectors     Distributed Connectors 

 (c) 

 (a) 

 (b) 

 (d) 

 (e) 

 (f) 
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al. 2017, Hatzinikolas et al. 1983; Martins et al. 2016), Skroumpelou et al. 2018), and a typical 

test setup is shown in Fig. 2.7. 

In interpreting the results from tension and compression loading, CSA A370:14 (2018) 

specifies that masonry connectors under compression and tension should have an ultimate strength 

of at least 1 kN, although the rationale for this value is not stated. Meanwhile, there is no minimum 

specification for connectors in insulated concrete walls but are generally required to be at least 

stiff enough to resist loads induced during handling and erection (Lee and Pessiki 2006a). 

 
Figure 2.7: Tension and compression test setup for connectors (Arslan et al. 2020) 

For shear testing, there is more literature related to the testing of connectors used in insulated 

concrete walls in comparison with double wythe cavity masonry walls. One reason for this is the 

fact that more insulated concrete walls are built in practice which attracts more research funding 

and attention. Also, since the brick in double wythe cavity masonry walls is usually unreinforced 

and thought to be placed for architectural and hygrothermal purposes only (Vanpachtenbeke et al. 

2020), designers are not inclined to investigate innovative connectors schemes in cavity masonry 

walls. In addition,  the superior resistance of concrete to vapour in comparison with masonry 

blocks/bricks reduces the formation of mould (Natural Resources Canada 2021, Pope 2021), 

leading to more adoption and attention to insulated concrete walls. 

 (a) 

 (b) 

 (c) 
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Many experimental studies on connectors for double-wythe cavity masonry walls focused on 

completely enclosed walls (stone walls or keyed joints) or external strengthening schemes (FRP 

strengthening) as seen in Szyszka et al. (2018), Magenes et al. (2012), Dizhur et al. (2014), Binda 

et al. (2006), and Maccarini et al. (2018). Even recent tests by Corradi et al. (2017) examined 

already existing wall ties. In CSA A370:14 (2018), there is no minimum requirement for the shear 

strength of connectors. To date, the only prominent test found during the literature review that 

related to shear testing of connectors in double wythe cavity masonry walls was conducted by 

Williams and Hamid (2005) as shown in Fig. 2.8. The test which examined the in-plane behaviour 

of connectors, revealed that the strength and stiffness of connectors depended on adequate 

anchorage with component parts as well as with masonry parts. 

 
Figure 2.8: In-plane shear testing of masonry connectors (Williams and Hamid 2005) (a) test 

frame (b) specimen under load 

Push-through tests for insulated concrete walls were initially developed for composite concrete-

steel beams (Einea 1992). For FRP grid connectors, AC422  specifies the application of load 

parallel to at least two semi-continuous or continuous connector rows. Current shear testing of 

insulated concrete walls usually consists of three concrete wythes and two rigid insulation layers 

(Fig. 2.9). This set-up for shear testing is to ensure the connectors are loaded symmetrically and 

not subjected to prying forces which are unrepresentative of real-life applications. 

 (a)  (b) 
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Figure 2.9: Typical shear test setup for connectors in insulated concrete walls (Hodicky et al. 

2014) 

A significant benefit is reported for steel and FRP connectors when utilized as trusses (inclined 

connectors) rather than dowels (vertical slotting of connectors) (Bunn 2011, Tomlinson et al. 2016, 

Sopal 2013). This is due to using the connector’s material axial properties instead of their flexural 

properties as in dowel action. In plate-type connectors, larger stiffness and shear flow are achieved 

with increased plate thickness and insertion depth (Goudarzi et al. 2016). 

Connector behaviour is also affected by the insulation layer thickness. An increase in 

insulation thickness generally resulted in a decrease in the shear connection strength (Fig. 2.10) 

due to the reduction in connector stiffness over the larger insulation layer combined with the 

increase of prying forces other than shear (Choi et al. 2019, Bunn 2011, Hodicky et al. 2014).  

 

 

 (b) 
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Figure 2.10: Effect of insulation thickness on shear connection strength. Soriano (2013) – 50 

vs 100 mm insulation thickness (a) 300 mm connector spacing (b) 460 mm connector spacing. 

Choi et al. (2019) with insulation thicknesses of (c) 50 (d) 150 mm 

On its own, insulation appeared to play a significant role in the shear connection strength (Fig. 

2.11). This has been shown in bonded (no barrier at the concrete-insulation interface) versus 

unbonded (vapour barrier or sheet placed over the concrete-insulation interface) panel tests, and 

bonding the insulation with concrete increased the shear connection strength (Tomlinson et al. 

2016, Soriano 2013). However, the structural role of the insulation is debatable and considered 

unreliable for insulated concrete wall panels (Insel et al. 2006). This is because of the variation in 

insulation-concrete bond quality which varies with the type of insulation which includes Expanded 

and Extruded Polystyrene (EPS, XPS), Polyisocyanurate, Polyurethane, ( Joseph et al. 2018, 

Mathieson and Fam 2014, PCI 2011). Amongst these insulation types, larger shear strength has 

been achieved in panels with EPS due to its rougher surface profile (Naito et al. 2012, Hassan and 

Rizkalla 2010, Frankl et al. 2008). While the role of insulation is debatable in insulated concrete 

walls, it is not even considered in double-wythe cavity masonry walls. This is because, in double-

 (a)  (b) 

 (c)  (d) 
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wythe cavity masonry walls, the insulation is adhesively bonded with a vapour barrier to one 

wythe, leaving a space from the other wythe (airgap). This space/gap gives its nomenclature as a 

cavity wall and makes the insulation shear contribution negligible for these walls. 

 
Figure 2.11: Effect of insulation bond with concrete. Tomlinson et al. (2016) with 6 mm thick 

shear connectors (a) steel (b) Basalt FRP. Soriano (2013) with 50 mm thick insulation (c) 

EPS (d) XPS 

The failure modes of connectors under tension, compression, and shear include connector pullout 

(when insufficient embedment length is provided), rupture (when embedment length is large such 

that it makes the connector reach its maximum material strength), and material breakout (when a 

cone-like piece of the connector host material forms under loading) (Cox et al. 2019,  Egbon and 

Tomlinson 2021, Tomlinson et al. 2016). Other failure modes include connector buckling (when 

the connector reaches its elastic buckling capacity) and punching failure (when a portion of the 

connector host material is pushed out towards the opposite direction of loading) (Arslan et al. 

2021). 

 (a)  (b) 

 (c)  (d) 
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2.7 FLEXURAL TESTING OF WALLS 

While push-through tests are effective at evaluating shear connection performance using small-

scale specimens, full-scale walls are assessed using flexural tests (Fig. 2.12) which require more 

instrumentation, additional costs, and additional test facility capabilities. Common flexural test 

methods are three and four-point bending or using airbags/loading trees (Bush and Stine 1994, 

Newberry 2011, Carbonari et al. 2012). Four-point bending is usually preferred to 3-point bending 

due to the uniform stress and strain in a larger area of the test specimen, which is typically between 

the load points (Hammant 1971, Ferdous et al. 2018). For airbag testing, a uniform load is applied 

on the full wall face, to better simulate the effects of wind loading (Davies 2001). 

 
Figure 2.12: Typical flexural test setup: Four point bending (Huang et al. 2018) 

Einea et al. (1994) tested bonded and unbonded insulted concrete walls with GFRP truss 

connectors. Results showed the unbonded panels reached strengths that were 26% lesser than that 

of bonded specimens, meaning that the insulation seemed to contribute to the shear connection 

strength. Salmon et al. (1997) tested insulated concrete walls with truss type GFRP and steel shear 

connectors. The study showed large degree of composite action by strength for panels with GFRP. 

However, panels with GFRP connectors had lesser degree of composite action by stiffness but 

were less prone to thermal bowing effects. This means that composite action by strength is not the 

same as composite action by strength, and this is confirmed in flexural tests by Chen et al. (2020) 



25 

 

and Tomlinson (2015). Also, Chen et al. (2020) showed that Carbon FRP shear connectors were 

able to produce a reasonable degree of composite action by strength compared to steel shear 

connectors. Frankl et al. (2011) also tested six insulated concrete walls under flexural load and 

with CFRP shear connectors and showed that the stiffness and deflections of insulated concrete 

walls are affected by the configuration of the shear transfer mechanism, which also includes 

insulation. The study also showed how solid concrete zones can lead to fully composite panels, 

similar to findings in Frankl et al. 2008 and Gleich (2007). However, solid concrete zones increase 

the effects of thermal bridging and condensation issues. 

In Canada, tests on double-wythe cavity masonry walls stagnated since the start of the 

millennium, with most tests reported in the literature conducted between the 1970s and early 

2000s. Brown and Elling (1979), Hatzinikolas et al. (1997), Hatzinikolas et al. (1990), and Sakr 

and Neis (1997) showed connectors greatly influenced the stiffness and strength of double wythe 

cavity masonry walls. Hatzinikolas et al. (1997) reported that while the strength of more than one 

connector in a row of connectors (along the width) is the total of all the connector strength, the 

aggregate strength could be reduced due to construction imperfections which could cause load 

concentration in only some connectors. 

Goyal et al. (1994) showed the suitability of using CMUs made of sawdust in double wythe 

cavity masonry walls. The study showed that the strength of walls reduced with increase in cavity 

width and reduction in the CMU size. The study also showed that while the shear strength of 

connectors is important, the wall strength is also affected by the compressive strength of the 

connectors, as some walls failed due to axial buckling of the connectors. 

2.8 PREVIOUS NUMERICAL AND ANALYTICAL MODELS 

Huang and Dai (2019) modelled insulated concrete walls with GFRP plate connectors using 

ABAQUS. Concrete was modelled using 8-node solid elements, with connectors as shell elements 

with orthotropic properties and the Hashin damage model, suitable for modelling the damage 

evolution of elastic-brittle materials like FRP. The model predicted test results within 6.0 and 8.5% 
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for initial stiffness and peak load, respectively. However, the model could not reproduce the post-

peak behaviour due to the implemented smeared crack approach, which was unable to account for 

the formation of diagonal cracks in the GFRP plate connectors. A similar finite element model by 

Huang and Hamed (2019) modelled insulated concrete walls with truss connectors. The model 

made simplifications to existing models such as modelling connectors as truss elements instead of 

beam elements and produced reasonable results with reduced computation time. From verification 

studies, the model showed the appropriateness of assuming partially composite insulated concrete 

panels to act under one-way action. 

Tomlinson et al. (2016) developed analytical models for dowel and truss type connectors, 

where the contribution from dowel action was low compared to truss action, in some cases, 

contributing only 2% to connector resistance. An empirical model by the International Code 

Council (ICC) Evaluation Service uses deformation measurements obtained from double-shear 

tests to compute the shear modulus of grid connectors. The model was modified for non-grid 

connectors by Choi et al. (2015) and was further modified by Choi et al. (2019) to determine the 

shear deflection and shear flow of grid connectors. This builds on Bunn (2011) where the shear 

flow capacity was determined using design coefficients for the insulation type and thickness, grid 

orientation, and spacing obtained from a multi-variable solver tool. In addition, Choi et al. (2019) 

showed a decrease in shear flow with increasing insulation thickness, which can be attributed to 

additional demand on the connector. 

Initial analytical models for composite structures were developed in the late 1940s and early 

1950s, and based on differential equations for steel-concrete composites and timber structures 

(Stüssi, 1947, Granholm, 1949, Newmark et al. 1951). These studies formed the basis of other 

models developed in the 1960s (Holmberg and Plem 1965, Allen 1969) that focused on concrete 

walls. In Holmberg and Plem (1965), the formulations were for the elastic behaviour of concrete 

panels with steel truss connectors while Allen 1969 developed analytical expressions for walls 

with a soft core (insulation) and thin skin (metal or fibreglass) but without shear connectors. 
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In comparison to insulated concrete walls, there are fewer analytical models for double wythe 

cavity masonry walls. Initial models for double wythe cavity masonry walls such as the finite 

element models by Pacholok (1989) and Papanikolas et al. (1990) modelled the connector as a 

fixed-hinge beam, with the part embedded in the CMU assumed to be fixed while the part in the 

veneer assumed to be a hinge. Similarly, Zmavc (1991) developed analytical expressions for cavity 

masonry walls but the model only predicts the load and deflection at cracking, just like Pacholok 

(1989) and Papanikolas et al. (1990). Similarly, analytical models for insulated concrete walls like 

Olsen and Maguire (2016) and Al-Rubaye et al. (2021) only predict the load and deflection at 

cracking and not up to wall longitudinal reinforcement yielding and peak load, which is also of 

interest to designers. The two models simplify the wall evaluation process by assuming the 

maximum end connector slip to be linear at wall cracking but this may not always be the case. 

The model by Sakr and Neis (2001) predicts the entire load-deflection response for cavity 

masonry walls, but relies on empirical factors for the effective wall stiffness, and has several 

iteration steps which create a barrier to usage. Comparable models developed for insulated 

concrete walls like Tomlinson and Fam (2016a) involve integrating differential strains along the 

wall which makes the solution complicated just like Gombeda et al. (2017) where the principle of 

virtual work is used to evaluate the rotation at connector locations from which the slip is obtained. 

Teixeira et al. (2016) used test data for the connector load-slip response which simplifies the 

procedure in Tomlinson and Fam (2016a) and Gombeda et al. (2017), but it still involves several 

iteration steps, making it complex to use. 

2.9 THERMAL BEHAVIOUR OF WALLS 

Apart from structural loads which create deformations on wall elements, another source of 

deformation is from temperature and moisture gradients in the environment where the wall is 

located. This thermal demand on walls is often manifested in the form of an out-of-plane deflection 

or bowing of walls (Pozo-Lora 2018). 
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Thermal efficiency of walls is quantified using R-Value and calculation for the R-Values of 

buildings in North America is usually done per ASHRAE (2021). The methods used in calculating 

the thermal efficiency in ASHRAE (2021) include the parallel flow method, zone method, and the 

isothermal plane method. In the three methods, the thermal resistances of the materials are treated 

as electrical resistances that are arranged in parallel, series, or a combination of both to evaluate 

the thermal resistance of the member (Lee and Pessiki 2006a). Although the zone method 

overpredicts the R-Values, it is more effective to determine the R-Values of walls with widely 

spaced sources of thermal bridges such as steel connectors (Lee and Pessiki 2008). Later, Lee and 

Pessiki (2008) developed a revised zone method which better predicts the R-Values in walls with 

different connector sizes, spacing, and material conductivities. 

Experimentally assessing the thermal behaviour of walls is difficult due to challenges in 

fabricating a reliable thermal testing system, and the complex interaction between environmental 

and structural sources of bowing which include humidity, temperature, shrinkage, and creep 

(Losch 2003). Losch (2003) showed that thermal bowing is worse in walls with stiff connectors, 

as the differential slip between the wythes is restricted, leaving the wall to bow outwardly. This 

means that fully composite walls are bound to bow more than non-composite walls. Also, air-

conditioning can cause the inner layer to dry faster and shrink quicker than the outer wythe, 

thereby causing an outward bow which can be permanent or vary over time. The study also 

reported that bowing can be created in walls due to differences in the elastic modulus of the inner 

and outer wythes. 

Hotbox experiments, used to experimentally evaluate R-value, by Van Geem and Shirley 

(1987) reported thermal lag between 5 and 6 hours irrespective of the connector type, and the 

thermal lag is dependent on the heat storage capacity of the wall components. Experimental tests 

by Post (2006) on three 12.2 m long walls subjected to a temperature differential of approximately 

38°C, examined the influence of connectors on thermal fatigue and bowing of walls. The results 

showed that the outward bowing of walls is dependent on the degree of fixity at the retrained end 
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of the wall. In addition, recommendations were made for better evaluation of the thermal fatigue 

behaviour of walls, and these included testing specimens where the insulation-concrete interface 

is unbonded. 

McCall (1985) demonstrated the thermal effect of steel on walls, where a 38% reduction in 

thermal efficiency was observed in walls with a mere 0.08% of the wall cross-sectional area made 

of steel connectors. Using GFRP and a Hotbox setup (Fig. 2.13), Woltman (2014) and Woltman 

et al. (2017) reported a reduction in thermal bridging. 

 
Figure 2.13: Woltman et al. (2017). (a) installation of wall into Hotbox (b) Hotbox schematics 

Finite element models by Lee and Pessiki (2006a) and Lee and Pessiki (2006b) on insulated 

concrete walls found better thermal efficiency for three-wythe walls (three concrete layers) than 

two-wythe walls (two concrete layers) due to the increased length of the thermal path. It also 

reported better thermal performance for walls with staggered insulation and that the ASHRAE 

Handbook method does not correctly predict the thermal response of walls with staggered thermal 

bridges. 

Ismaiel (2022) developed two methods of evaluating the R-Values of cavity masonry walls. 

The first was developing multipliers and simple design charts to easily estimate the R-Value for 

cavity masonry walls with different thermal insulation, connectors, and CMU and brick densities. 

The other method involved adjusting methods in the ASHRAE Handbook (parallel flow and 

isothermal plane method) to better account for thermal bridges at the brick and slab intersections. 

 (a)  (b) 
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The accuracy of the developed adjusted method was within 2% of values obtained from steady-

state finite element models, which was better than that of the isothermal and parallel flow methods 

which gave accuracies of 19% and 25%, respectively. 

2.10 DIGITAL IMAGE CORRELATION 

Digital Image Correlation (DIC) is a non-contact optical measurement technique used to obtain 

the full-field measurements of strains and displacement of objects. It operates by relating sets of 

pixels or voxels in digital photographs for an element at various phases of deformation and enables 

a full field 2D or 3D deformation vector field and strain map to be generated. For best results, a 

speckle pattern on the object should be carefully made within a range of contrast and intensity 

(Sause 2016), often using spray paint (Dutton 2012). Tomlinson and Fam (2016b) utilized DIC to 

track relative slip between wythes at the ends of full-size walls as well as the movement of a 

vertical anchor rod used in the self-reacting frame that occurred due to rotation at the load points 

and during the elimination of wobbling while loading. This was necessary to estimate the moment 

capacity developed in their analytical model. 

Vervloet et al. (2019) used DIC to monitor the effect of the face thickness on the load-bearing 

and failure behaviour of concrete sandwich walls with textile-reinforced cement composites, and 

it was able to capture the failure mode change from global buckling to wrinkling of the face 

including the debonding between the core and face. Dzaye et al. (2019) also used DIC in 

investigating the 3-D displacement and strain of an assorted composite such as fresh cementitious 

paste brought about by water evaporation and related cement hydration. All through the studies 

mentioned, DIC serves as an alternative to other motion-measuring devices such as Linear 

Variable Differential Transformers (LVDTs), as it was able to measure the non-uniform 

displacement and expansive strain. 
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2.11 GAPS IN LITERATURE 

2.11.1 Insulated concrete walls 

While several schemes such as sandblasting and mesh-patterning have been used to increase the 

insulation-concrete bond strength of insulation, these schemes are not reliable and difficult to 

replicate. In this research, shear keys (notches) will be used to provide a consistent improvement 

to the insulation-concrete bond strength. Shear keys have been used for activating insulation in 

sandwich panels with FRP skins, but it has not been used as a means to increase composite action 

in insulated concrete walls. This thesis will present push-through shear tests on insulated concrete 

panels with rectangular and trapezoidal notches and compare the results with panels without 

notches. 

2.11.2 Double wythe cavity masonry walls 

Inclined connectors have been used in insulated concrete walls and showed improved shear 

connection performance, but this has not been utilized in double wythe cavity masonry walls. In 

this thesis, the shear connection strength of a novel inclined connector is compared to traditional 

connectors used in masonry walls. 

2.11.3 Simplified analytical models to predict full-scale response of walls 

While both insulated concrete and double wythe cavity masonry walls are built with similar 

configurations (wythe-insulation-wythe) and act compositely based on a common factor which is 

the type of shear connection, there has not been an attempt to develop a unified model for the 

analysis of both wall types. This thesis presents a unified analytical model that would be used to 

determine the amount of composite action generated due to various shear connection systems. The 

developed analytical model would be such that it is implemented with a similar framework for 

both walls and can be executed with a simple spreadsheet. 
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3. EXPERIMENTAL INVESTIGATION OF LONGITUDINAL SHEAR TRANSFER IN 

INSULATED CONCRETE WALL PANELS WITH NOTCHED INSULATION 

3.1 INTRODUCTION 

Reinforced concrete sandwich wall panels, also known as insulated wall panels, are typically made 

of two reinforced concrete layers (i.e. wythes) that surround a lightweight foam insulation core. 

Panels are usually precast and are suitable for small and large building construction applications. 

The insulation’s thermal performance combined with the added quality control and architectural 

capabilities of precast concrete leads to a lightweight and cost-effective option compared to solid 

concrete panels (Leung 1984, Choi et al. 2015). Structurally, panels are classified as fully 

composite (wythes act together to resist loads), non-composite (wythes resist loads 

independently), or partially composite (wythes transfer load between themselves as a percentage 

of full-composite panels (i.e. composite action)). Practically all panels in use are partially 

composite by stiffness to some degree. 

The level of composite action is heavily influenced by the material and geometry of the shear 

connectors that link the wythes together. Composite action is usually evaluated through a 

combination of direct shear push-through tests (used to assess and compare connection 

mechanisms) and flexural tests (used to evaluate panels as a whole). Designers debate which level 

of composite action is preferred. High levels of composite action generally lead to lighter (i.e. 

more structurally efficient) panels at the cost of increasing concerns from thermal bowing (Arevalo 

and Tomlinson 2020, Pozo-Lora and Maguire 2020) and a reduction in thermal efficiency, 

particularly when using steel connectors. This concern leads to some designers preferring low 

composite action walls which are heavier but have minimized risk of bowing. 

Traditional connectors such as steel pins, wire trusses, or solid concrete zones result in 

structurally efficient systems (Benayoune et al. 2008, Tomlinson 2015, Salmon and Einea 1995). 

However, these materials reduce energy efficiency because of thermal bridging (Frankl et al. 2008, 

PCI 2011, Rizkalla et al. 2009, Woltman et al. 2017). Fibre-Reinforced Polymer (FRP) connectors 
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are often used as an alternative to steel connectors due to their low thermal conductivity (Erki and 

Rizkalla 1993, Alnahhal et al. 2006) which has been observed in thermal tests (Keenehan et al. 

2012, Kinnane et al. 2020). However, the lower stiffness of FRP (particularly Glass FRP (GFRP)) 

relative to steel leads to lower composite action than a similarly designed panel with steel 

connectors (Chen et al. 2015, Yossef and Chen 2018). FRP pin-type connectors were initially used 

for panels with low composite action (Waldron 2004) but FRP trusses were developed in the 1990s 

to give partial composite action by stiffness and fully composite action by strength (Salmon et al. 

1997). Today, FRP connectors are available in many arrangements including grids (Bunn 2011, 

Frankl et al. 2008, Hassan and Rizkalla 2010, Kim and You 2015, Sopal 2013), pin-type 

connectors (Woltman et al. 2013), and inclined connectors (Tomlinson et al. 2016). 

Although the level of composite action is dominated by shear connectors, the insulation 

contribution is large enough that it should not be ignored (Bunn 2011, Gara et al. 2012, Tomlinson 

et al. 2016). It is widely reported that Extruded Polystyrene (XPS) insulation has a lower shear 

capacity than Expanded Polystyrene (EPS) owing to EPS’ rougher surface. Researchers have used 

minor surface treatments such as mesh-patterning and sandblasting to increase the insulation-

concrete bond strength of XPS (Choi et al. 2016, Oh et al. 2013, Sopal 2013) with sandblasting 

being the most effective. Activating insulation with shear keys is a concept that has been used in 

sandwich panels with FRP skins with some effectiveness (Jakobsen et al. 2007, Mitra 2010, 

Mostafa et al. 2013). However, at the time of conducting this research, the effect of using 

insulation shear keys to increase composite action in insulated concrete walls with shear 

connectors has not been investigated. Relative slip, insulation debonding, and insulation or 

concrete crack propagation can be monitored with Digital Image Correlation (DIC), which is a 

non-contact method of measuring deformation fields in a specimen. DIC has previously been used 

to measure the slip and rotation in sandwich panels (Arevalo and Tomlinson 2020, Tomlinson 

2015) as well as monitor crack formation and propagation (De Munck et al. 2019).  
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As mentioned in Section 1.1.4 of this thesis, when full-scale partially composite walls are 

loaded under out of plane loading, one wythe tries to slip relative to the other wythe. This relative 

slip between the wythes is resisted by the shear connection system, which is a sub-set of the full-

scale wall, and can be replicated using small-scale push-through test. In the pushthrough test set-

up (shown later in Section 3.6), the middle wythe pushes (shears) relative to the outer wythes (with 

the shear connector and insulation resisting the applied shear load), thereby creating a similar 

mechanism in full-scale walls. 

The objective of this study is to evaluate the effect of adding notches on the load-slip 

performance of shear connection mechanisms with different insulation types using direct shear 

push-through tests. The variation of notch shape will reveal the most efficient shape and failure 

mechanism. DIC will be used to evaluate insulation contribution and failure modes (i.e. debonding 

or tearing). In addition, load-unload cycling was used to evaluate the degradation of shear 

connection stiffness under load. 

3.2 EXPERIMENTAL PROGRAM 

3.2.1 Specimen description 

The performance of different insulation and notch configurations was evaluated. Test specimens 

measured 375 ×300 × 600 mm (Fig. 3.1) and were designed to be loaded in double shear 

(simulating two panels back-to-back) to simplify the test setup which is an approach used in 

previous studies (Kim and You 2015, Naito et al. 2012, Tomlinson et al. 2016, Woltman et al. 

2013). Each specimen used 250 mm long GFRP bars inclined at 45° (i.e. forming an ‘X’ shape) 

as shear connectors. 

Three commonly used rigid insulation types (EPS, XPS, and PIR), were considered in this test 

program. The insulation thickness of 75 mm (reduced to 50 mm at notches) was selected based on 

PCI (2011) guidelines and is commonly used in contemporary construction in Canada. A notch 

depth of 25 mm was chosen since this leaves a minimum insulation thickness of 50 mm at the 

notch which is greater than the least concrete cover (Sylaj et al. 2018) to ensure the structural and 
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thermal integrity of the insulation. For similar reasons, the notch width (along the panel length) 

was kept at 25 mm. In addition, this was intended to foster adequate contact (i.e. shear key 

behaviour) between concrete and insulation necessary for structural-insulation contribution as well 

as to provide enough width (approximately three times the aggregate size) for concrete to properly 

consolidate in the notch. Trapezoidal notches were cut at an 18° angle to divide the notch into 

three equal parts across its width. Notches were offset on both sides of the insulation to increase 

the heat flow path and prevent the formation of mirrored cracks that reduce thermal and structural 

efficiency. 

 
Figure 3.1: Specimen details (a) overall specimen layout and dimensions (b) trapezoidal notch 

detail and (c) rectangular notch detail. All dimensions in mm. 

3.3 TEST MATRIX 

Eight specimen configurations were tested with three repetitions completed for each configuration 

for a total of 24 tests (Table 3.1). Specimens were identified using a three-character code. The first 

character is the notch type (N – no notch, R – rectangular notch, T – trapezoidal notch) the second 

character is the insulation type (X-XPS, E-EPS, P-PIR), and the third character is the GFRP 

connector diameter (nominally 9.5 mm and 16.0 mm). Considering the availability of materials 

and previous testing by Arevalo and Tomlinson (2020) which focused on XPS along with using 

16 mm connectors, only specimens with XPS had trapezoidal notches and were tested with 16 mm 

connectors in this study to serve as a means of comparison. 

 

 

See notch 

detail (Fig 

3.1(b),3.1(c) 

(a)  (b)     

               

(c) 

    

Shear connectors 
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Table 3.1: Test Matrix 

Specimen ID 
Insulation 

Type 

Nominal connector 

diameter, mm 

Measured connector 

diameter, mma 
Notch type (Fig. 3.1) 

NX-9.5b XPS 9.5 10.4 N/A 

NX-16b XPS 16.0 16.0 N/A 

RX-9.5c XPS 9.5 10.4 Rectangular 

TX-9.5c XPS 9.5 10.4 Trapezoidal 

RX-16c XPS 16.0 16.0 Rectangular 

NE-9.5c EPS 9.5 10.4 N/A 

RE-9.5c EPS 9.5 10.4 Rectangular 

RP-9.5c PIR 9.5 10.4 Rectangular 

a – connector diameter measured via immersion testing as per CSA S807:19 (2019) 
b – Load-slip data from Arevalo and Tomlinson (2020) 
c – one specimen from this data set was tested under load-unload cyclic loading. 

 

Push-through tests cannot be directly used to calculate the degree of composite action in full-scale 

panels because composite action depends on member properties like connector spacing and panel 

length (Tomlinson 2015) as well as in Chapter 5 of this thesis. However, previous testing showed 

that NX-9.5 and NX-16 were at the upper end of strength and stiffness compared to other push-

through tests in the literature (Arevalo and Tomlinson 2020). This indicates that, if other member 

properties are equal, these connectors would be more composite than many other connector 

systems.   

3.4 FABRICATION PROCESS 

The fabrication process of the push-through specimens is illustrated in Fig 3.2. Notches were first 

cut in the insulation (Fig. 3.2(a)) using an electric saw. A drilling device placed on a 45° wedge, 

and with a diameter smaller than that of the connector was used to make borings into the insulation. 

A smaller drill size was used to ensure adequate grip between the connector and insulation before 

and during pouring. Welded wire reinforcement was placed at mid-depth of the future wythes and 

supported using spacers (Fig. 3.2(b)). For ease of construction and to ensure concrete could flow 

into the notch areas, push-through samples were cast vertically using self-consolidating concrete 

(SCC) with a maximum aggregate size of 9 mm (Fig. 3.2(c), (d)). A tape was used to hold the 
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insulation in place before inserting specimens into the formwork (Fig. 3.2(b)). The tape was cut 

and removed from specimens before testing. 

Full-scale sandwich panels are typically fabricated on flat tables in precast facilities by casting 

one wythe, adding insulation, and then casting the second wythe. This technique limits the 

applicability of insulation notches since concrete would not be able to flow into notches. However, 

panels could be cast on their sides (Arevalo and Tomlinson 2020, Hou et al. 2019) or vertically 

(Tomlinson and Fam 2014) to ensure notches behave as expected. Side or vertical casting is 

advantageous as it can reduce stresses from stripping and lifting as well as save precast plant space 

(Tomlinson and Fam 2018). 

 
Figure 3.2: Specimen fabrication (a) XPS insulation with pre-cut notches, (b) Assembly of 

sample components (connectors, reinforcement, and insulation), (c) Specimens in formwork 

and, (d) Demoulded sample. 

3.5 MATERIALS 

The SCC mixture used in the walls is commercially available and is commonly used to cast similar 

walls in Alberta. The design strength of this mixture was 50 MPa. The average concrete 

compression strength, determined using tests on 100 × 200 mm cylinders as per ASTM 

C39/C39M−20 (2020) was 52.9 MPa at 28 days with a standard deviation of 2.0 MPa. Push-

through tests were completed when the concrete was between 90 and 120 days old. The average 

compressive strength during this period was 57.0 MPa with a standard deviation of 1.8 MPa. There 

were no noticeable changes in strength from cylinders tested at the start and those at the end of the 

push-through test period. The concrete was flow tested immediately before casting as per ASTM 

C1611/C1611M-18 (2018) and had a flow of 700 mm. 

 (a)  (b)  (c)  (d) 
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Smooth steel welded wire mesh with a diameter of 5.76 mm and a square grid spacing of 100 

mm, providing a reinforcement ratio of 0.0035, was used in the specimens. 

High modulus GFRP bars were used as shear connectors and placed at 45° with cut lengths of 

250 mm, providing a 25 mm clear cover between the ends of the bar and the exterior concrete 

surface. Two bar diameters (nominally 9.5 and 16.0 mm) were considered in this program. The 

actual bar areas were determined using immersion testing following CSA S807:19 (2019). In 

comparison with steel, FRP has lesser bond strength with concrete (Maranan et al. 2015) which 

means adequate embedment has to be provided. In this study, all connectors were embedded 72 

mm along their length into each concrete wythe. This embedment length is larger than embedment 

lengths seen in similar push-through test (Naito et al. 2012, Cox et al. 2019, Huang and Dai 2019) 

that use FRP. 

The GFRP bars have a modulus of elasticity and tensile strength of 60 GPa and 1200 MPa 

respectively, provided by the manufacturer and based on nominal properties.  

Three different insulation materials were tested: XPS, EPS, and PIR.  The tension and 

compressive strength of the three insulation materials were tested according to ASTM C165 

(2017). Results from these tests as well as density and U-value are provided in Table 3.2. 

Table 3.2: Insulation material properties 
Property XPS EPS PIR 

Tensile strength, MPa 0.61 ± 0.02 0.25 ±  0.03 0.10 ± 0.03 

Compressive strength, MPa 0.31 ± 0.01 0.13 ± 0.01 0.16 ± 0.01 

Density, kg/m3 27.1 24.0 29.9 

U-Valuea, W/m.K (per 25 mm) 0.020 0.031 0.023 

a – Manufacturer’s reported value. Other properties measured based on ASTM C165 (2017) 

 

3.6 TEST SETUP AND INSTRUMENTATION 

Test specimens were loaded through the centre wythe using a 529 kN hydraulic actuator at a rate 

of 1 mm/min to allow for initial settling of the specimens. After initial settling (when the average 

wythe slip read 0.5 mm), the loading rate was increased to 2 mm/min. The bottom faces of the 

outer wythes were supported by 75 × 75 mm steel supports (Fig. 3.3(a)), while the sides were 
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restrained to prevent excessive wythe rotation using steel blocks measuring 320 × 300 × 20 mm 

clamped to the loading platform (Fig. 3.3(b)). Tests were stopped once the load decreased to two-

thirds that of the peak load. 

After initial testing and as observed in Arevalo and Tomlinson (2020), the shear connection 

system may become damaged (i.e. lose stiffness and have permanent deformation) if connectors 

are subject to large enough forces like those in a stiff panel subject to a large temperature 

differential. To investigate this damage, load-unload cycling was carried out on some samples 

(Table 3.1) using the setup presented earlier. Load-unload cycling was done by loading specimens 

to 40 kN and then reducing the load to 20 kN. This force, i.e. 20 kN per connector, was selected 

as it was the estimated maximum force in 9.5 mm GFRP connectors with the same design as those 

tested here under a temperature differential of 20°C (Arevalo and Tomlinson (2020). Specimens 

were then reloaded until they averaged 1 mm slip, relaxed to one-third the load value 

corresponding to 1 mm slip, loaded until 2 mm slip, relaxed to one-third the load value at 2 mm, 

loaded until 3 mm slip, relaxed to one-third the load value at 3 mm, then loaded to failure. The 

loading rate for load-unload cycling was the same as that for monotonic testing (1 mm/min until 

settling then 2 mm/min afterwards). 

Relative slip between wythes was measured using Linear Variable Differential Transformers 

(LVDTs) mounted on each of the exterior wythes on the front and back of the specimen (four 

LVDTs total). A small aluminum angle was attached to the inner concrete wythe to serve as a 

reference. Reported LVDT readings were averaged values from all four LVDTs. There were no 

significant differences between the LDVT readings until well after the peak load was reached in 

all tests. DIC was also used to measure deformations and evaluate notch effectiveness. A Canon 

EOS Rebel T7i camera captured images every 15 seconds, with a resolution of 6000 × 4000 pixels. 

This interval was chosen to capture three key stages during testing (debonding, start of tearing, 

and rupture of insulation) that are time-traced to load data for assessment using VIC-2D software. 
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Figure 3.3: (a) Schematic diagram (b) Photo of test setup. 

3.7 RESULTS 

3.7.1 General load-slip relationship – monotonic testing 

Averaged load-slip results, showing the general response of all three tests for each specimen type, 

are shown in Fig. 3.4. Load-slip curves for each test are shown in Fig. 3.5. In all tests, the reported 

load is the total load applied to the specimen (i.e. load read by the load cell attached to the 

actuator). The general results from each of the 24 tests are shown in Table 3.3. Differences in load 

values for some repetitions are relatively large which has been observed in previous push-through 

tests (Tomlinson et al. 2016, Woltman et al. 2013). These differences are attributed to specimen 

handling and variability compounded by the combination of concrete, connector, insulation, and 

geometric variability. 
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Figure 3.4: Averaged load-slip responses. Reference line showing average response of NX-9.5 

included on each plot. (a) effect of notch type, (b) effect of insulation type, (c) effect of 

connector size and (d) effect of insulation 
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Table 3.3: Results from direct shear push-through tests. Load values are the total load applied per specimen. 
 Proportional Limit, P.L. Peak Load Shear Flow 

Deformability 

Index 

(DI) 

Stiffness 

ID 
Load, 

kN 

Mean, 

kN 

Slip at 

P.L, 

mm 

Load, 

kN 

Mean, 

kN 

Slip at 

peak, 

mm 

Maximum 

shear flow, 

kN/m 

Mean, 

kN/m 

Stiffness, 

kN/mm  

(Eq. 3.1) 

Mean, 

kN/mm 

NX-9.5 

47.7 
38.6 

±7.9 

0.81 58.6 
63.4 

±4.5 

7.77 48.8 
52.0 

±4.0 

 

18.6 

 

71.1 
66.3 

±5.7 
34.6 0.71 64.1 10.6 53.4 60.0 

33.5 0.49 67.4 4.41 56.2 67.7 

NX-16 

51.5 
52.3 

±2.5 

0.47 95.7 
95.3 

±11.5 

4.22 79.8 
79.3 

±9.0 

 

  26.9 

 

136.0 
121.4 

±16.7 
55.1 0.40 83.6 12.2 69.7 125 

50.3 0.48 107 4.08 89.2 103.2 

RX-9.5 

53.8 
52.7 

±1.0 

0.61 101 
95.1 

±6.9 

4.39 84.2 
79.3 

±6.4 

 

15.3 

 

98.7 
96.6 

±4.1 
51.9 0.63 97.1 5.90 80.9 91.8 

52.4 a 0.59 87.4 5.18 72.8 99.2 

TX-9.5 

45.9 
46.6 

±1.4 

0.60 71.4 
80.4 

±9.0 

7.23 59.5 
67.3 

±7.0 

 

20.4 

 

83.7 
89.6 

±11.4 
45.6 0.59 80.4 4.56 67.0 82.3 

48.2 a 0.49 89.4 8.07 74.5 102.74 

RX-16 

50.4 
50.8 

±0.4 

0.44 111 
107 

±4.7 

18.0 92.5 
88.7 

±4.2 

 

52.2 

 

112.9 
126.3 

±22.0 
51.1 0.47 102 5.61 85.0 114.2 

50.9 a 0.38 107 8.49 89.2 151.7 

NE-9.5 

41.3 
44.6 

±6.0 

0.50 133 
117 

±14.6 

2.35 110.8 
97.3 

±11.4 

 

9.5 

 

80.0 
84.8 

±6.0 
51.5 0.60 105 1.41 87.5 82.9 

41.0 a 0.47 112 1.95 93.3 91.5 

RE-9.5 

48.8 
50.1 

±1.3 

0.57 110 
109 

±6.2 

3.64 91.7 
91.3 

±5.0 

 

9.7 

 

78.6 
85.4 

±6.0 
51.3 0.57 114 2.07 95.0 87.7 

50.3 a 0.60 102 2.05 85.0 90.0 

RP-9.5 

30.5 
33.3 

±2.5 

0.48 64.3 
73.6 

±9.2 

4.90 53.6 
62.0 

±8.0 
18.7 

64.1 
63.8 

±3.1 
34.1 0.54 82.7 6.63 68.9 60.5 

35.2 a 0.58 73.8 1.99 61.5 66.7 

 ± indicates standard deviation 
aload-unload cyclic test 
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Figure 3.5: Load-slip responses. Reference line with average response of NX-9.5 included on 

each plot. Load-unload cycles not shown for clarity (data presented in Fig. 3.6). All loads are 

the total load applied on the specimen (a) NX-9.5 (b) RX-9.5 (c) TX-9.5 (d) NE-9.5 © RE-9.5, 

(f) RP-9.5, (g) NX-16, (h) RX-16 

The general load-slip response can be grouped into three phases. The first phase is linear with 

relatively high stiffness. The second phase, characterized by load exceeding the proportional limit 

(i.e. the point where the response first becomes non-linear), had considerably lower stiffness and 

occasional load drops. The final phase, which occurred once the peak load was reached, is 
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characterized by sudden or gradual drops in load depending on the failure mode. The transition 

points between these phases are reported in Table 3.3. While the peak load is easily identifiable 

from Fig. 3.4 and 3.5, the proportional limit is not and was evaluated by determining the point 

where the initial linear response departs its secant as per Arevalo and Tomlinson (2020). 

3.7.2 General load-slip relationship – load-unload cyclic testing 

The load-slip responses of specimens subject to load-unload cycling are shown in Fig. 3.6. For all 

specimens, the response is essentially linear for the first loading phase (0 to 40 kN), a trend also 

observed in the unloading/reloading stages. As slip increased, specimens lost stiffness and 

experienced residual deformation during unloading and reloading cycles. The overall ‘backbone’ 

response of these tests, including peak load and proportional limit, of the load-unload cycling, 

were similar to the monotonic tests (Fig. 3.5) with variations attributed to general specimen 

variability rather than damage from load-unloading cycles. 

 

 
Figure 3.6: Load-slip relationship from load-unload cyclic testing. Response up to 5 mm slip 

shown for clarity (full response in Fig. 3.5) (a) RX-9.5 and TX-9.5 (b) NE-9.5 (c) RE-9.5 (d) 

RP-9.5 (e) RX-16 

3.7.3 Stiffness 

The procedure used in calculating the initial shear connection stiffness, 𝑘𝑝, shown in Table 3.3 

follows the secant method used by Arevalo and Tomlinson (2020). The stiffness is evaluated using 

slip (𝑠𝑝40% , 𝑠𝑝10%) and load (𝐹𝑝40% , 𝐹𝑝10%) values at 10 and 40% of the peak load (Eq. 3.1). If 𝐹𝑝40% 
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was greater than the proportional limit, the proportional limit load and slip were taken as the upper 

limit. 

 𝑘𝑝 =
𝐹𝑝40% − 𝐹𝑝10%
𝑠𝑝40% − 𝑠𝑝10%

 (3.1) 

In the load-unload cycling tests, the stiffness of the reloading branches was calculated using a 

secant based on the point where the specimen was initially reloaded (i.e. one-third of the initial 

unloading force) and the point where the specimen was reloaded to 80% of the initial unloading 

force. This secant was extrapolated to the x-axis to determine permanent deformation (Fig. 3.7). 

 
Figure 3.7: Illustration of initial stiffness, degraded stiffness, and permanent deformation. 

3.7.4 Post-test inspection and failure modes 

For NX-9.5 and RX-9.5, the dominant failure mode was the pull-out of the connectors (Fig. 3.8(a)) 

with some evidence of connector crushing (Fig. 3.8(b)). For NX-16, concrete crushed locally 

around the connectors (Fig. 3.8(c)). At the peak load of notched specimens with XPS insulation, 

the insulation suddenly ruptured horizontally (Fig. 3.8(d)). Some notches broke off in some 

specimens (Fig. 3.8(d)) but this occurred well after peak load was reached. There were consistent 

formations of horizontal bands on the insulation at notches that indicate foam crushing (Fig. 3.8I) 

which illustrates their effectiveness at transferring loads. For TX-9.5, failure was by connector 

rupture (Fig 3.8(f)) accompanied by foam crushing and prying at the notch interface (Fig 3.8(g)). 

Prying is defined as a wedging action that shifts the insulation away from the concrete wythe. For 

EPS samples (NE-9.5, RE-9.5), failure was initiated through insulation diagonal splitting (Fig 

3.8(h)). For RE-9.5, this failure mode is consistent with Mitra (2010) for panels with semi-circular 

shear keys and PVC insulation. NE-9.5 and RE-9.5 ultimately failed by either rupturing or pull-
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out of the connectors (Fig 3.8(a), 8(f)). Unlike the XPS specimens, EPS remained attached to the 

concrete, illustrating that the concrete-insulation bond was still active (Fig. 3.8(i)). 

 

 
Figure 3.8: Post-test investigation (a) connector pull-out (b) compression failure of connector 

(c) Blow-out of concrete around the connector (d) breaking of notches and tensile failure of 

insulation at rectangular notch interface © crushing of insulation bearing against notches (f) 

connector rupture (g) insulation bearing failure and prying around trapezoidal notch (h) 

diagonal splitting of insulation (i) EPS bonded to concrete. 

3.7.5 Deformability index (DI) 

The Deformability Index (DI) is analogous to ductility (which is more appropriate for steel-

reinforced concrete structures). The method from Theriaule and Benmokrane (1998) was used to 

calculate DI in each test (Table 3.4). Other methods (e.g. curvature approaches) exist but are not 

used here since these panels are not subject to bending. 

 𝐷𝐼 =
𝑃𝑈 𝛿𝑢
𝑃𝑃𝐿  𝛿𝑃𝐿

 (3.2) 

 (d) 

 (d)  (e)  (f) 

 (b)  (c)  (a) 

 (g)  (h)  (i) 
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The subscripts 𝑈 and 𝑃𝐿 refer to the peak value and proportional limit, while 𝑃 and 𝛿 indicate the 

respective load and deflection. 

3.7.6 Digital Image Correlation (DIC) analysis 

DIC was used to evaluate the effectiveness of the notch and insulation. The insulation contribution 

was categorized into three major stages as illustrated in Fig. 3.9. These transitions developed as 

the vertical displacement increased. At Stage 1, the insulation to concrete bond fails, shown in 

DIC by a sudden colour change at the concrete/insulation interface (Fig. 3.9(a), Fig. 3.9(d)). At 

Stage 2, the insulation starts to tear away from the notch as stress concentrations at the notch 

initiate a crack in the insulation (Fig. 3.9(b), Fig. 3.9I). At Stage 3, the insulation layer tears 

completely through (Fig. 3.9(c), Fig. 3.9(f)), which occurred immediately after the peak load was 

reached. The load corresponding to each stage is reported in Table 3.4. Some specimens (e.g. XPS 

without notches) only saw Stage 1 since the insulation contribution was largely lost once the 

insulation-concrete bond failed. Other specimens (e.g. EPS) only saw Stages 2 and 3 as the 

insulation-concrete bond remained active for the entirety of the test (Table 3.4). 

Table 3.4: Stages of Notch Contribution 

Stage 
RP-9.5, 

kN 

NE-9.5, 

kN 

RE-9.5, 

kN 

RX-9.5, 

kN 

TX-

9.5, kN 

RX-16, 

kN 

1 (insulation-concrete bond failure) 53.5 120.1 90.5 N/A 58.3 N/A 

2 (initiation of insulation tearing) 53.5 N/A 103.7 65.1 65.2 76.5 

3 (insulation rupture) 53.5 N/A 109.7 97.2 69.2 78.1 

 

 
Figure 3.9: Stages of Insulation Contribution (a) Stage 1 photo: insulation debonding between 

notches, (b) Stage 2 photo: initiation of tear at notches, (c) Stage 3 photo: complete tear of 

insulation at notches, (d) Stage 1 DIC colourmap © Stage 2 DIC colourmap, and (f) Stage 3 

DIC colourmap. All DIC colourmaps use the same scale and show vertical deformations. 



48 

 

Vertical deformation fields from DIC are shown in Fig. 3.10. These results are from four tests 

(NX-9.5-3, RX-9.5-1, TX-9.5-2, and RE-9.5-1) selected as representatives (the other tests had 

similar results). Major principal strain fields effective at indicating local damage due to insulation 

bond failure, concrete cracking, or insulation tearing are shown in Fig. 3.11. These strain readings 

are based on adjacent DIC text patches and can be distorted since cracking at the concrete-

insulation interface (i.e. discontinuities) affects the ability of DIC to accurately track strains. The 

fields in Fig. 3.10 and 3.11 are shown at four parts of each test to facilitate comparison between 

parameters early into the test (1 mm), after the proportional limit (3 mm), close to the peak load 

(5 mm), and post-failure (10 mm). 

 
Figure 3.10: DIC vertical deformation fields. Selected tests are representative (other tests from 

the same parameter behaved similarly). Concrete-insulation interfaces indicated with dashed 

black lines. All images were plotted on the same scale (note: negative deformation = 

downwards). 
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3.8 CHAPTER DISCUSSION 

3.8.1 Connector size 

As expected, peak load increases with connector size. For panels with XPS insulation and without 

notches (NX-9.5, NX-16), the load at the proportional limit and peak load increased by an average 

of 36 and 50% respectively when the connector diameter increased from 9.5 mm to 16 mm. 

Although larger bars have larger load capacity, the increase is not proportional to the increase in 

connector area (2.4 times). The reduced effectiveness of the larger connectors is attributed to the 

failure mode changing from connector rupture or pullout to concrete crushing and indicates that, 

for the considered wythe proportions and materials, it is more effective to use smaller connectors. 

For specimens with XPS and notches (RX-9.5, RX-16), the change in bar diameter had minimal 

effect on the proportional limit and peak load (Table 3.3), indicating that the 16 mm connector 

attracted more of the load which reduced the insulation contribution. 

In XPS specimens without notches (NX-9.5, NX-16), stiffness increased 1.8 times when larger 

connectors were used. This shows that connectors dominate the stiffness of systems without 

notches where the insulation contribution is limited even early into the test. The effect of connector 

diameter on stiffness was considerably reduced (down to 1.3 times) for XPS specimens with 

notches (RX-9.5, RX-16). The 16 mm connectors’ axial stiffnesses (which dominates how the 

load is carried by the connectors when wythes slip relative to each other (Tomlinson et al. 2016) 

are considerably higher than the shear stiffness of the insulation. This means that enabling 

insulation to contribute via notches had a negligible effect on stiffness between NX-16 and RX-

16. However, the insulation contribution was more apparent between NX-9.5 and RX-9.5 since 

the load carried by the connectors relative to the insulation was reduced. 

Interestingly, the peak loads and proportional limits of NX-16 and RX-9.5 were very similar, 

which shows that in place of increasing connector size, notches can be used to increase the capacity 

of shear connections by engaging the foam. However, NX-16 was considerably stiffer than RX-
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9.5 so if higher stiffness is desired it is more effective to use larger connectors than to add notches 

to the insulation for systems such as those considered in this paper. 

DI is used to quantify the amount of warning expected before failure. Tests with 16 mm 

connectors had larger DI, attributed mostly to their lesser deformations at the proportional limit 

relative to the 9.5 mm connectors. This indicates that panels with larger connectors show a more 

pronounced non-linear response. However, since larger connectors also prompt more slip under 

thermal bowing (Arevalo and Tomlinson 2020) they are more likely to become non-linear under 

temperature effects. 

3.8.2 Notch shape in panels with XPS insulation 

The effect of notch shape on panel response is shown in Fig. 3.4(a). As mentioned in Section 3.7, 

the stiffness of the unnotched XPS specimens was lower than their notched counterparts because 

the insulation bond failed early in the test. This is shown in Fig. 3.11, where insulation debonding 

is noticeable for NX-9.5 even at 1.0 mm slip. Insulation debonding was also observed in notched 

specimens but the insulation force transfer mechanism changes to bear against notches and allow 

the insulation to contribute to the panel stiffness after Phase 1. 

Rectangular notches were effective at increasing the proportional limit (averaging 37%) and 

peak load (averaging 50%) relative to tests without notches. Trapezoidal notches were also 

effective but to a lesser degree, increasing the proportional limit (averaging 21%) and the peak 

load (averaging 27%) compared to a test without notches. The reason trapezoidal notches are less 

effective is that trapezoidal notches act as wedges that pry the insulation away from its bearing 

surface, consequently reducing its capacity (Fig. 3.11). The benefit of this action is that these tests 

deform more before failure (Fig. 3.4(b)) leading to a higher DI (20.4) for TX-9.5 compared to RX-

9.5 (15.3). The additional tension in connectors caused by prying also increased the risk of 

connector rupture in tension (Fig. 3.8(b), Fig. 3.8(f)).  Note that RX-9.5 had lower DI than NX-

9.5 (18.6) which is attributed to the lower proportional limit load in NX-9.5. 
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The effectiveness of the notches between the proportional limit and peak load can be seen in 

DIC deformation (Fig. 3.10) and strain fields (Fig. 3.11). Considering the deformation at 3 mm in 

Fig. 3.10 and 3.11, which is most representative of the response between the proportional limit 

and the peak load, the abrupt colour change between wythes and insulation in NX-9.5 indicates 

that there is a discontinuity (i.e. bond failure) between the middle wythe and the insulation. Though 

discontinuity was also observed in RX-9.5 and TX-9.5, the deformation field is continuous where 

the notch bears against the insulation in compression, indicating that the notches are effectively 

transferring forces to the insulation. Near the end of this stage, insulation began to crush locally 

against the notch in compression (Fig. 3.8I) and tear beginning at the region of the notch interface 

that is in tension (i.e. Phase 2 in Fig. 3.9) which caused occasional load or stiffness drops. Drops 

in load and stiffness in this region are also attributed to the connectors themselves, particularly 

localized crushing at the connector/concrete interface and non-linearity of the connectors caused 

by longitudinal shear on the resin but the onset of these factors could not be determined directly. 

Specimens with rectangular notches failed soon after reaching the peak load by insulation 

rupture (Fig. 3.4(b)), which was abrupt and occurred horizontally (Fig. 3.8(d), Fig. 3.10). Around 

the same time, noises were heard within the specimen indicating connector failure (e.g. pullout, 

crushing) but these failures were unable to be tracked visually until after the test was complete. 

 As mentioned earlier, notch contribution is not observed with larger connectors as the load at 

the proportional limit was 3% lower for RX-16 (relative to NX-16) while the peak capacity was 

12% higher. This is due to the higher stiffness of the larger diameter connectors which makes them 

attract more load, thereby reducing the insulation’s effectiveness and contribution. Meanwhile, 

panels with smaller diameter connectors experienced greater insulation contribution. 

From the phased insulation contribution monitored through DIC (Fig. 3.9 and Table 3.4), RX-

9.5 and RX-16 did not experience Phase 1 due to the locking mechanism provided by the notches 

but those with small connectors (9.5 mm) carried 49% additional load relative to those without 

notches before the notch tears through the insulation. On average this additional load gain is 6.1% 
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and 5.8% for TX-9.5 and RE-9.5 respectively and negligible for RX-16 and RP-9.5 (Table 3.4). 

The panels made with EPS and without notches (NE-9.5) do not have the sequential transition 

from Phase 1 to Phases 2 and 3 as the insulation-concrete bond remained active for the entirety of 

the test (refer to Fig. 3.10 and 3.11 where necessary). 

 
Figure 3.11: DIC major strain readings comparing adjacent texture patches for qualitative 

assessment of insulation-concrete bond and cracking. Selected tests are representative (other 

tests from the same parameter behaved similarly). Concrete-insulation interfaces indicated 

with dashed black lines. All images were plotted on the same scale (note: positive strain = 

tension). 

3.8.3 Insulation types and notch effectiveness 

The unnotched EPS tests (NE-9.5) had, on average, 16% larger proportional limits and 46% larger 

peak loads relative to the unnotched XPS (NX-9.5). Similarly, the stiffness of NE-9.5 was 27% 

higher, on average, than NX-9.5. Although the EPS used in this test has a lesser compressive 

strength than the XPS, these increases are primarily attributed to the additional contribution of the 

insulation that was lost in NX-9.5 once the insulation-concrete bond failed.  

The notches were noticeably less effective for EPS tests than their XPS counterparts (Fig. 

3.4(d)), with notched EPS tests mostly having lower strength and stiffness. Although notched EPS 
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specimens (RE-9.5) were seen to have larger proportional limits than NE-9.5, variability is large 

enough that the effect of notches slightly increasing the shear stiffness of EPS by reducing the 

insulation thickness at the notch location cannot be confirmed. Notched EPS panels were slightly 

weaker than the unnotched EPS panels. This is contradictory to the findings with XPS and 

attributed to the different force transfer mechanism through EPS. The insulation-concrete bond 

lost early in NX-9.5, remained active until failure in NE-9.5 which reduced the effectiveness of 

the notches (i.e. notch contribution is minimal if the insulation-concrete bond remains active). The 

insulation failure plane, diagonal for RE-9.5 and NE-9.5 then rectangular for RX-9.5, shows 

different force transfer mechanisms between EPS and XPS. 

Diagonal cracks in EPS infer that the principal tensile stress acted on an angle and was 

dominated by shear, which also shows that the insulation bond was active. In the notched XPS 

tests, where insulation failed on a horizontal crack, had principal tensile stresses acting in the 

direction of the wythe slip. The location of these cracks on the tension side of the notch shows that 

stress concentrations are caused by the notch-initiated insulation failure (between Stage 2 and 

Stage 3 of the notch contribution illustrated in Fig. 3.9). The diagonal crack in RE-9.5 passed 

between notches in a shorter path than that in NE-9.5, which reduced the amount of insulation 

acting in tension and led to the decrease in capacity from NE-9.5 to RE-9.5. 

The PIR insulation used in RP-9.5 had a fibreglass facing which was bonded to the PIR as part 

of the fabrication process. This facing was rough enough to give RP-9.5 adequate concrete-

insulation bond throughout the test, leading to similar force transfer mechanisms to the EPS tests 

(including the same diagonal failure plane). However, the PIR used in the tests had lower 

compressive and tensile strength than XPS so its contribution to panel resistance was lower, only 

giving a slight increase in peak load (16%) relative to unnotched panels where the insulation-

concrete bond failed early into the test (NX-9.5). 

Similar to what was observed with strength, notches were considerably more effective at 

increasing the stiffness of tests with XPS insulation. Notch effectiveness is attributed to the failure 



54 

 

of the insulation-concrete bond in NX-9.5 early into the test while RX-9.5 and TX-9.5 were able 

to redistribute insulation force demands to the notches. Notches did not significantly affect the 

stiffness of tests with EPS and the insulation-concrete bond remained active throughout the test. 

Despite the higher density of PIR due to the glass-facing, the PIR insulation had lower tensile 

strength, and the panels noticeably had lower stiffness than the other tests. These findings also 

indicate that notches are effective for insulation types with higher strength. 

The panels with EPS insulation had lower DI and showed less warning of failure than the other 

systems. This is attributed to the general response of the EPS panels, which did not have the 

pronounced lower stiffness region that occurred after the proportional limit that was seen in tests 

with XPS or PIR insulation. 

3.8.4 Stiffness degradation and permanent deformation 

The load-slip curves were presented in Fig. 3.6. These curves were processed as illustrated in Fig. 

3.7 to determine the specimen stiffness and permanent deformation. These values are reported in 

Fig. 3.12. 

All specimens lost stiffness as the slip upon unloading increased (Fig. 3.12(a)). Loss of 

stiffness is attributed to damage in the specimen. Initially, the damage is linked to localized 

concrete crushing around the connectors and continual failure of the insulation-concrete bond (in 

tests with XPS insulation). Later on, closer to failure, damage is also caused by the onset of 

insulation crushing (in RX-9.5, TX-9.5, and RX-16), concrete cracking around the connectors, 

and connector non-linearity. 

These trends differed based on insulation type and are best observed when looking at the 

percentage of stiffness retained (Fig. 3.12(b)). Stiffness loss was more gradual in tests with EPS 

and PIR insulation because the insulation-concrete bond remained active in those tests, which was 

not the case for tests with XPS insulation. The losses in RX-9.5 and TX-9.5 were beyond the initial 

proportional limit at even low slip (1 mm) and behaved very similar to each other (Fig. 3.6(a)). 

Though the notches were effective at transferring forces through the insulation, there was still a 
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notable loss of stiffness after Phase 1 of the insulation contribution as well as once the insulation 

at the notch began to crush later in the tests. RX-16 did not lose stiffness as quickly as RX-9.5 

since the 16 mm connectors accounted for a larger proportion of the stiffness in those tests. 

Similarly, EPS and PIR specimens had smaller residual deformation than those with XPS (Fig. 

3.12I). This was particularly evident at around 1 mm where the panels with XPS insulation had 

around three times the residual deformation of those with EPS because the insulation-concrete 

bond was still active in the EPS and PIR tests. Later on, the response was more so dictated by 

damage in the concrete and shear connectors which showed similar responses in all tests with 

residual deformation accounting for half to two-thirds of the maximum deformation by the time 

the wythe slip reached 3 mm.  

These results show that significant connection stiffness is lost under repeated loading even 

under low (~1 mm) magnitudes of relative wythe slip. Similarly, walls with the same connector 

configuration as NX-9.5 had slips exceeding 1 mm under a thermal gradient of 20°C (Arevalo and 

Tomlinson, 2020) which represents loading situations that panels experience in practice. The loss 

of stiffness was observed in these panels with stiff connectors in that study. Loss of shear 

connection stiffness, particularly in regions near the end of the panel that are expected to slip more 

than others, is also expected to reduce the thermal bowing under future load cycling since bowing 

is a function of connector stiffness. However, this comes at the cost of permanent deformation 

(some bow may be permanent) and higher deflections under external loads like wind. These effects 

may not be as pronounced with less stiff connection systems (e.g. pin-type connectors) since 

stresses induced on connectors and concrete are reduced under the same amount of relative wythe 

slip. 
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Figure 3.12: Load-unload cyclic test results illustrating changes in connection stiffness and 

residual deformation as the maximum wythe slip before unloading increases. Plots include (a) 

Connection stiffness degradation (kN/mm), (b) connection stiffness degradation (as a 

percentage of the first loading cycle), and (c) residual deformation (mm). 

3.9 GENERAL ASSESSMENT 

For panels with XPS insulation, the notch mechanism is effective as the peak load increased on 

average by 50% and 27% when rectangular and trapezoidal notches are used in combination with 

9.5 mm connectors. When larger connector sizes are used, the peak load was also boosted by 12%. 

Another means of comparison is shear flow and stiffness. The normalized parameter per metre 

(kN/m/m) is the value from each test in kN/m multiplied by 1/𝑙𝑟𝑝, where 𝑙𝑟𝑝is the height (m) of 

panels used in various studies. The results in Table 3.3 show higher shear flow capacity and 

stiffness in systems with notches, as well as for the unnotched case due to the connectors. 

The X-shaped protruded GFRP connectors utilized in this test were stiffer in comparison with 

other connectors. This is due to the additional contribution from the compression member which 

is absent for other inclined connector types such as the grid type connector used in Bunn (2011) 

and Sopal (2013). Though the connectors were stiff, the contribution of the insulation notches was 

still observed. The notch contribution was smallest with the stiffest connectors (16 mm diameter) 
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but is expected to be more effective if smaller connectors or dowel type (rather than truss type) 

connectors were used. 

3.10 CHAPTER SUMMARY AND CONCLUSIONS 

The contribution of notches (trapezoidal, rectangular) on sandwich panel systems with different 

types of foam (EPS, PIR, XPS), as well as stiff X-shaped GFRP bars (9.5 mm and 16 mm) as shear 

connectors, was evaluated using experimental push-through testing. The following was concluded 

from this experimental study. 

1. Notches are effective at increasing the strength and stiffness of shear connections with XPS 

insulation where the insulation-concrete bond is expected to fail under low levels of slip. 

Notches are less effective in panels made with PIR and EPS as these insulation types are 

adequately bonded to concrete throughout testing, at least over the short term. In addition to 

surface roughness, notch effectiveness also increases as the tensile strength and stiffness of the 

insulation increase and as the shear connector strength and stiffness decrease. 

2. The rectangular notches enabled proper locking mechanism which allows the insulation to 

actively contribute structurally after insulation-concrete bond failure. Trapezoidal notches were 

also effective, but their inclined surfaces caused prying of the insulation that reduced friction 

between concrete and insulation and prompted a different connector failure mode (rupture 

rather than pullout). Though weaker and softer, systems with trapezoidal notches gave more 

warning of failure than those with rectangular notches. 

3. All the tested shear connection systems lost stiffness and experienced permanent deformation 

during load-unload cycling. Significant (around 30%) stiffness loss in panels with notched XPS 

insulation and 9.5 mm shear connectors occurred even under low levels of slip (1 mm). This 

loss is not as sudden in systems where the concrete-insulation bond remains active (i.e. EPS 

and PIR insulation) but still is quite large.  

4. Though failure modes of connectors in insulated walls are challenging to assess due to the 

complex stress state in the connectors and surrounding concrete, the contribution of the 
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insulation can be evaluated effectively using DIC. With DIC, insulation contribution was 

grouped into three phases during loading that relate to the initial insulation-concrete bond 

failure, the onset of insulation tearing, and the complete rupture of the insulation. 
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4. EXPERIMENTAL LONGITUDINAL SHEAR TESTING OF NOVEL AND 

TRADITIONAL SHEAR CONNECTORS IN DOUBLE-WYTHE CAVITY 

MASONRY WALLS 

4.1 INTRODUCTION 

Double wythe cavity masonry walls are a common exterior wall system around the world (Baker 

et al. 2004). These walls have one outer and one inner layer (wythe). In Canada, the outer wythe 

is typically made of clay or concrete brick veneer for architectural and hygrothermal purposes 

(Vanpachtenbeke et al. 2020), while the inner wythe is generally made of Concrete Masonry Units 

(CMUs) (Baker et al. 2004, Wang et al. 1997). Clay bricks are often used in the outer layer due to 

their ease of production, lower cost, better regulation of indoor humidity, and superior durability 

(Cagnon et al. 2014, Gencel et al. 2020). Insulation is placed between the wythes for thermal 

purposes with its structural contribution assumed to be negligible in design calculations. An air-

gap, at least 25 mm wide, is left between the insulation and the outer layer, serving as a drainage 

path (Allen and Iano 2009, Brick Industry Association 2018, TMS 402/602 2016, Brick Industry 

Association, 2020). A moisture or vapour barrier is installed next to the warmer side of the 

insulation to prevent the ingress of moisture or water vapour due to condensation (Clayford 2003, 

Hatzinikolas et al. 2015). 

 In modern double wythe cavity masonry walls, wythes are joined by connectors (Fig. 4.1a,b) 

(Sakr and Neis 2001, TEK 12-01B- 2011, Wang et al. 1997). A tie (Fig. 4.1b) is a type of connector 

that is designed to transmit axial force between the wall layers. Out-of-plane loads that result in 

axial load carried by ties may come from wind pressure and seismic forces arising from the mass 

in the façade. While the strength of a tie is dependent on factors such as the embedment length 

and size (diameter/thickness), the size is further limited by the thickness of the mortar joint where 

they are inserted (Fig. 4.1a). Most ties are made of steel in the form of plain single or welded round 

bars, as well as corrugated round bars or plates (Cascardi et al. 2020, Sandoval et al. 2021). To 

ensure adequate anchorage of ties to mortar, the diameter of circular and helical connectors is 
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restricted to two-thirds the thickness of the mortar joint, and half for flat configurations (CSA 

A370:14, 2018). According to CSA A370:14 (2018), when larger sizes are used, recesses 

containing mortar or grout should be created to provide adequate anchorage. Connectors are 

expected to be resistant to corrosion with maximum spacings of 600 and 800 mm in the vertical 

and horizontal directions, respectively (Brick Industry Association 2003, CSA A370:14 2018). 

Under tension and compression, the strength of the connector should be at least 1 kN CSA 

A370:14 (2018). 

Double-wythe masonry cavity walls may be classified as full composite, non-composite, and 

partially composite walls (Drysdale and Hamid 2005, Hatzinikolas et al. 2015, TEK 05-01B 2003). 

Full composite walls are designed such that both wythes act as a single unit, and this is usually 

achieved by filling the collar joint (space between the masonry layers, TMS 402/602 2016) with 

grout or mortar, by joining the wythes with masonry headers, or by using specially designed 

connectors able to carry shear forces. In non-composite walls, wythes are designed to individually 

carry load based on their relative stiffnesses. Also, the outer wythe is not intended to resist load 

apart from its self-weight and is placed for aesthetic and hygrothermal purposes (Drysdale and 

Hamid 2005, TEK 16-01A 2006). In partially composite walls,  the connectors are not stiff enough 

to create the shared load resistance seen in full composite walls (Brick Industry Association 2018) 

but are still stiff enough that their contribution cannot be ignored. Filling the collar joint with 

mortar or grout is not common in modern wall construction, as they induce thermal bridging which 

ultimately results in a reduction in the R-value of the wall (Ismaiel et al. 2022, TEK 06- 02C 2013). 

More so, typical connectors are not designed to carry shear forces. Therefore, modern double 

wythe cavity masonry walls are not designed as full composite and tend to mostly act as non- or 

partially-composite systems. 

Testing on connectors has focused on the strength of connectors in compression and tension 

while shear (in-plane and longitudinal, Fig. 4.1) test results are scarce. This means the connector 

contribution towards composite action is uncertain, leading to thicker masonry wythes, and less 
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efficient designs in comparison to a wall made with other materials like concrete. In Williams and 

Hamid 2005), the in-plane shear capacity of adjustable steel ties was examined in a CMU-brick 

setup and reported increased stiffness and strength for ties used with a smaller slot size. However, 

most tests over the past decade focused on the behaviour of connectors in tension and compression 

(Arslan et al. 2021, Arslan et al. 2020), only with a recent recommendation to further examine 

connectors in shear (Arslan et al. 2020). 

Increasing the amount of connectors in walls often results in improved structural response by 

coupling the veneer and CMU (Graziotti et al. 2016, Marziale and Toubia 2015, Miglietta et al. 

2021). However, uncertainty about connector capacity translates into a larger number of 

connectors used in a wall, which results in additional thermal bridges that reduce the thermal 

efficiency of the system. This is critical for steel connectors, due to their high thermal conductivity 

(Brick Industry Association 2002). To improve the thermal performance of buildings, National 

Research Council of Canada (2017), the Energy Performance of Buildings Directive (EPBD) of 

the European Union, and similar codes around the world are requiring improved energy efficiency 

in buildings. This is often achieved with thicker insulation. For example, in Alberta, Canada 

(climate Zone 7A), an insulation thickness of 150 mm is becoming prescriptive nowadays, a 

departure from an earlier insulation thickness of 75 mm for walls above ground level. Therefore, 

an investigation into the effect of increased insulation thickness is needed, as the connectors 

joining the wythes may lose stiffness which would reduce the wall’s capacity.  

A review of literature shows that the shear capacity of connectors is a topic that requires more 

investigation. This is evident in CSA A370:14 (2018) where the minimum strength under 

longitudinal shear is not specified. Experimental shear tests, relatively common for reinforced 

concrete insulated wall systems (Arevalo and Tomlinson 2020, Egbon and Tomlinson 2023, 

Woltman et al. 2013), should be conducted to understand the behaviour of connectors under 

longitudinal shear loading in masonry assemblies. Longitudinal shear testing will highlight the 

deficiencies in existing connectors, facilitate the prediction of the capacity of double wythe cavity 



62 

 

walls, better evaluate the degree of composite action, and aid in designing walls with larger 

cavities and thinner wythes.  

The purpose of this study is to compare the experimental performance of existing plate 

connectors to an inclined novel connector that transmits load through truss action. To achieve this, 

longitudinal shear testing is carried out on the connectors, placed in masonry wallet assemblies 

built with CMU and bricks. As described in Section 1.1.4 and 3.1 of this thesis, longitudinal shear 

testing reveals the resistance of the shear connector to slip (relative movement between wythes), 

and this is similar to what is experienced by the shear connectors in full-scale walls. 

The results are analyzed in terms of the strength and stiffness, and the effect of changing the 

outer wythe material between concrete and clay on failure mode is also examined. 

 
Figure 4.1: (a) Vertical section of a double wythe cavity wall with typical components (b) Plan 

view of masonry to masonry wall section showing commonly used ties. 

(b) 

(a) 



63 

 

4.2 EXPERIMENTAL PROGRAM 

4.2.1 Specimen description 

Masonry wallet samples were built using running bond with two and six courses of CMU and 

bricks (single unit per course), respectively. The CMU dimensions (length, height, thickness) were 

390×190×190 mm while those of the clay and concrete bricks were 195×57×90 mm and 

190×57×90 mm, respectively. Overall, samples were 390 mm wide, 390 mm high, and had a total 

thickness of 455 mm (Fig. 4.2). Type S mortar with a thickness of 10 mm was used in both wythes 

and the CMU was partially grouted with coarse grout and reinforced with 1-15M (cross-sectional 

area of 200 mm2) steel rebar which is a minimum requirement for loadbearing walls according to 

CSA S304-14 (2019). Also following CSA A370:14 (2018), a surcharge load of 10 kPa was placed 

on the CMU to simulate the inner wythe carrying gravity load. Each clay and concrete brick 

weighed 17 and 17.5 N, respectively. 

The cavity width was 175 mm, comprising 150 mm of insulation and a 25 mm airgap.  The 

150 mm insulation thickness was selected as it is a typical value used in Alberta, Canada (climate 

Zone 7A), to meet the new 3.08 m2K/W RSI requirement for walls above ground level specified 

in NBC (2019). In this study, the intent was to capture only the capacity of the connectors. To 

achieve this, the specimens were built without insulation as it is assumed that insulation offers no 

support to connectors, especially for insulation with low stiffness such as fibreglass and mineral 

wool. However, we acknowledge that the presence of a relatively stiff insulation such as extruded 

polystyrene may influence the capacity and failure mode of the connector. Even in the cases in 

which the insulation is designed for this purpose, it may not be reliable throughout the service life 

of the wall (CSA A370:14 2018) due to degradation or shrinkage of the insulation material. 
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Figure 4.2: Specimen details (a) side view of inclined connector. Plan view of specimen with 

plate connector (b) inserted vertically (c) inserted horizontally (All dimensions in mm) 

The connectors were made of two connected parts. One part was screwed to the CMU and the 

other part is a tie attached through slots. Both connector parts sit on the veneer (Fig. 4.2). The 

traditional connector was utilized in two forms. When laid horizontally, the plate connector was 

used without a tie (Fig. 4.2c). When laid vertically, the plate connector was used with a tie (Fig. 

4.2b). 

Connectors were made of plain (bare) steel, which makes the connectors appropriate for 

environments requiring Level 1 corrosion protection (no moisture exposure, CSA A370:14 2018). 

Even for environments requiring Level 2 and 3 protection, where galvanized steel is required per 

CSA A370:14 (2018), the test procedure and outcomes are assumed to be valid for a similarly 

sized connector, as the structural properties of plain and galvanized steel are comparable.  

The traditional connectors have a flat shape and are placed either vertically or horizontally. 

Traditional connectors are designed to act only in tension and compression while the inclined 

connector was developed to resist shear loading. The plate connector was 3 mm thick and 50 mm 

wide (Fig. 4.3a,b), while the novel connector was also 3 mm thick and 20.2 mm wide, with an 

inclination of 36° (Fig. 4.3c,d). Slots were created in the connectors to reduce its self-weight and 

thermal bridging, while also serving as an opening to attach an embedded tie. The 36° inclination 

(a) 

(b) 
(c) 
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was selected for constructability, ensuring the pre-cut slots in the connector align with a mortar 

joint in the veneer wythe. Although the connector thicknesses were the same, the width of the 

novel connector was made smaller, as it was expected it would structurally benefit from its 

inclination. Inclined connectors have been used in concrete sandwich panels and have shown 

improved connector performance (Arevalo and Tomlinson 2020, Egbon and Tomlinson 2023, 

Tomlinson et al. 2016). 

The vertically placed plate connector had an additional rectangular-bent round tie attached 

through pre-cut slots (Fig. 4.2, 4.3). The rectangular-bent round tie had a diameter of 4.8 mm (Fig. 

4.3e). The horizontally placed plate connector did not have the additional tie (Fig. 4.2c) and was 

omitted for constructability, where it would be difficult to place the additional tie in a head joint 

in the veneer wythe without hindrance by a brick in the running bond pattern, unlike the vertical 

plate connector where the additional tie is placed in the wider bed joint.  

For the novel connector, two rectangular-bent round ties with a circular cross-section like the 

tie used with the vertical plate connector were placed in both inclined parts, sitting on the bed joint 

of the veneer. All connectors are held to the CMU with four Tapcon screws (Fig. 4.3f) of 6.25 and 

68.8 mm in diameter and length, respectively. 

4.2.2 Test matrix 

The novel and traditional (vertically and horizontally placed) connectors were used to build 

thirteen specimen configurations, leading to 40 specimens total (Table 4.1) but two unfortunately 

failed during transportation. Specimens with the vertically placed plate connector and novel 

connector were identified using a three-character code. The first character represents the connector 

type (IP – inclined connector, VP – vertical plate connector, HP – horizontal plate connector), the 

second character is the veneer type (CN – concrete brick, CB – clay brick), and the third character 

is the embedment length of the round tie. To examine the effect of embedment length in the veneer, 

three embedment lengths were used (45, 60, and 75 mm). Due to the availability of materials, the 

75 mm embedded tie was only used with the inclined connector and clay brick. Meanwhile, 
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specimens with the horizontally placed plate connector were identified using only the first two 

characters, since they did not have a tie attached. However, the horizontal and vertical plate 

connectors had a 54 mm embedment into the mortar head and bed joint of the veneer, respectively 

(Fig. 4.2b,c). 

Table 4.1: Test Matrix 

Specimen ID 
Connector 

placement 

Tie 

Veneer type Tie Diameter, 

mm 

Embedment 

length, mm 

Number per 

connector 

HP-CB* 
Horizontal N/A 54a N/A 

Clay 

HP-CN Concrete 

VP-CB-45 

Vertical 

4.8 

45 

1 

Clay 

VP-CN-45 Concrete 

VP-CB-60 
60 

Clay 

VP-CN-60 Concrete 

VP-CB-75 
75 

Clay 

VP-CN-75 Concrete 

IP-CB-45 

Inclined 

45 

2 

Clay 

IP-CN-45* Concrete 

IP-CB-60 
60 

Clay 

IP-CN-60 Concrete 

IP-CB-75 75 Clay 

* one specimen in the configuration failed during transport 
a embedment length for the connector plate 
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Figure 4.3: Connectors under study. Plate connector (a) Side view (b) back view. Inclined 

connector (c) Side view (d) back view I rectangular-bent round tie (f) connector position in 

specimen (All dimensions in mm) 

4.2.3 Fabrication process  

The construction of the specimens was done by a certified mason following Canadian masonry 

construction practices. Both courses of the CMU wythe were laid first, after which grout was 

poured into a cell containing the rebar and allowed to set (Fig. 4.4a,b). Holes were drilled into the 

CMU unit, then screws were inserted to anchor the HP, VP, and IP connector to the CMU (Fig. 

(a) (b) 

(c) (d) 

(e) 
(f) 
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4.4c). For the vertical plate and inclined connector, the anchored part (plate) was first placed in 

the veneer head joint, after Ih the ties were attached through the slots were placed on the bed joint 

in the veneer wythe (Fig. 4.2, 4.3, 4.4d, 4.4e). For the horizontal plate connector, the additional 

tie was not used, as described earlier, and was laid on the veneer at the same embedment length 

as the plate part of the vertical plate connector (Fig. 4.2b,c). 

After the specimens were built, they were cured under a polyethylene sheet for the first seven days 

and then air-cured for at least 28 days before testing. 

 
Figure 4.4: Specimen fabrication (a) Completed CMU courses (b) grouted cells (c) anchoring 

of connectors (IP connector shown) (d) VP connector and embedment tie placement in veneer   

I IP connector and embedment tie placement in veneer (f) completed specimen (HP connector 

shown). 

4.2.4 Material properties 

The compressive strength of the Type S mortar and coarse grout was determined per CSA-A179-

14 (2019) using nine 50 mm cubes and seven 100 mm cylinders, respectively. Mortar and grout 

specimens were cured for at least 28 days, and the mean compressive strength of the mortar and 

grout were 16.9 and 27.1 MPa, respectively. The 28-day compressive strength for grouted and un-

grouted prisms, tested per CSA A165.1 (2019), was 21.5 and 16.6 MPa respectively. 

The steel used for the embedded tie and connector (plate and Inclined) had a yield strength of 

569 ± 8.52 MPa and 234 ± 5.53 MPa, respectively. The steel rebar had a yield strength of 429 ± 

 (b)  (a)  (c) 

 (d)  (e)  (f) 
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2.45 MPa, following ASTM E8 (2022). The elastic modulus of the tie and connector were 197 ± 

6.6 Gpa and 194 ± 9.4 Gpa, respectively. 

4.2.5 Test Setup and instrumentation 

The specimens were tested under shear and the test setup is shown in Fig. 4.5. 

 
Figure 4.5: Schematic diagram of test frame (a) side view (b) plan view. (c) Photo of test setup 

 

The frame had two steel angle members measuring 76×76×13 mm to restrain the CMU from 

horizontal movement. It allows the vertical displacement of the veneer through a recess. Four 

clamps were used to prevent overturning of the CMU during loading (Fig. 4.5c). To prevent 

rotation at the end of the wythes, therefore simulating pure longitudinal shear load between the 

CMU and veneer layers, a wood spacer was placed between the wythes, on both sides of the tie 

(Fig. 4.5b). The spacer was placed not to be tight to prevent bearing on the veneer, which would 

create unintended load paths. In addition, Teflon sheets were placed between the wood and the 

 (c) 

 (a)  (b) 
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veneer while giving some allowance to prevent friction and unintended load paths. Teflon serves 

a similar function as a vapour barrier in cavity walls and reduces friction between insulation and 

wythes. The use of the wooden spacer is similar to the use of a steel chute by Williams and Hamid 

(2005) to ensure a linear unidirectional in-plane motion under loading. 

The spacer (Fig. 4.5b) was designed to enable the monitoring of the tie failure mode at the 

inner veneer interface. A constant cavity width, with wythes remaining parallel to each other 

across the height and width of the wall, would be assumed in walls with a standard-compliant 

number of connectors and are installed using typical construction practices. In addition, the snug 

placement of the veneer on a shelf angle could limit the out-of-plane sliding of the veneer through 

friction and mechanical interlock. If there is a small number of connectors or the support of the 

veneer is flexible, the wythes may not remain parallel. This situation warrants further investigation 

and was not part of the scope of this study. 

Vertical loading was applied on the veneer through a hydraulic ram. The ram was hand-pump 

controlled at a displacement rate of 3 mm/min on average. The tests were halted when the load 

value dropped suddenly or when there was increasing deformation without a change in load value 

(up to the Linear Variable Differential Transformer (LVDT) capacity of 50 mm), indicating either 

a failure of the connector or collapse of the veneer.  

Relative displacement between the CMU and veneer was measured using 2-50 mm LVDTs 

mounted on the exterior edge face of the veneer (Fig. 4.5a,c), while rotation of the veneer was 

monitored using two inclinometers attached to the sides of the veneer. Reported displacement 

readings were an average of the LVDT readings, and there was no considerable variation between 

the LVDT readings until after the peak load was reached. 

4.3 RESULTS 

4.3.1 General load-deformation relationship 

Overall, the response of all specimens was categorized into three stages. The first stage starts from 

the initiation of loading up to the proportional limit (Fig. 4.6 i.e., the point where response first 



71 

 

becomes non-linear), with relatively high stiffness. As observed in most specimens, after the 

initially linear portion of the test, the response became non-linear due to the continuous formation 

of cracks in the mortar joint hosting the embedded tie. The second stage includes loads after the 

proportional limit, characterized by reduced stiffness and small load drops, due to cracks and 

debonding between the connector and mortar. The third stage occurred when the peak load was 

reached and is characterized by a large load drop, followed by delamination or collapse of the 

veneer wythe. 

The averaged load-displacement curves for the three types of connectors are shown in Fig. 4.7, 

while load-displacement results for individual tests are shown in Fig. 4.8, 4.9, and 4.10. As wythe 

slip was monitored using two LVDTs, the average load value was obtained by interpolating fixed 

displacement intervals from both LVDT readings to the load values obtained from each load cell, 

after which the average was taken at equivalent displacement values. Numerical values for load 

and displacement are provided in Table 4.2. Variations for repetition specimens were similar to 

those observed in previously conducted shear tests of masonry and concrete systems (Williams 

and Hamid 2005, Martins et al. 2017, Tomlinson et al. 2016, Woltman et al. 2013), and this can 

be attributed to variability in materials and construction tolerances. The loads in Table 4.2 are the 

sum of the load measured by the load cell and the self-weight of the six courses of veneer (0.102 

kN and 0.105 kN for clay and concrete bricks respectively). 

4.3.2 Stiffness 

The method for calculating the initial connector stiffness, 𝑘𝑝, shown in Table 4.2 follows the 

secant method used by Arevalo and Tomlinson (2020) and Egbon and Tomlinson (2021). Stiffness 

is calculated using load and displacement values at 10% and 40% of the peak load 

(𝑃𝑈40% , 𝑃𝑈10% , 𝑑𝑈40% , 𝑑𝑈10%), as shown in Eq. 4.1. When 𝑃𝑈40%  was greater than the proportional 

limit, the proportionality limit was used as the value for 𝑃𝑈40% . 
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Figure 4.6: Illustration of proportional limit, initial stiffness, and peak load 

 𝑘𝑝 =
𝑃𝑈40% − 𝑃𝑈10%
𝑑𝑈40% − 𝑑𝑈10%

 (4.1) 

 
Figure 4.7: Averaged load-displacement responses for specimens with different embedment 

length and veneer material (average horizontal plate response included in each plot for 

reference) (a) CB-45 mm (b) CN-45 mm (c) CB-60 mm (d) CN-60 mm I CB-75 mm (f) CN-75 

mm 

 
Figure 4.8: Individual load-displacement response for HP specimens (a) clay brick veneer (b) 

concrete brick veneer 
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Figure 4.9: Individual load-displacement response for VP specimens. 45 mm embedment (a) 

clay brick veneer (b) concrete brick veneer. 60 mm embedment (c) clay brick veneer (d) 

concrete brick veneer. 75 mm embedment I clay brick veneer (f) concrete brick veneer 

 

 
Figure 4.10: Individual load-displacement response for IP specimens. 45 mm embedment (a) 

clay brick veneer (b) concrete brick veneer. 60 mm embedment (c) clay brick veneer (d) 

concrete brick veneer. 75 mm embedment I clay brick 
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Table 4.2: Results from Shear Testing 
 Proportional Limit, P.L. Peak Load Initial Stiffness 

ID 
Load, 

kN 

Mean 

Load ± 

Std, kN 

Displacement 
at P.L, mm 

Load, 
kN 

Mean 

Load ± 

Std, kN 

Displacement 
at peak, mm 

Stiffness, kN/mm 
(Eq. 4.1) 

Mean ± Std, 
kN/mm 

HP-CB* 

-- 
0.12 ± 

0.02 

-- -- 
0.58 ± 

0.06 

-- -- 

0.28 ± 0.07 0.13 0.51 0.62 31.0 0.32 

0.10 0.50 0.54 45.0 0.23 

HP-CN 

0.15  

0.18 ± 

0.04 

0.50 0.35 
0.57 ± 

0.22 

6.00 0.31 

0.39 ± 0.09 0.23 0.50 0.79 31.0 0.49 

0.17 0.49 0.56 49.5 0.38 

VP-CB-45 

0.35 
0.24 ± 

0.1 

0.50 1.57 
1.65 ± 

0.26 

27.0 0.64 

0.56 ± 0.07 0.21 0.50 1.94 20.5 0.53 

0.16 0.50 1.45 24.0 0.51 

VP-CN-45 

0.22 
0.23 ± 

0.01 

0.50 1.68 
1.75 ± 

0.16 

20.5 0.53 

0.47 ± 0.08 0.24 0.50 1.63 11.5 0.51 

0.23 0.50 1.93 29.0 0.37 

VP-CB-60 

0.20 
0.17 ± 

0.03 

0.50 1.59 
1.63 ± 

0.12 

36.0 0.41 

0.34 ± 0.06 0.15 0.50 1.54 45.0 0.30 

0.15 0.50 1.76 47.0 0.31 

VP-CN-60 

0.50 
0.35 ± 

0.22 

1.00 1.70 
1.79 ± 

0.11 

39.5 0.55 

0.54 ± 0.33 0.45 0.60 1.91 31.0 0.87 

0.10 0.50 1.76 15.0 0.20 

VP-CB-75 

0.39 

0.34 ± 

0.05 

0.50 1.77 

1.56 ± 

0.2 

46.0 0.71 

0.6 ± 0.33 
0.30 2.00 1.51 21.5 0.10 

0.36 0.50 1.32 24.0 0.79 

0.29 0.51 1.65 14.5 0.78 

VP-CN-75 

0.31 
0.24 ± 

0.07 

0.49 1.74 
1.85 ± 

0.13 

47.0 0.72 

0.62 ± 0.22 0.23 0.50 2.00 44.5 0.78 

0.18 0.49 1.82 39.5 0.37 

IP-CB-45 

1.25 
0.77 ± 

0.47 

1.50 4.37 
4.01 ± 

0.36 

23.5 0.86 

1.08 ± 0.59 0.32 0.50 3.66 18.5 0.64 

0.75 0.50 4.00 30.5 1.79 

IP-CN-45* 

0.60 
0.63 ± 

0.04 

0.85 4.45 
4.06 ± 

055 

31.5 0.78 

1.1 ± 0.45 -- -- -- -- -- 

0.65 0.50 3.66 24.0 1.42 

IP-CB-60 

0.75 
0.41 ± 

0.31 

1.50 4.16 
4.17 ± 

0.14 

32.0 0.53 

0.45 ± 0.11 0.16 0.50 4.31 30.5 0.33 

0.3 0.60 4.04 31.5 0.50 

IP-CN-60 

1.00 
0.71 ± 

0.4 

1.00 4.67 
4.35 ± 

0.71 

35.5 1.05 

0.85 ± 0.31 0.25 0.50 4.85 31.5 0.50 

0.88 1.00 3.54 27.5 1.01 

IP-CB-75 

0.23 
0.67 ± 

0.41 

0.50 4.94 
4.41 ± 

0.96 

42.0 0.46 

0.64 ± 0.16 1.05 1.50 3.30 26.0 0.77 

0.74 1.25 4.99 20.5 0.69 

* one specimen in the configuration failed during transport 

 

4.3.3 Specimen rotation 

In the early stages of loading, low rotation values were observed in the veneer. As loading 

continued, rotation increased in varying magnitudes across specimens (Fig. 4.11), reaching a 

maximum average value of 4.5° at the peak load (IP-CB-75). The peak rotation values were 

observed at the peak load of the specimens, showing that there was no bearing action before the 

capacity of the connectors was reached. For the HP specimens (flat plate connector) the rotation 

at the proportional limit (P.L) was very small, with an average value of 0.1° (Fig. 4.11d). For the 

VP and IP specimens, the average rotation at PL was 0.38°. The cosine of 0.1 and 0.38° (veneer 

rotation at the proportional limit for the HP, VP, and IP specimens) or 4.5° (the highest rotation 
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recorded at peak for all specimens), is very close to unity (0.99). This makes the effect of the 

measured veneer rotations negligible for this small-scale test, and the peak load observed reflects 

the accurate capacity of the connectors. 

  

  
Figure 4.11: Average veneer rotation for specimens with various connectors and embedment 

lengths (a) 75 mm (b) 60 mm (c) 45 mm (d) horizontal plate 

4.3.4 Failure modes and post-test inspection 

Two distinct failure modes were observed. For the specimens with the horizontal (HP) and vertical 

(VP) plate connector, cracks initiated (Point A) at the mortar joint enclosing the connector and tie 

(Fig. 4.12a,b,d,e), after which failure of the connector occurred due to twisting (Point B, Fig. 

4.12g,h).  

For the inclined connector, failure was initiated by buckling of the compression member (Point 

A, Fig. 4.12c,f), transitioning to the pullout of the tie in the lower inclined member of the connector 

(Point B, Fig. 4.12i). The final failure of the three connectors was delamination of the mortar joint 

in the veneer wythe and/or collapse of the veneer wythe (Point C, Fig. 4.12j,k), which occurred 

after peak load. Cracks appeared in the later phases of deformation for specimens with concrete 

bricks, unlike samples with clay bricks where cracks appeared in the early stages of deformation. 

This may be attributed to the higher bond strength developed from the deeper and wider frogs 

present in the concrete veneer Rao et al. 1996). 

 

0

1

2

3

4

5

0 1 2 3 4 5

A
p

p
lie

d
 L

o
a

d
, 
k
N

Rotation, Degrees

VPCB75-avg

IPCB75-avg

VPCN75-avg

(a)

0

1

2

3

4

5

0 1 2 3 4 5

A
p

p
lie

d
 L

o
a

d
, 
k
N

Rotation, Degrees

IPCB60-avgIPCN60-avg

VPCB60-avg

(b)

VPCN60-avg

0

1

2

3

4

5

0 1 2 3 4 5

A
p

p
lie

d
 L

o
a

d
, 
k
N

Rotation, Degrees

VPCB45-avg

IPCN45-avg

VPCN45-avg

(c)

IPCB45-avg

0

1

2

3

4

5

0 1 2 3 4 5

A
p

p
lie

d
 L

o
a

d
, 
k
N

Rotation, Degrees

HPCB-avg

(d)

HPCN-avg



76 

 

 HP VP IP 

T
y

p
ic

al
 g

ra
p

h
ic

al
 

re
sp

o
n

se
 

   

 
Figure 4.12: Failure mode and post-test investigation. Typical response of specimens with (a) 

HP connector (b) VP connector (c) IP connector. Failure/crack initiation in (d) HP specimens 

I VP specimens (f) buckling of compression of IP specimens. Second stage of failure (g) 

bending failure of HP connectors (h) twisting of VP connectors (i) failure of tension part IP 

connector (j) Delamination of veneer (k) collapse of veneer 

4.4 GENERAL COMPARISON 

At the time of this research, there have not been recent tests published on the longitudinal shear 

behaviour of connectors for masonry construction, with only Williams and Hamid (2005) 

examining the in-plane behaviour. 

4.4.1 Effect of connector type 

As anticipated, based on the mode of placement which changes the moment of inertia, the HP 

connectors (HP-CB, HP-CN) had lower stiffness and strength than the VP connectors under shear 
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loading. The average load at the proportional limit, stiffness, and peak load for the VP connectors 

was 1.74, 1.56, 2.97 times that of HP connectors. For IP connectors, the same parameters increased 

by 4.25, 2.46, 7.24 times compared to the HP connectors, and 2.44, 1,58, 2.46 times compared to 

the VP connectors. A major reason for the higher benefits seen with IP connectors is the better 

utilization of material. The IP connectors have a member that is in compression, and a tension part 

that is attached to an embedment tie that provides additional resistance. The tests show that the tie 

in the VP connector does not lead to increased capacity during the shear tests. This is because both 

the end of the VP connector and the tie rest on the veneer (Fig. 4.2b), with the connector taking 

the majority of the load. This renders the tie largely ineffective irrespective of embedment length. 

However, the tie would play a considerable role under pure tension and compression. The HP 

connector (plate connector laid horizontally) did not have an added tie. 

The behaviour of the three connectors in the elastic range can be depicted as a beam with a 

fixed-hinge end condition (Fig. 4.13), where the part of the tie attached to the CMU with screws 

is assumed fixed while the end of the tie in the veneer is assumed to be a hinge. The maximum 

fixed end moment (𝑀𝐹𝐸) is obtained using Eq. 4.2. The dowel force (fixed-end shear, 𝑉𝐹𝐸) is 

represented using Eq. 4.3 and the maximum fixed-end shear (𝑉𝑚𝑎𝑥,𝐹𝐸)is obtained using Eq. 4.4. 

 

 
Figure 4.13: Fixed-hinge connector end condition. 

 𝑀𝐹𝐸 =
3𝐸𝐼

𝐿2
∆ (4.2) 

 𝑉𝐹𝐸 =
3𝐸𝐼

𝐿3
∆ (4.3) 
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 𝑉𝑚𝑎𝑥,𝐹𝐸 =
2𝑓𝑦𝐼

𝐿ℎ𝑐
 (4.4) 

ℎ𝑐 is the height of the connector, ∆ is the transverse displacement, 𝑓𝑦 is the yield strength of the 

connector/tie, 𝐿 is the connector length. The connectors are also examined for their critical moment 

(𝑀𝑐𝑚) due to lateral torsional buckling using Eq. 4.5. 

𝑀𝑐𝑚 =
𝜋𝜔2
𝐿
√𝐸𝐼𝑦𝐺𝐽 (4.5) 

𝐺, 𝐽 are the shear modulus and St. Venant torsional constant. 𝜔2 is the equivalent moment factor 

to account for a beam with unequal end moments, taken as 1.75 (Nethercot and Trahair 1976). The 

shear force (𝑉𝑐𝑚) associated with the moment 𝑀𝑐𝑚 can be obtained using Eq. 4.6. 

𝑉𝑐𝑚 =
𝑀𝑐𝑚
𝐿

 (4.6) 

Generally, according to Eq. 4.3 and 4.4, larger 𝐼 results in a larger force carried by the connector. 

For the HP and VP connectors, the fixed end moment obtained using Eq. 4.5 was found to be 

larger than that obtained using Eq. 4.2. This means the HP and VP connectors will fail before 

lateral torsional buckling occurs (Table 4.3). Therefore, the maximum predicted force, using Eq. 

4.4, for the HP and VP connector is obtained as 0.21 and 1.77 kN, respectively (including the 

average weight of clay and concrete bricks). The average predicted/test ratio of the HP connectors 

is 0.36, while that of the VP connector is 1.04. The failure of the inclined connector is a function 

of the capacity of its compression and tension members, along with that of the embedded ties 

(pullout), or breakout of the mortar in the joint hosting the tie. Buckling of the compression 

member in the IP connector was expected since its thickness and width were far smaller than its 

length. The mode of buckling can be explained using the Euler buckling formula (Eq. 4.7) to 

predict the buckling load (𝑃𝑏).  

 𝑃𝑏 =
𝜋2𝐸𝐼

(𝐾𝐿)2
 (4.7) 

where 𝐸, 𝐼 is the elastic modulus and moment of inertia of the connector, while 𝐾 is a factor 

accounting for the end condition. Buckling will be based on the connector axis with the smaller 𝐼 
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(weak axis), which is why the compression member of the IP connector buckled as shown in Fig. 

4.12f. 

The effective length factor is between 0.7 and 0.8, which are the theoretical and recommended 

design values for a fixed-hinged beam, respectively. For the IP member in tension, the capacity 

(𝑉𝑦,𝑇) can be estimated using Eq. 4.8. 

 𝑉𝑦,𝑇 = 𝐴𝑛𝑠𝑓𝑦 (4.8) 

𝐴𝑛𝑠, 𝑓𝑦 are the net cross-sectional area and yield strength of the connector. 

While the capacity of the embedded tie attached to the connector part in tension can be evaluated 

using Eq. 4.8, its contribution could also be limited to the pullout capacity, Eq. 4.9 (force needed 

to create an outward sliding of the tie when bond is lost with mortar). Equation 4.9 (𝑉𝑝𝑇), was 

initially developed by Kuhn and Shaikh (1996) for the pullout strength of anchors embedded in 

masonry and concrete. 

 𝑉𝑝𝑇 = √𝑓𝑚𝑟 (0.15𝜋∅(𝑙ℎ𝑘 + 𝑙𝑒𝑚 + ∅) + (1.5√𝑓𝑚𝑟∅𝑙ℎ𝑘)) (4.9) 

𝑓𝑚𝑟 is the mortar strength, 𝑙ℎ𝑘, 𝑙𝑒𝑚, ∅,  are the hooked length (45 mm), embedded length, diameter, 

and area of the embedded tie. 

The contribution of the tie is also limited to the mortar breakout capacity (outward formation 

of a cone-like shape of mortar as the tie tries to slide outward). The breakout capacity is evaluated 

using Eq. 4.10 based on provisions in TMS 402/602 (2016). 

 𝑉𝑏𝑟 = 0.33√𝑓𝑚𝑟𝐴𝑝𝑡 (4.10) 

where 𝐴𝑝𝑡 is the projected tension breakout area, obtained using Eq. 4.11. 

 𝐴𝑝𝑡 = 2𝑙𝑒𝑚𝑡 + 𝑙𝑒𝑚
2 (
𝜋𝜃

180
− sin 𝜃) (4.11) 

where 𝜃 is the angle of breakout, obtained using Eq. 4.12. 

 𝜃 = 2 sin−1 (
0.5𝑡

𝑙𝑒𝑚
) (4.12) 

𝑡 is the thickness of the mortar joint. 
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Table 4.3: Model Results 

Connector 

type 

𝑉𝑚𝑎𝑥,𝐹𝐸  

(Eq. 4.4), 

kN 

𝑉𝑐𝑚 

(Eq. 

4.6), 

kN 

𝑃𝑏  (Eq. 4.7), 

kN 

𝑉𝑦,𝑇 

(Eq. 

4.8), 

kN 

𝑉𝑝𝑇 

(Eq. 

4.9), 

kN 

𝑉𝑏𝑟 
(Eq. 

4.10), 

kN 

Average 

test 

value, 

kN 

Predicted  

/test ratio 
𝐾(0.7) 𝐾(0.8) 

HP 0.21 84.3 
14.4 10.9 16.0 

- - 0.58 0.36 

VP 1.77 84.3 - - 1.71 1.04 

IP 0.32 1.65 2.19 1.68 9.41 

12.7a, 

13b, 

13.2c 

2.45a, 

3.26b, 

4.08c 

4.20 0.85 

Governing load in bold (including self-weight of brick). The strength of the IP connector was obtained by adding values in 

bold from Eq. 4.4 and Eq. 4.10 
a,b,c Computed values are for the attached tie to the IP connector with 45, 60, and 75 mm embedment length, respectively 

 

4.4.2 Effect of tie embedment length 

Test results of different embedment lengths for the VP and IP connectors are shown in Table 4.2 

(the HP connector did not have a tie and was only attached to the CMU with screws).  

For the VP connector with tie embedment lengths of 60 and 75 mm the average load at the 

proportional limit, peak, and stiffness, was 1.08, 1.01, 0.85 and 1.21, 1.01, 1.17 times that of the 

45 mm embedment respectively. Similarly, for the IP connector, the ratios were 0.8, 1.06, 0.60 

and 0.96, 1.09, 0.59 when the embedment length was increased from 45 mm to 60 and 75 mm, 

respectively. Physically examining the end of the VP connector that also rests on the veneer as the 

rectangular-bent round tie (Fig. 4.2b), loading was always on the connector, which renders the 

rectangular-bent round tie largely ineffective irrespective of embedment length (Fig. 4.14a,b) in 

shear testing. From shear testing conducted in this study, it can be inferred that those instances of 

minimal increase in capacities with larger tie embedment length in the VP connector may be 

attributed to variability in construction, rather than a direct effect of the tie.  

After buckling of the compression member in the IP connector, the tie attached to the tension 

member still provides resistance. With continued deformation, as observed in most specimens for 

all embedment lengths, ties began to stretch (Fig. 4.12i). After peak load, pullout occurred, 

followed by the collapse of the veneer (Fig. 4.12k). This suggests that even the smallest 

embedment length (45 mm) tested in this study, is sufficient in preventing pullout of the tie before 

peak load is reached., explaining why specimens with 45, 60, and 75 mm embedment lengths 

achieved similar capacities (Table 4.2, 4.3). 
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Using Eq. 4.7, the buckling load for the compression member of the IP connector results in 

1.62 and 1.25 kN, for the theoretical and recommended effective length factors, respectively 

(Table 4.3). Its moment capacity from bending (Eq. 4.2) is 0.04 kNm, while its lateral torsional 

buckling capacity obtained using Eq. 4.5, is 0.35 kNm. The pullout capacity (Eq. 4.9) for the 45, 

60, and 75 mm are 12.7, 13, and 13.2 kN, respectively. The net section tensile capacities for tie 

were obtained using Eq. 4.8 was 10.3 kN, while that for the traditional and inclined connector 

were 16 and 9.41 kN, respectively. The breakout capacity for the 45, 60, and 75 mm embedment 

lengths are 2.45, 3.26, and 4.08 kN, respectively (Table 4.3). This means mortar breakout at the 

veneer will occur before connector pullout for all embedment lengths. Therefore, the failure load 

for the IP connector will be a combination of bending of the compression member and mortar 

breakout in the bottom embedded tie. For the 45, 60, and 75 mm embedment, the predicted load 

was 2.75, 3.58, and 4.40 kN, respectively (including the self-weight of the brick). When compared 

to test results, it gives an average prediction/test ratio of 0.85 (Fig. 4.14b). 

  
Figure 4.14: (a) Effect of change in embedment length, connector type, and embedded length 

(b) test vs predicted results 

4.4.3 Effect of veneer type 

The effect of the veneer type (clay and concrete brick) is shown in Table 4.2 and Figs. 4.7-4.10. 

The average capacity ratio between CB and CN specimens at the proportional limit, peak load, 

and stiffness, was 0.9 ± 0.1, 0.94 ± 0.1, and 0.84± 0.1, respectively. This suggests that apart from 

architectural purposes and the slower progression of cracks to the exterior of the veneer made with 
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concrete bricks, as mentioned earlier, there was no significant difference in the response of the 

specimens constructed from clay bricks compared to those with concrete bricks.   

4.4.4 Implications to wall design 

While there are other sources of connector loading, such as thermal loading, the only loading 

considered in this section is a uniformly distributed pressure over the veneer wythe (i.e., a wind 

load). Under out-of-plane load, the shear connectors are activated to create partial composite 

action (Fig. 4.15). The response of the connectors can be investigated with a shear testing scheme 

such as the one used in this study. 

 
Figure 4.15: (a) cavity wall under out-of-plane loading (b) response of cavity wall under out-

of-plane loading 

Overall, the IP connector has larger shear stiffness and strength than the HP and VP connectors, 

respectively, which gives it a structural advantage in a full-scale wall. While the net cross-sectional 

area of the IP connector is only 80% that of the VP and HP connectors, connectors with larger 

shear stiffness tend to attract more thermal bowing (Brick Industry Association 2003, Pozo-Lora 

2018, Stonkuvienė et al. 2021, Arevalo and Tomlinson 2020). 

It is worth mentioning that the specimens tested in this Investigation were built without 

insulation material in the cavity.  The presence of insulation may influence the results (for instance, 

 (a)  (b) 
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laterally supporting the connector). However, the contribution of the insulation was neglected 

assuming an extreme case where the lateral support from the insulation could not be relied on, as 

stated in CSA A370:14 (2018). It is also noted that a full-scale wall may have a shelf angle 

supporting the veneer, which reduces the gravity load on the connector.  For low-rise buildings, 

designers may consider supporting the weight of bricks with shelf angles only up to the first row 

of connectors from the bottom, while connectors (especially the IP connectors) carry the weight 

of the bricks upwards, with expansion joints provided. 

4.5 CHAPTER SUMMARY AND CONCLUSIONS 

The longitudinal shear performance of a novel IP connector was analyzed against traditional plate 

connectors. The cavity width studied was made to reflect increasing insulation thicknesses seen 

across energy codes. The novel inclined connector is a first in literature for masonry construction 

(research and practice). This connector has been shown to offer more capacity per unit area, 

leading to savings in material. The following was concluded from this study. 

1. Due to its diagonal shape, the IP connector attained larger strength and stiffness than the 

existing plate connector. Overall, the average normalized strength-to-connector cross-

sectional ratio for the IP connector was 35 N/mm2, while that of the HP and VP connectors 

were 3.83 and 11.4 N/mm2, respectively. 

2. Cracks appeared in the later stages of deformation for samples with concrete bricks, while 

cracks appeared early on in samples having clay bricks. In addition, there was no 

substantial difference in the stiffness and strength when concrete and clay bricks were used 

as veneer. 

3. The rectangular-bent round tie used with the vertical plate connector appeared not to affect 

the results in this shear test irrespective of the embedment length. This is because the end 

of the VP connector also sits on the veneer as the rectangular-bent round tie. Similarly, for 

the IP connector, there was no major difference in the results for 45, 60, and 75 mm 

embedment lengths. However, the embedment length of the rectangular-bent round tie 
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would have a considerable role under pure tension and compression. It is recommended 

that tie embedment lengths lesser than 45 mm be tested to see the optimal amount of 

embedment needed to prevent the pullout of the tie.  

4. The thickness of the connectors and ties can be increased to 5 and 6.7 mm respectively to 

increase the strength contribution based on larger sectional properties while maintaining 

limitations (mortar thickness of 10 mm) set by CSA A370:14 (2018). In jurisdictions where 

a 15 mm mortar thickness is prevalent, the sizes of the connector and tie can be increased 

further. 

5. The average predicted-to-test ratio for the VP and IP connectors were 1.04 and 0.85, 

respectively. Meanwhile, the predicted-to-test ratio for the HP connector was less accurate 

(0.36), and appropriate characterization of the end-condition is critical in predicting the 

strength and failure mode of the connector. 
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5. SIMPLIFIED LOAD-DEFLECTION ANALYTICAL MODEL FOR PARTIALLY 

COMPOSITE INSULATED CONCRETE WALL PANELS UNDER FLEXURAL 

LOADING 

5.1 INTRODUCTION 

Precast concrete insulated wall panels (IWP), also known as sandwich wall panels typically consist 

of two concrete layers (wythes) that surround an insulation layer. Insulation is placed for thermal 

purposes and its low density helps IWPs achieve its lightweight nature compared to solid concrete 

wall panels. IWPs are generally precast which facilitates better quality control than cast-in-place 

solutions, making IWPs effective for exterior walls in many buildings (Leung 1984, Choi et al. 

2015). 

Panels are classified as non-composite (wythes act as separate units to carry the load), fully 

composite (wythes act together with no strain discontinuity between them), and partially 

composite where the load transfer between the wythes is a fraction of a fully composite panel. 

Attaining full composite action by strength does not translate to full composite action by stiffness, 

and vice-versa (Al-Rubaye et al. 2019, Chen et al. 2020). A fully composite panel by strength 

means there are sufficient connectors needed to make both wythes act together at peak load; for a 

fully composite panel by stiffness, there is no slip (i.e., strain discontinuity) between the wythes 

meaning that the full moment of inertia of the panel can be used. Though fully composite panels 

have structural advantages over other classes, this comes at the expense of thermal efficiency and 

increased thermal bowing (Arevalo and Tomlinson 2020). This makes some designers opt for non-

composite panels that have thicker wythes but with limited bowing. 

Wythes are joined by shear connectors which are the main facilitators of composite action 

between the wythes (Bunn 2011, Gara et al. 2012, Tomlinson and Fam 2016a). Connectors such 

as solid concrete zones and steel wire trusses are used to attain higher strength and stiffness 

(Benayoune et al. 2008, Bush and Stine 1994, Joseph et al. 2019) but permit significant thermal 

bridging which reduces IWP thermal efficiency (Frankl et al. 2008, PCI 2011, Rizkalla et al. 2009, 



86 

 

Woltman et al. 2017). Connectors made from Fibre-Reinforced Polymer (FRP) connectors are 

used as an alternative due to their low thermal conductivity (Erki and Rizkalla 1993, Alnahhal et 

al. 2006) which has been seen in experiments (Keenehan et al. 2012, Kinnane et al. 2020). 

However, the lower stiffness of FRPs (especially Glass FRP (GFRP)) relative to steel leads to 

lower composite action than a similarly designed panel with steel connectors (Chen et al. 2015, 

Yossef and Chen 2018). The initial use of FRP connectors in the 1980s was as pin types (Waldron 

2004), with trusses, grid and inclined connectors introduced later to increase stiffness and strength 

(Arevalo and Tomlinson 2020, Bunn 2011, Bush and Stine 1994, Egbon and Tomlinson 2021, 

Hassan and Rizkalla 2010, Kim and You 2015, Sopal 2013). 

Though connectors are the main source of composite action between wythes, the insulation 

also contributes. This is evident in panels with Expanded Polystyrene (EPS) insulation having 

larger shear capacity than those with other insulation types such as Extruded Polystyrene (XPS) 

or Polyisocyanurate (PIR) (Bunn 2011, Kazem et al. 2015). The structural contribution of 

insulation was also evident when the insulation-concrete bond of XPS was improved through 

surface roughening (Oh et al. 2013). Similarly, Egbon and Tomlinson (2023) utilized rectangular 

and trapezoidal notches in panels made with XPS and a 9.5 mm connector, leading to a 50 and 

27% increase in the peak load, and a 12% when a 16 m connector was used. However, the 

structural contribution of the insulation layer is still a cause of debate among designers with some 

only considering its contribution during handling and erection of the panel, and neglected during 

its service life (PCI 2011). 

The design of non and fully composite panels follows practices in reinforced concrete taught 

in many undergraduate civil engineering programs. However, for partially composite panels, the 

process is not straight-forward due to the need to quantify the longitudinal shear transferred by the 

connectors between the wythes (PCI 2011). 

Early analytical models for composite structures were based on differential equations for steel-

concrete composites and timber structures (Granholm 1949, Newmark et al. 1951, Stüssi 1947). 
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These studies served as a foundation for numerical formulations for concrete wall panels by 

Holmberg and Plem (1965). Afterwards, Allen (1969) proposed comparable analytical expressions 

for sandwich beams with thick and thin exterior wythes, but most of the formulations are for panels 

with a soft core (insulation) and thin skins (such as metal or fibreglass) and do not include the 

contribution of shear connectors like those used in insulated concrete wall panels. Just like earlier 

models, models such as that of Bai and Davidson (2015), provided complex formulations for the 

displacement, wythe slip, and stiffness of a panel.  

The beam-spring model by Olsen and Maguire (2016) only predicts up to cracking. In Al-

Rubaye et al. 2021), an iterative and simplified method was developed to estimate the load-

deflection properties of panels. However, the iterative and simplified method only predicts the 

load and deflection at panel cracking, and not up to yielding of the panel longitudinal 

reinforcement as well as panel peak load which is of interest to designers. Similarly, Al-Rubaye 

(2017) developed a model for cracking and ultimate capacity prediction with an assumption of a 

linear slip along the panel length, which produced agreeable results compared to experimental 

results. In addition, the end connector contribution at cracking was assumed to be at the 

proportional limit while the panel was assumed to have failed when the end-connector reached its 

peak capacity. However, deflections were only computed up to cracking. In Tomlinson and Fam 

(2016a), the connector slip is obtained by integrating differential strain along the panel length and 

also including constitutive models to estimate insulation and shear connector contribution, which 

makes the solution more complicated.  A similar procedure was implemented by Gombeda et al. 

(2017) using the principle of virtual work to evaluate the panel rotation from which shear 

connector forces were obtained. Meanwhile, Teixeira et al. (2016) developed a 2-dimensional 

model using beam elements for the wythes and link elements for the connectors, and also 

accounting for material non-linearity in concrete and steel. While the model by Teixeira et al. 

(2016) utilized a simplified bilinear curve from experimental connector test data to represent the 
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link element properties, a simplification of the model by Tomlinson and Fam (2016a), it still 

involves several iteration steps making it complex to use. 

In this study, a designer-friendly model based on a simplified moment-curvature response is 

used to generate the load-displacement response of partially composite panels. Designer-friendly 

in this context means most computations are well within the daily practice of a designer and can 

be executed using simple-to-use spreadsheet software. The curvature approach is different from 

the strength approach commonly used for steel-concrete composite beams where full composite 

action is assumed (Hassan and Rizkalla 2010, Teixeira et al. 2016). Consequently, the number of 

studs required to achieve a desired level of composite action can be easily obtained for steel-

concrete composite beams by multiplying the number of studs needed for full composite action 

with the ratio of the desired level of composite action and that for full composite action (100%). 

However, for partially composite concrete and cavity masonry walls, the number of connectors 

needed to attain a desired level of composite action cannot be easily obtained. This is because for 

partially composite concrete and cavity masonry walls, the connectors experience different 

amount of slip at various stages of loading, necessitating an iterative process for determination.  

The moment-curvature approach developed in this thesis is suitable to determine the degree of 

composite action at different curvatures. In addition, the model only predicts the behaviour for 

simply supported panels under one-way bending while the analysis for panels under two-way 

bending is beyond the scope of this study. Other discontinuities that may be in a wall, such as 

doors and windows, are also not considered here. 

The model was verified with results from 32 tests in literature where experimental shear data 

of the connector used was presented alongside that of full walls or could be traced to a previous 

publication. In addition, a parametric study was used to show the effect of panel length, 

reinforcement ratio as well as wythe thickness, connector diameter, connector spacing, connector 

inclination, and connector material. Formulations for the shear connector contribution as well as 

a design example are presented in Appendix A and B, respectively. 
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5.2 MODEL DESCRIPTION 

The difficulty in predicting the load carried by IWPs at various load stages is the determination of 

the connector contribution at any degree of composite action. The proposed approach uses 

sectional geometry, strain compatibility, and a simplified moment-curvature relationship obtained 

for various levels of composite action to predict the load-curvature response. The approach is 

developed for non-prestressed simply supported members under symmetric flexural loading and 

can be completed using a simple spreadsheet, while prestressed panels are beyond the scope of 

this work. The approach is also suitable for panels with unequal wythes and in the next sections, 

the assumptions for the materials along with the formulations to determine the connector capacity 

are presented. 

5.3 DETERMINATION OF CONNECTOR CONTRIBUTION (𝑽𝒄𝒏) 

When possible, a designer can obtain connector contribution from a separate shear connector 

testing program. Similarly, when assessing the performance of panels from literature the connector 

contribution can be obtained from published results if the panels have the same properties such as 

the insulation thickness, concrete strength, and connector size. This is important for connectors 

whose geometries are not regular such that properties (e.g., moment of inertia) cannot be 

determined easily or vary along the connector length. When connector shear test results are not 

available, they can be obtained using the formulations discussed below though limited to circular 

connectors. 

The shear contribution is from various mechanisms which Include insulation, as well as dowel 

and truss action (Fig. 5.1). 
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Figure 5.1: Shear transfer (a) dowel action (b) truss action (c) insulation 

If the insulation is bonded to the concrete in a panel, the panel strength and stiffness are often 

larger than that of a panel where the insulation is not bonded (Hodicky et al. 2013, Oehlers et al. 

1997, Tomlinson et al. 2016). When the insulation is bonded to concrete the insulation contribution 

(𝑉𝑖𝑠) with increasing slip (𝑠𝐿), can be obtained using Eq. 5.1 and is limited to the tensile strength 

of the insulation subjected to shear. 

 𝑉𝑖𝑛𝑠 =
𝐺𝑖𝑠𝐴𝑖𝑠𝑠𝐿
𝑡𝑖𝑠

≤ 𝑓𝑖𝑠,𝑡𝐴𝑖𝑠 (5.1) 

𝐺𝑖𝑠, 𝐴𝑖𝑠, 𝑡𝑖𝑠, 𝑓𝑖𝑠,𝑡 are the shear modulus, shearing area, thickness, and tensile strength of the 

insulation, respectively. 

5.3.1 Dowel action 

For dowel action, the dowel force (𝑃𝐿) with increasing slip is obtained using Eq. 5.2 or Eq. 5.3. 

Equation 5.2 provides the connector flexural strength while Eq. 5.3 provides the shear strength 

under a dowel force (𝑃𝐿). The smaller of the two values governs the connector capacity.  

 
𝑃𝐿 =

12𝐸𝑏𝐼𝑐𝑛
𝑋3

𝑠𝐿 ≤
4𝑓𝑢,𝑐𝐼𝑐𝑛
𝑋𝐷

 (5.2) 

 
𝑃𝐿 =

12𝐸𝑏𝐼𝑐𝑛
𝑋3

𝑠𝐿 ≤
𝐴𝑐𝑛𝑓𝑢,𝑟𝑛
𝑘

 (5.3) 

where 𝑋, 𝐷, 𝐴𝑐𝑛, 𝐼𝑐𝑛, 𝐸𝑏 are the horizontal length, diameter, cross-sectional area, moment of 

inertia, and flexural modulus of the connector, respectively. 𝑘 is a constant accounting for the ratio 

of the maximum and average shear stress which equals 1.33 for circular cross-sections. 𝑓𝑢,𝑟𝑛 is the 

(a) (b) (c) 
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tensile strength of the resin, and 𝑓𝑢,𝑐 is taken as the compressive strength for an FRP connector 

and the yield strength for a connector made with steel. The compressive strength of FRP is 

different from its tensile strength and can be taken as 55% of its tensile strength (Khorramian and 

Sadeghian 2019). 

For FRP connectors under dowel action, the connector utilizes its flexural properties while for 

FRP connectors under truss action, the connector utilizes its axial and bending properties. This is 

why in Eq. 5.3 (dowel action) 𝐸𝑏 is the flexural modulus of elasticity. Meanwhile, for truss action 

(Eq. 5.4),  𝐸𝑙 in the first part of Eq. 5.4 (axial part) is the longitudinal modulus of elasticity while 

that for the second part of Eq. 5.4 (bending action) is the flexural modulus of elasticity. Unlike 

steel, the flexural modulus of elasticity for FRP is different from its longitudinal modulus of 

elasticity. For small FRP connector sizes, the flexural modulus of elasticity is similar to the 

longitudinal modulus of elasticity as the fibres in the bar are better engaged under bending. For 

larger FRP connector sizes, the flexural modulus of elasticity deviates from the longitudinal 

modulus of elasticity (Benmokrane et al. 2017). 

5.3.2 Truss action (tension) 

The connector force from a connector under truss action before material failure (𝑃𝑇) is obtained 

using Eq. 5.4. 

𝑃𝑇 = (𝐸𝑙 (
√(𝑋 tan 𝜃 + 𝑠𝐿)

2 + (𝑋)2 − 𝐿

𝐿
) +

3𝐸𝑏𝐷

𝑋2
𝑠𝐿)𝐴𝑐𝑛 sin (𝑡𝑎𝑛

−1 (
𝑋 tan 𝜃 + 𝑠𝐿

𝑋
)) (5.4) 

𝑋 is the horizontal connector length and 𝜃 is the angle of inclination, 𝐸𝑙 is the longitudinal modulus 

of elasticity for the connector. Derivations for Eq. 5.1 to 5.4 are shown in Appendix A. 

The resistance for a connector in tension is limited to the shear force at pullout (𝑃𝑏𝑓). For a 

connector made with FRP, 𝑃𝑏𝑓 is taken from CAN/CSA S806-12 (2021) (rearranged as Eq. 5.5) 

while that of a connector made with steel is obtained from CSA-A23.3-19 (2019) (rearranged as 

Eq. 5.6). In Eq. 5.5 and 5.6, it is assumed that the pullout strength is directly proportional to the 

embedment length considering the small embedment of connectors. As connectors are anchored 
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in the concrete wythes without being tied to the wythe’s reinforcement, sufficient embedment 

length ensures the connectors do not fail (pullout) after the concrete wythe cracks. Also from shear 

connector tests (Arevalo and Tomlinson 2020, Egbon and Tomlinson 2023), pullout of connectors 

was not observed where sufficient embedment was provided. 

 𝑃𝑏𝑓 = (
𝑙𝑒𝑑𝑐𝑠√𝑓𝑐

′

1.15𝑘1𝑘2𝑘3𝑘4𝑘5
) sin 𝜃 (5.5) 

 𝑃𝑏𝑓 = (
𝑙𝑒𝑑𝑐𝑠√𝑓𝑐

′

1.15𝑘1𝑘2𝑘3𝑘5
) sin 𝜃 (5.6) 

𝑙𝑒 is the embedment length of the connector, 𝑓𝑐
′ is the concrete strength, 𝑑𝑐𝑠 is the distance from 

the closest concrete surface to the connector, 𝑘1, 𝑘2, 𝑘3, 𝑘4, 𝑘5 are factors accounting for the 

connector location, concrete density, connector size, FRP type, and surface profile.  

Failure could also be due to concrete breakout due to the accumulation of stresses around the 

connector which eventually pushes out the surrounding concrete, especially those with a diameter 

of at least 10 mm (Cox et al. 2019, Egbon and Tomlinson 2021). The concrete breakout capacity 

(𝑃𝑏𝑟) is shown in Eq. 5.7 CSA-A23.3-19 (2019), which was developed for steel headed anchors 

in concrete. 

 𝑃𝑏𝑟 = (√𝐷𝑓𝑐
′𝑐1.5 (

𝑙𝑒
𝐷
)
0.2

) sin 𝜃 (5.7) 

𝑐 is the wythe thickness. 

5.3.3 Truss action (compression) 

While the demand on a connector in compression can be determined using Eq. 5.4, the strength of 

a connector in compression is limited to the buckling (𝑃𝑏𝑢) and material failure (Eq. 5.8,5.9). 

 𝑃𝑏𝑢 = (
𝜋2𝐸𝑐𝑛𝐼𝑐𝑛
(0.66𝐿)2

) sin 𝜃 (5.8) 

 𝑃𝑚 = (𝑓𝑚𝑐𝐴𝑐𝑛) sin 𝜃 (5.9) 

The connector is taken as a fixed-fixed beam with an effective length factor of 0.66, and 𝑓𝑚𝑐 is the 

connector’s compressive strength. For FRP connectors 𝑓𝑚𝑐 is taken as the compressive strength, 



93 

 

which is taken as 55% of its tensile strength (Khorramian and Sadeghian 2019). For steel 

connectors 𝑓𝑚𝑐 is the yield stress, 𝑓𝑦. 

5.4 MATERIAL RELATIONSHIPS 

5.4.1 Concrete 

Under tension, concrete cracks when it reaches its modulus of rupture (𝑓𝑟) shown in Eq. 5.10 

(CSA-A23.3-19 (2019). The concrete tensile contribution is zero after cracking. Under 

compression, concrete is modelled to be linear up to the yielding of the panel longitudinal 

reinforcement. At the yielding of panel longitudinal reinforcement, the linear assumption for 

concrete (under compression) produced similar values as when concrete was assumed to be non-

linear, as shown in section 5.6.2. As shown in section 5.6.3, 𝛼1 and 𝛽1 from CSA-A23.3-19 (2019) 

were used to estimate the capacity at ultimate (concrete crushing). The tensile contribution of 

concrete after cracking via tension stiffening was considered negligible at panel longitudinal 

reinforcement yielding and concrete crushing (Lin 2010). The modulus of concrete in the elastic 

range, 𝐸𝑐, is obtained using Eq. 5.11 (CSA-A23.3-19 2019). 

 𝑓𝑟 = 0.6√𝑓𝑐
′ (5.10) 

 𝐸𝑐 = (3300√𝑓𝑐
′ + 6900)(

𝛾
𝑐

2300
)
1.5

 (5.11) 

𝑓𝑐
′, 𝛾𝑐 are the compressive strength and density of concrete. 

5.4.2 Steel 

The reinforcing steel rebar is assumed to behave as an elastic-perfectly plastic material i.e. having 

constant stress after yield, with an elastic modulus 𝐸𝑠 (Fig. 5.2). Welded Wire Fabric (WWF) is 

modelled using a bilinear curve (Fig. 5.2), having the same elastic modulus as the steel rebar (𝐸𝑠) 

and a post-yield modulus (𝐸𝑝𝑦) which terminates at its ultimate stress. 𝐸𝑝𝑦 is obtained using Eq. 

5.12. 

 𝐸𝑝𝑦 =
𝑓
𝑠𝑢
− 𝑓

𝑦

𝜀𝑠𝑢 − 𝜀𝑦
 (5.12) 
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5.4.3 FRP 

FRP is assumed to behave as a linear elastic material up to failure, having an elastic modulus, 𝐸𝑓𝑟𝑝  

(Fig. 5.2). 

 

Figure 5.2: Constitutive model for steel rebar, WWF, and FRP (𝜺𝒚, 𝒇𝒚 are the yield strain and 

stress for the steel rebar, respectively. 𝜺𝒖,𝒇𝒓𝒑, 𝒇𝒖,𝒇𝒓𝒑 are the strain and stress and failure) while 

𝜺𝒔𝒖, 𝒇𝒔𝒖 refers to the ultimate strain and stress for the WWF. 
 

5.5 DEVELOPMENT OF MOMENT-CURVATURE RESPONSE 

The development of the moment-curvature response is essential to the determination of the load-

deflection response. To determine the moment-curvature response for a partially composite panel, 

it is essential to note that its response is between that of a non (NC) and fully (FC) composite 

panel. Previous analytical models like Gombeda et al. (2017) and Tomlinson and Fam (2016a) use 

a cumbersome process to determine the moment-curvature response for partially composite walls, 

which are not easy to follow by designers and may create a barrier to usage. 

In this study, the moment-curvature response is simplified by carrying out evaluations at only 

three points: first cracking (concrete wythe), yielding (panel longitudinal reinforcement), and 

ultimate (concrete crushing)/rupture of longitudinal reinforcement. These points were selected 

since each is familiar to designers. 

5.6 NON AND FULLY COMPOSITE SECTIONS 

5.6.1 Analysis before cracking 

The cracking moment (𝑀𝑐𝑟) is obtained using Eq. 5.13. 

Rebar
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fu,frp
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𝑀𝑐𝑟 =
𝑓𝑟𝐼𝑡
𝑦𝑡

 (5.13) 

For non- and fully composite sections, 𝑦𝑡 is the distance from the centroid (�̅�) to extreme fibre 

tension, 𝐼𝑡 is the transformed moment of inertia, 𝑓𝑟 is the modulus of rupture of the extreme tension 

fibre. For wythes with large flexural reinforcement ratio away from the middle, 𝐼𝑔 (gross moment 

of inertia) underestimates the capacity of the section. For non-composite sections, the dimensions 

of the individual wythes are used for computation while for the fully composite section, the section 

is considered as a beam having top and bottom reinforcement with height (ℎ) as shown in Fig. 5.3 

and Table 5.1. For non-composite sections, 𝑀𝑐𝑟 is obtained for individual wythes and added 

together. 

The curvature (𝜑𝑐𝑟) is assumed equal in both wythes. This means the wythes are displaced by 

equal amounts (Hassan and Rizkalla 2010) and obtained using Eq. 5.14. In non-composite panels 

with similar wythe thicknesses, cracking will occur in both wythes at the same curvature. For 

sections with different wythe thicknesses, the respective sections are checked to see which cracks 

first.  

𝜑𝑐𝑟 =
𝑀𝑐𝑟
𝐸𝑐𝐼𝑡 

 (5.14) 

 

The dimensions referenced in Table 5.1 are for rectangular wythes shown in Fig. 5.3. 𝐴𝑠1 and 𝐴𝑠2 

are the area of reinforcement in the top and bottom wythes, respectively while 𝑛 is the modular 

ratio (ratio of the elastic modulus of longitudinal reinforcement to that of concrete). 

 

Figure 5.3: Panel cross-section 
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Table 5.1: Uncracked Properties of non and fully composite sections 
Properties Non -composite section Fully composite section 

�̅� (

𝑏ℎ2
2

2
+ (𝑛 − 1)𝐴𝑠2𝑑2

𝑏ℎ2 + (𝑛 − 1)𝐴𝑠2
) (

𝑏ℎ2

2
+ +(𝑛 − 1)𝐴𝑠1𝑑1 + (𝑛 − 1)𝐴𝑠2𝑑3

𝑏ℎ + (𝑛 − 1)𝐴𝑠1 + (𝑛 − 1)𝐴𝑠2
) 

𝐼𝑡 (
𝑏ℎ2

3

12
+ 𝑏ℎ2 (

ℎ2
2
− �̅�)

2

+ (𝑛 − 1)𝐴𝑠2(𝑑2 − �̅�)
2) 

(
𝑏ℎ3

12
+ 𝑏ℎ (

ℎ

2
− �̅�)

2

+ (𝑛 − 1)𝐴𝑠1(𝑑1 − �̅�)
2

+ (𝑛 − 1)𝐴𝑠2(𝑑3 − �̅�)
2) 

𝐼𝑔 
𝑏ℎ2

3

12
 

𝑏ℎ3

12
 

𝑦𝑡 ℎ2 − �̅� ℎ − �̅� 

- Dimension of bottom wythe shown here for non-composite section analysis 

 

5.6.2 Analysis at yielding 

At yielding, concrete was assumed to be linear, and this assumption is reasonable for under-

reinforced concrete sections under which most insulated concrete wall panels fall. Concrete may 

also be assumed to be non-linear at yielding and the difference with the linear case, for moment 

and curvature, to be less than 2%. This check was done using the Hognestad model and similar 

results would be expected with other models. 

For a non-composite section, the yielding moment (𝑀𝑦) is obtained from Fig. 5.4a using Eq. 

5.15 (moment for bottom wythe shown). For a fully composite section, the moment is obtained 

from Fig. 5.4b using Eq. 5.16. 

 

 

 

 

𝑑𝑤 is the weighted average depth of 𝑑1and 𝑑3 found using Eq. 5.17. 

𝑀𝑦 = 𝐴𝑠2𝑓𝑦 (𝑑2 −
𝑘𝑑2
3 
) (5.15) 

𝑀𝑦 = 𝐴𝑠1𝑓𝑠 (𝑑1 −
𝑘𝑑𝑤
3 
) + 𝐴𝑠2𝑓𝑦 (𝑑3 −

𝑘𝑑𝑤
3 
) (5.16) 

𝑑𝑤 =
𝐴𝑠1𝑑1+𝐴𝑠2𝑑3
𝐴𝑠1 + 𝐴𝑠2

 (5.17) 
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Figure 5.4: Stress profile for (a) non composite section (bottom wythe shown only) (b) fully 

composite section. 

 

𝑓𝑠 is the steel stress in the top reinforcing layer, 𝑓𝑦 is the yield stress of the reinforcement. 𝑘 is the 

elastic cracked neutral axis factor. The curvature at yielding (𝜑𝑦), reinforcement ratio (𝜌) along 

with other parameters are defined in Table 5.2. 

Table 5.2: Cracked Properties of non and fully composite sections 
Properties Non -composite section Fully composite section 

𝜌 
𝐴𝑠2
𝑏𝑑2

 
𝐴𝑠1 + 𝐴𝑠2
𝑏𝑑𝑤

 

𝑘 √2𝜌𝑛 + (𝜌𝑛)2 − 𝜌𝑛 

𝐼𝑐𝑟 (
𝑏(𝑘𝑑2)

3

3
+ 𝑛𝐴𝑠2(𝑑2 − (𝑘𝑑2))

2) (
𝑏(𝑘𝑑𝑤)

3

3
+ 𝑛𝐴𝑠1(𝑑1 − (𝑘𝑑𝑤))

2 + 𝑛𝐴𝑠2(𝑑2 − (𝑘𝑑𝑤))
2) 

𝜑𝑦 
𝜀𝑦

𝑑2 − 𝑘𝑑2
 

𝜀𝑦
𝑑3 − 𝑘𝑑𝑤

 

- Dimension of bottom wythe shown here for non-composite section analysis 

𝜀𝑦 is the yielding strain for the reinforcement (𝜀𝑦 =
𝑓𝑦

𝐸𝑠
). 

5.6.3 Analysis at peak 

For panels with steel rebar as reinforcement, the strength at peak is evaluated at concrete crushing. 

For panels with WWF as longitudinal reinforcement, there is a possibility that the WWF may 

rupture at its tensile strength due to its lower ductility and reinforcement ratio compared to rebar, 

and the strength is taken as the lesser of the strength at steel rupture and that due to concrete 

crushing. For sections where the steel ruptures the concrete is assumed to be non-linear at this 

stage and evaluated using equivalent stress block factors 𝛼 and 𝛽 (Fig. 5.5a,b). For concrete 

crushing, equivalent stress block factors of 𝛼1 and 𝛽1 are used (Fig. 5.5c,d). 

(a) (b) 
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Figure 5.5: Stress profile for section strength for: Longitudinal reinforcement rupture (a) non 

composite (b) fully composite. Concrete crushing: (c) non composite (d) fully composite. 

The moment and curvature at concrete crushing (𝑀𝑢,𝑐, 𝜑𝑢,𝑐𝑐) and that at steel rupture (𝑀𝑢,𝑟 , 𝜑𝑢,𝑟) 

for non and fully composite sections are shown in Table 5.3. 

Table 5.3: Section properties at peak 
Properties Non composite sectiona Fully composite section 

𝛼b 
2

3
(
𝜀𝑐(3𝜀𝑐𝑜 − 𝜀𝑐)

2

(𝜀𝑐𝑜)
2(4𝜀𝑐𝑜 − 𝜀𝑐)

) 

𝛽b (
4 − (

𝜀𝑐
𝜀𝑐𝑜
)

6 − (
𝜀𝑐
𝜀𝑐𝑜
)
) 

𝛼1 0.85 − 0.0015𝑓𝑐
′ 

𝛽1 0.97 − 0.0025𝑓𝑐
′ 

𝑀𝑢,𝑐
c 𝐴𝑠2𝑓𝑦 (𝑑2 −

𝛽1𝑐2
2 
) 𝐴𝑠1𝑓𝑠 (𝑑1 −

𝛽1𝑐

2 
) + 𝐴𝑠2𝑓𝑦 (𝑑3 −

𝛽1𝑐

2 
) 

𝑀𝑢,𝑟
c 𝐴𝑠2𝑓𝑢 (𝑑2 −

𝛽𝑐2
2 
) 𝐴𝑠1𝑓𝑠 (𝑑1 −

𝛽𝑐

2 
) + 𝐴𝑠2𝑓𝑢 (𝑑3 −

𝛽𝑐

2 
) 

𝜑𝑢,𝑐𝑐  
𝜀𝑐𝑢
𝑐2

 
𝜀𝑐𝑢
𝑐

 

𝜑𝑢,𝑟 
𝜀𝑠𝑢
𝑐2

 
𝜀𝑠𝑢
𝑑3 − 𝑐

 

a Dimension of bottom wythe shown for non-composite section analysis 
b 𝛼 and 𝛽 are used for sections controlled by reinforcement rupture and 𝛼 was multiplied by 0.9 to account for the 

difference between the test cylinder value and the in-place value of concrete 
c Moment taken from concrete force C in fully composite sections 

 𝜀𝑐𝑢 is the ultimate concrete compression strain taken as 0.0035. 

5.7 ANALYSIS FOR PARTIALLY COMPOSITE SECTIONS 

For the non (NC) and fully (FC) composite section, the moment-curvature at cracking (concrete 

wythe), yielding (panel rebar), and ultimate (concrete crushing) can now be shown in plots (Fig. 

5.6). Subsequently, the moment-curvature response for a partial composite section i.e. percentage 

composite action between 0% (NC) and 100% (FC), can be determined using the following steps. 

(a) 

(a) 

(a) 

(c) (b) (d) 
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Figure 5.6: (a) Moment-curvature response for NC and FC sections (b) Off set of Moment-

curvature values (20% increments of intermediate composite action shown) (c) connection 

from origin to moment-curvature coordinates (d) Fully developed moment-curvature 

responses for intermediate levels of composite action 
 

1. Starting from cracking, the difference in moment (𝛿𝑀,𝐶𝑅) and curvature (𝛿𝜑,𝐶𝑅) values 

between the FC and NC sections are offset at desired percentages of composite action (Fig. 

5.6a). 

2. Lines are drawn from point O to meet the offset-intersections along line AB (Fig. 5.6b). 

3. A similar offsetting process is carried out at yielding and ultimate to obtain the entire 

moment-curvature response for all intermediate degrees of composite action (Fig. 5.6c,d). 

With the moment-curvature established for NC (0%) and FC (100%) sections, the partially 

composite response of a panel can then be determined by accounting for the shear connection 

contribution. The strain discontinuity (𝜀𝑠𝑐, Eq. 5.18) varies linearly with the shear connection 

contribution (𝑉𝑐𝑛) and is maximum in the NC section where the shear connector contribution is 

zero (𝑉𝑐𝑛,𝑁𝐶). In FC sections there is no strain discontinuity between the wythes, and the maximum 

shear is transferred between the wythes (𝑉𝑐𝑛 equals 𝑉𝑐𝑛,𝐹𝐶). For simply supported panels, the 

connector contribution (𝑉𝑐𝑛) is zero at the end of the panel and accumulates at each connector 

(a) (b) 

(c) 
(d) 
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location towards the middle of the panel, resulting in the maximum shear connection contribution 

for a section, 𝑉𝑐𝑛,𝑇 (Fig. 5.7). At a given curvature, 𝑉𝑐𝑛,𝐹𝐶 is obtained as the difference in the 

compressive (or tensile) force in the FC section and that in the NC section.     

 
Figure 5.7: (a) Panel strain profile (b) panel showing end-connector (c) shear contribution 

accumulation 

 

𝜀𝑠𝑐 = 𝜑(𝑐2 + 𝑡𝑖𝑛𝑠) + (𝜑ℎ1 + 𝜀𝑐1) (5.18) 

where  𝜀𝑐1 is negative), 𝑐2 is the neutral axis depth in the bottom wythe, 𝜑 is the curvature and 

equal for both wythes. 

Generally, connectors with large stiffness limit the slip between the wythes to ensure enhanced 

load-sharing between the wythes, which also increases the degree of composite action in full-scale 

walls. For panels with more than one connector across the width, the individual connector 

contributions are lumped together to represent the connector contribution for the row of 

connectors. Also, for panels with different connector types and placement (dowel and truss) across 

various rows, the respective connector shear response is formulated using provisions shown in 

Section 5.2, and the contributions (𝑉𝑐𝑛) are lumped together towards the middle of the panel as 

described above as well in previous studies (Tomlinson and Fam 2016a, Gombeda et al. 2017). 

The load-deflection response is therefore obtained using the following steps (Fig. 5.8). 

The potential failure modes include connector (pullout, yielding, rupture, buckling, cone 

breakout) and wythe material failure (concrete crushing, rebar rupture). The connector failure 

(a) 

(c) 

(b) 
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modes are slip-dependent as shown in Eq. 5.1 to 5.9, while the wythe material failure depends on 

the applied moment and shear contribution at the point of interest. Connector failure occurs when 

the end-connector, which carries the largest shear load, fails at the least slip value that causes one 

of the failures in Eq. 5.1 to 5.9 to occur (while also ensuring the initially assumed slip profile in 

Step 2 equals that  in Step 5 in Fig. 5.8). On the other hand, wythe material failure occurs when 

the applied moment exceeds the moment capacity for concrete crushing or rebar rupture at a given 

curvature, and the applied moment is also lesser than that which would cause the end-connector 

to reach its failure slip. 

Overall, peak load for the full-scale wall is determined as the out-of-plane (step 1 in Fig. 5.8) 

at which one of the failure modes mentioned above occurs first. 
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Figure 5.8: Generation of load-displacement response for partial composite panels 
  

1. Apply load to the panel (3, 4-point 

or UDL) and determine the moment 

(𝑀), at connector locations along the 

panel. 

 

2.Assume a linear slip profile with 

the end connector having the largest 

slip (𝛿𝑠𝑐,1) and zero slip at the middle 

of the panel. 

 

3.Obtain 𝑉𝑐𝑛  at each connector 

location by correlating assumed slip 

with shear connector load-slip 

relationship. If the insulation is 

bonded to the concrete, the insulation 

contribution is added. Sum 𝑉𝑐𝑛 

towards the middle of panel. 
 

4.Relate 𝑉𝑐𝑛 at each connector 

location to the degree of composite 

action and obtain strain discontinuity 

(𝜀𝑠𝑐). 

 
5.Integrate strain discontinuity at 

connector locations to get a new slip 

profile. Accounting for this slip is 

similar to accounting for 

deformations using Timoshenko 

beam theory. Repeat step 2 to 5 till 

new slip profile equals that in step 2. 

 
   

 

 

6.Obtain curvature (𝜑𝑖) by 

interpolating moment at connector 

location (𝑀𝑖) to moment-curvature 

relationship with corresponding 

degree of composite action. 

 

 
7. Integrate curvature to obtain deflection for the applied load, using to the moment-area approach. 

8.Increase applied load value, and Step 2 to 7 is then done again to obtain a new point for the load-deflection 

response for the partial composite panel. 
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5.8 VERIFICATION OF MODEL WITH EXPERIMENTAL DATA 

Verification of the model was done by comparing the load-deflection response to results for full-

scale walls from literature in which the push-through test data or properties for the connector were 

included or could be traced to a previous publication. The tests include those by Cox et al. (2019), 

Huang et al. (2018), Huang and Dai 2020, Naito et al. 2011, Tomlinson and Fam 2015). Panels in  

Huang and Dai (2020) were made of geopolymer concrete whose tensile strength and elastic 

modulus are slightly larger and lesser, respectively, than portland cement (Prachasaree et al. 2020, 

Tempest et al. 2016). However, properties such as 𝑓𝑟 and 𝐸𝑐 were not reported in all tests and 

obtained using Eq. 5.10 and 5.11, respectively, in absence of data or design standard information 

on geopolymer concrete. More research into developing these design expressions in future is 

recommended. The panels were tested under four-point bending and uniformly distributed load 

(UDL). The panel dimensions and properties are shown in Table. 5.4. 

The load-deflection response from analytical modelling is compared to the experimental 

results for different tests in literature (Table 5.5, Fig. 5.9). From Table 5.5 the panels examined 

were controlled by serviceability requirements as expected since most of the panels are lightly 

reinforced. In addition, comparison of the model and test results was done at initial cracking, initial 

stiffness, as well as service and peak load, and the comparison was expressed in terms of the mean 

and coefficient of variation (COV). Generally, the COV (standard deviation/mean) is suitable 

when the mean value is nonzero but it could still give misleading results for a data set with nonzero 

negative and positive values, which would make the mean close to zero. 

For unimodal data set, the central tendency is measured using the mean and as such, the COV 

is appropriate for statistical evaluation. For bimodal data set, the central tendency is best measured 

using the mode and as such, the COV is not appropriate for statistical evaluation. Specifically, the 

COV (a unitless parameter) was chosen for statistical assessment in this study because the data set 

contains only positive values and for any developed model, designer/researchers would be 
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interested in the closeness of the predictions to the test values. From the test results, there were no 

outliers and the COV was suitable in statistical evaluation of model predictions. 

The differences in predicted and test load-deflection response can be attributed to variations 

in the reported material properties as well as differences in the predicted shear connector response 

and that from the test. Similarly, some tests had variations within a sample set which also created 

variations with predicted values. An average strength predicted to test ratio (K) of 1.06 with a 

coefficient of variation (COV) of 17.5 %, was obtained. The model gave reasonable predictions 

for the panel cracking strength and initial stiffness. The K and COV for cracking load were 1.03, 

29.2 while that for initial stiffness was 0.98, 31.9. This shows that expressions from CSA-A23.3-

19 (2019) for the modulus of rupture and elastic modulus (Eq. 5.10, 5.11) provide a reasonable 

estimate for wall behaviour at panel cracking, even for panels made of geopolymer concrete. The 

K appears to be large for the cracking load and initial stiffness. This is because these properties 

are sensitive to specimen fabrication and placement of displacement measuring devices, which 

causes large variations even within similar test specimens, reported test data, as seen in specimen 

PCS7 of Naito et al. (2011).  

Most of the predicted failure modes matched with reported test failure modes but could not be 

compared to some as they were not reported in the publication. From the analytical modelling in 

this study, connector failure was determined to occur when the slip for the end-connector in the 

panel reached that corresponding to the strength from the shear connection relationship. Concrete 

crushing or steel rupture was determined to be the failure mode when they occurred respectively 

before connector failure. 
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Table 5.4: Matrix for completed experimental tests in literature 

Study 

𝑓𝑐
′, MPa 

Span, 

mm 

Wythe 

thickness, 
mm 

Reinforcement 
Connector type 

(spacing, mm) 
Top 

wythe 

Bottom 

wythe 
Type 

𝑓𝑦, 

MPa 

𝑓𝑢 ,  
MPa 

𝜌
= 𝐴𝑠
/𝑏ℎ),% 

Huang and 

Dai (2020) 

P-300-S 

40.4 40.4 

2340 75 

Steel 
401 546 0.52 GFRP (300) 

P-300-S 413 528 0.75 (300) 
P-300-B Basalt 

FRP 

- 1150 0.52 (300) 

P-300-B - 1080 

0.75 

(300) 

H-525-S 

40.3 40.3 

Steel 
413 

528 
(525) 

H-300-S 413 (300) 

H-525-B Basalt 

FRP 

- 
1080 

(525) 

H-300-B - (300) 

Huang et al. 

(2018) 

SP 1-1 44.7 44.7 

3000 60 Steel 514 - 0.12 

GFRP (500) 
SP 1-2 44.7 44.7 (300) 

SP 2-1 24.4 24.4 (500) 

SP 2-2 24.4 24.4 (300) 

Naito et al. 

(2011)a 

TS1 32.1 35.2 

3600 

150 

Steel 481 - 

0.2 

GFRP (400) TS2 32.1 35.2 
75 

0.4 

PCS7 61.1 61.1 0.5 

Cox et 

al.(2019) 

70-50-70 29 51.9 3300 70 

Steel 453 - 

0.23 GFRP (540) 
70-100-

70 
29 47.3 4200 70 0.18 (600) 

70-50-70 40 54.6 4200 70 0.23 (600) 
90-50-90 34.7 34.7 3300 90 0.19 (540) 

90-50-90 44.5 44.5 4200 90 0.19 (600) 
90-100-

90 
29 47.3 3300 90 0.16 (540) 

90-100-
90 

40 54.5 4200 90 0.16 (600) 

Tomlinson 

and Fam 

(2015) 

SPF 
57.7 57.7 

2630 60, 150 
Steel 

 

 

600 

680 

0.38 
Steel (600) 

SSF 0.38 

HPF 70.4 70.4 0.38 
BFRP (600) 

BPF 60.9 60.9 BFRP - 1100 0.37 
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Table 5.5: Results of model prediction 

Study 

Cracking Initial stiffness × 1011, 

Nmm2 

 Peak Service Failure mode 

Load, kN 
𝐾𝑐  𝐾𝑖  

Load, kN 
𝐾𝑢 

Deflection (𝐿/360) 
𝐾𝑠 

 

Test Model Test Model Test Model Test Model Test Model 

Huang 

and Dai 

(2020) 

P-300-S-10 8.90 8.23 0.92 6.52 7.33 1.12 30.8 27.8 0.90 11.3 9.24 0.82 CF CF 

P-300-S-12 8.70 8.36 0.96 6.37 7.45 1.17 35.5 32.3 0.91 12.5 10.5 0.84 CF CF 

P-300-B-10 9.40 8.38 0.89 6.33 7.51 1.19 27.3 28.1 1.03 10.5 10.3 0.98 CF CF 

P-300-B-12 9.00 9.36 1.04 6.37 7.48 1.17 29.8 31.0 1.04 9.57 11.1 1.16 CF CF 

H-525-S-12 10.0 8.57 0.86 6.40 4.98 0.78 30.3 32.7 1.08 13.1 9.76 0.75 CC CC 

H-300-S-12 10.8 7.58 0.70 8.30 7.40 0.89 40.2 44.4 1.10 17.5 10.7 0.61 CC CC 

H-525-B-12 10.3 7.26 0.70 6.53 5.55 0.85 29.4 31.2 1.06 13.3 9.63 0.72 CC CF 

H-300-B-12 10.1 9.36 0.93 8.05 5.01 0.62 36.2 42.1 1.16 13.6 11.2 0.82 CC CC 

Huang et 

al. (2018) 

SP 1-1 19.7 18.0 0.91 13.8 13.9 1.01 29.5 36.1 1.22 19.6 18.1 0.92 CF CF 

SP 1-2 19.6 19.2 0.98 13.5 14.7 1.09 33.6 47.9 1.43 20.6 19.7 0.96 CF CF 

SP 2-1 17.2 13.0 0.76 11.1 10.3 0.93 37.1 41.9 1.13 17.9 13.1 0.73 CF CF 

SP 2-2 17.7 19.4 1.10 11.3 15.1 1.34 42.8 36.1 0.84 19.4 20.2 1.04 CF CF 

Naito et 

al. 

(2011)a 

TS1 

6.82 

4.45 

0.65 48.2 

39.8 

0.83 11.0 

14.1 

1.28 7.33 

8.68 

1.18 

b CF 7.73 0.58 26.9 1.48 8.34 1.69 8.54 1.02 

8.51 0.52 22.8 1.75 10.9 1.29 6.23 1.39 

TS2 

2.85 

4.89 

1.72 18.3 

21.0 

1.15 13.6 

12.7 

0.93 6.33 

8.22 

1.30 

b CF 3.44 1.42 27.5 0.76 13.9 0.91 6.33 1.30 

3.69 1.33 42.1 0.50 13.6 0.93 6.33 1.30 

PCS7 

8.47 

8.5 

1.00 39.7 

26.9 

0.68 31.6 

30.4 

0.96 14.7 

9.13 

0.62 

b CF 5.85 1.45 15.3 1.76 33.0 0.92 14.9 0.61 

5.89 1.44 33.8 0.80 26.4 1.15 13.1 0.70 

Cox et al. 

(2019)a 

70-50-70-3.3 16.1 16.4 1.02 58.5 48.1 0.82 27.8 27.6 0.99 20.5 19.1 0.93 b CF 

70-100-70-4.2 13.2 23.0 1.74 54.1 54.5 1.01 33.2 32.0 0.96 16.2 23.3 1.44 b CF 

70-50-70-4.2 16.5 21.3 1.29 49.2 50.4 1.02 26.3 28.4 1.08 19.4 20.7 1.07 b CF 

90-50-90-3.3 21.5 17.2 0.80 81.1 48.9 0.60 47.0 35.1 0.75 38.2 17.5 0.46 b CF 

90-50-90-4.2 22.1 20.3 0.92 110 78.3 0.71 43.7 36.0 0.82 30.7 22.2 0.72 b CF 

90-100-90-3.3 24.7 24.0 0.97 81.4 46.1 0.57 37.3 37.6 1.01 31.3 24.7 0.79 b CF 

90-100-90-4.2 22.9 24.3 1.06 87.9 75.6 0.86 38.8 38.7 1.00 25.2 29.8 1.18 b CF 

Tomlinso

n and 

Fam 

(2015) 

SPF 22.7 20.0 0.88 69.3 73.4 1.06 99.3 100 1.01 51.5 47.3 0.92 RR RR 

SSF 18.2 24.1 1.32 32.7 20.4 0.62 72.7 81.3 1.12 46.5 35.9 0.77 RR RR 

HPF 21.2 21.5 1.01 38.6 42.0 1.09 88.9 92.4 1.04 38.9 36.2 0.93 RR RR 

BPF 20.1 23.2 1.15 36.7 48.4 1.32 58.6 65.8 1.12 31.1 22.3 0.72 RR CF 

Mean, K (Predicted/Test) 1.03   0.98   1.06   0.93   

COV (%) 29.2   31.9   17.5   27.1   
a Load reported as moment values    

b Failure mode not reported    

c CC – Concrete crushing, CF – Connector failure, RR – Reinforcement rupture 
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Figure 5.9: Comparison of test and model load-deflection response for panels examined from 

literature. (Dashed lines are model predictions and solid lines are test results) 

0

10

20

30

40

0 40 80 120 160

L
o

a
d

, 
k
N

Deflection,mm

Test

Model

P-300-S-10
Specimen ID

0

10

20

30

40

0 40 80 120 160

L
o

a
d

, 
k
N

Deflection,mm

P-300-S-12

0

10

20

30

40

0 40 80 120 160

L
o

a
d

, 
k
N

Deflection,mm

P-300-B-10

0

10

20

30

40

0 40 80 120 160

L
o

a
d

, 
k
N

Deflection,mm

P-300-B-12

0

10

20

30

40

0 40 80 120 160

L
o

a
d

, 
k
N

Deflection,mm

H-525-S-12

0

10

20

30

40

0 40 80 120 160
L

o
a

d
, 
k
N

Deflection,mm

H-300-S-12

0

10

20

30

40

0 40 80 120 160

L
o

a
d

, 
k
N

Deflection,mm

H-525-B-12

0

10

20

30

40

0 40 80 120 160

L
o

a
d

, 
k
N

Deflection,mm

H-300-B-12

0

10

20

30

40

50

0 50 100 150 200

L
o

a
d

, 
k
N

Deflection,mm

SP-1-1

0

10

20

30

40

50

0 50 100 150 200

L
o

a
d

, 
k
N

Deflection,mm

SP-1-2

0

10

20

30

40

50

0 50 100 150 200
L

o
a

d
, 
k
N

Deflection,mm

SP-2-1

0

10

20

30

40

50

0 50 100 150 200

L
o

a
d

, 
k
N

Deflection,mm

SP-2-2

0

10

20

30

40

0 50 100 150 200

M
o

m
e

n
t,

 k
N

m

Deflection,mm

TS1

0

10

20

30

40

0 50 100 150 200

M
o

m
e

n
t,

 k
N

m

Deflection,mm

TS2

0

10

20

30

40

0 50 100 150 200M
o

m
e

n
t,

 k
N

m

Deflection,mm

PCS7

0

10

20

30

40

50

0 50 100 150 200

M
o

m
e

n
t,

 k
N

m

Deflection,mm

70-50-70-3.3

0

10

20

30

40

50

0 50 100 150 200

M
o

m
e

n
t,

 k
N

m

Deflection,mm

70-100-70-4.2

0

10

20

30

40

50

0 50 100 150 200

M
o

m
e

n
t,

 k
N

m

Deflection,mm

70-50-70-4.2

0

10

20

30

40

50

0 50 100 150 200

M
o

m
e

n
t,

 k
N

m

Deflection,mm

90-50-90-3.3

0

10

20

30

40

50

0 50 100 150 200

M
o

m
e

n
t,

 k
N

m

Deflection,mm

90-50-90-4.2

0

10

20

30

40

50

0 50 100 150 200,m
o

m
e

n
t,

 k
N

m

Deflection,mm

90-100-90-3.3

0

10

20

30

40

50

0 50 100 150 200

M
o

m
e

n
t,

 k
N

m

Deflection,mm

90-100-90-4.2

0

30

60

90

120

150

0 50 100 150 200

L
o

a
d

, 
k
N

Deflection, mm

SPF

0

30

60

90

120

150

0 50 100 150 200

L
o

a
d

, 
k
N

Deflection, mm

SSF

0

30

60

90

120

150

0 50 100 150 200

L
o

a
d

, 
k
N

Deflection, mm

HPF

0

30

60

90

120

150

0 50 100 150 200

L
o

a
d

, 
k
N

Deflection, mm

BPF

Huang and Dai (2020) 

Huang et al. (2018) 

Naito et al. (2011) 

Cox et al. (2019) 

Tomlinson and Fam (2015) 



108 

 

5.9 PARAMETRIC ANALYSIS 

In this section, the effect of several parameters on the load-deflection response is examined. The 

parameters include panel length, insulation and concrete wythe thickness, reinforcement ratio, 

connector spacing and diameter, connector material (FRP and steel), and connector inclination. 

These parameters are shown in Table 5.6 and are evaluated using a 1000 mm wide panel reinforced 

with steel longitudinal bars with a yield stress of 400 MPa and loaded as shown in Fig. 5.10. 

A base panel length of 3200 mm was selected to represent a typical storey height. Other panel 

lengths of 5600 and 8500 mm were chosen to reflect taller storey heights found in commercial and 

institutional structures, as well as in literature (Gonzalez 2022, Zmavc 1991). A base insulation 

and concrete thickness of 75 mm was chosen to reflect the common thickness used by designers 

in Canada for walls above ground level. However, thicknesses of 100 and 150 mm were examined 

to reflect increasing insulation thickness currently prescribed by designers to meet stricter energy 

requirements set by the National Energy Code of Canada for Buildings (NECB 2017), the Energy 

Performance of Buildings Directive (EPBD) of the European Union, and comparable codes around 

the world. Similarly, concrete thicknesses of 100 and 150 mm were selected to reflect walls with 

larger fire ratings and concrete cover. 

A base reinforcement ratio of 0.005𝐴𝑔 (𝐴𝑔 is the gross section area) was selected as it was 

greater than the minimum reinforcement ratio of 0.001 stipulated in CSA-A23.3-19 (2019) for 

non-prestressed walls and to reflect reinforcement ratios in literature. The selected connector 

material, spacing, inclination and diameter were chosen as they reflect parameters that are usually 

considered when a panel is built, and the values were selected to reflect a range seen in literature. 

In addition, the effect of the parameters mentioned above on the degree of composite action 

by strength (𝐷𝑢) as well as service stiffness (𝐷𝑠) were examined using Eq. 5.19 and 5.20. This is 

important as panels with larger strength (peak load) do not translate to a section with comparable 

composite action by stiffness, as shown in the following sections. 
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𝑃𝑚, 𝑃𝑁𝐶, and 𝑃𝐹𝐶  are the strength values at peak for the partial composite, non-composite, and 

full-composite panels, respectively while 𝑃𝑚,𝑠, 𝑃𝑁𝐶,𝑠, and 𝑃𝐹𝐶,𝑠 are load values corresponding to 

panel deflection values of span/360 (mm). 

 
Figure 5.10: Loading arrangement for parametric analysis 

 

Table 5.6: Numerical values for examined parameters. 

Parameters Values 

Panel span (mm) 3200, 5600, 8500 

Insulation thickness (mm) 
75, 100, 150 

Concrete thickness (mm) 

Reinforcement ratio (%) 0.5, 0.7, 1 

Connector spacing (mm) 150, 300, 600 

Connector diameter (mm) 6, 8, 10, 12, 16 

Inclination (degrees) 0, 30, 45 

Connector material GFRP, steel 

Tensile strength of GFRP (MPa) 1420 

Tensile strength of steel (MPa) 400 

Modulus of Elasticity for steel (MPa) 200000 

Longitudinal modulus of Elasticity for all FRP sizes (MPa) 60500 

Flexural modulus of Elasticity for 6, 8, and 10 mm GFRP bars (MPa) 60500 

Flexural modulus of Elasticity for 12 mm GFRP bar (MPa) 57400 

Flexural modulus of Elasticity for 16 mm GFRP bar (MPa) 50200 

 𝐷𝑢 =
𝑃𝑚 − 𝑃𝑁𝐶
𝑃𝐹𝐶 − 𝑃𝑁𝐶

 (5.19) 

 𝐷𝑠 =
𝑃𝑚,𝑠 − 𝑃𝑁𝐶,𝑠
𝑃𝐹𝐶,𝑠 − 𝑃𝑁𝐶,𝑠

 (5.20) 
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5.10 RESULTS FROM PARAMETRIC ANALYSIS 

5.10.1 Effect of connector material 

Overall, panels with shear connectors made of steel exhibited strength compared to a similarly 

sized panel with GFRP connectors (Fig. 5.11). Similarly, the degree of composite action (𝐷𝑢, 𝐷𝑠) 

was larger for panels with steel connectors (Fig. 5.12). The lower stiffness for panels with GFRP 

connectors is because the modulus of elasticity for GFRP is smaller compared to steel.  

 

 

 
Figure 5.11: Effect of Connector material, diameter, and connector inclination (a) GFRP 

connector 0° (b) GFRP connector 30° (c) GFRP connector 45° (d) Steel connector 0° (c) Steel 

connector 30° (f) Steel connector 45°. (All panels analyzed with 0.005 flexural reinforcement 

ratio and 300 mm connector spacing) 

 

 

 

 

 

 

0

20

40

60

80

0 60 120 180 240 300F
le

x
u

ra
l 
L

o
a

d
, 
k
N

Deflection, mm

FC

NC

(a)

0

20

40

60

80

0 60 120 180 240 300F
le

x
u

ra
l 
L

o
a

d
, 
k
N

Deflection, mm

FC

NC

(b)

0

20

40

60

80

0 60 120 180 240 300F
le

x
u

ra
l 
L

o
a

d
, 
k
N

Deflection, mm

FC

NC

(c)

0

20

40

60

80

0 60 120 180 240 300F
le

x
u

ra
l 
L

o
a

d
, 
k
N

Deflection, mm

FC

NC

(d)

0

20

40

60

80

0 60 120 180 240 300F
le

x
u

ra
l 
L

o
a

d
, 
k
N

Deflection, mm

FC

NC

(e)

0

20

40

60

80

0 60 120 180 240 300F
le

x
u

ra
l 
L

o
a

d
, 
k
N

Deflection, mm

FC

NC

(f)



111 

 

 

 

 
Figure 5.12: Effect of connector material type on 𝑫𝒖, 𝑫𝒔 for connector made of (a,b) GFRP 

(c,d) Steel (All panels with flexural reinforcement ratio of 0.005 and connector spacing of 300 

mm). 

5.10.2 Effect of flexural reinforcement ratios 

As the panel flexural reinforcement ratio increased for the same shear connector reinforcement 

ratio, the strength and stiffness of the panel increased (Fig. 5.13). Although the strength of the 

panels increased with flexural reinforcement ratios, the 𝐷𝑢 and 𝐷𝑠 reduced (Fig. 5.14), more 

evident for the 300 and 600 mm connector spacing for all connector diameters in this study. This 

is because moment resistance increases essentially linearly with the reinforcement ratio (if tension 

controlled) which requires additional shear flow from the connectors. However, since the 

connector contribution remains the same, the connector is unable to contribute more towards shear 

flow thereby reducing the connector contribution to composite action. 
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Figure 5.13: Effect of flexural reinforcement ratio with 150 mm connector spacing (a) 0.005 

(b) 0.007 (c) 0.01. 300 mm connector spacing (d) 0.005 I 0.007 (f) 0.01. 600 mm connector 

spacing (g) 0.005 (h) 0.007 (i) 0.01. (All connectors are GFRP inclined at 45 degrees) 

 

 
Figure 5.14: Effect of flexural reinforcement ratio on 𝑫𝒖, 𝑫𝒔. (a,b) 150 mm connector 

spacing (c,d) 300 mm connector spacing (e,f) 600 mm connector spacing 
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5.10.3 Effect of connector diameter 

Generally, as the connector diameter increased, the stiffness, strength, and degree of composite 

action of the panel (𝐷𝑢, 𝐷𝑠) increased (Fig. 5.11,5.12,5.13,5.14). This benefit was more evident 

with larger spacing (300 and 600 mm used in this study). 

However, the effect of increasing the shear connector diameter from 6 to 16 mm on the degree 

of composite action is negligible when the connector angle of insertion was zero degrees, 

especially with the GFRP connector (Fig. 5.11). This is because flexural failure governs based on 

the connector lengths and diameters, and the flexural modulus of elasticity governs connectors 

inserted at 0° (dowel action). The flexural modulus of elasticity for FRP is similar in value to the 

longitudinal modulus of elasticity for small connector sizes (for the 6-10 mm diameter connector 

used in this study) as the fibres in the bar are better engaged under bending. For larger connector 

sizes, the flexural modulus of elasticity significantly deviates from the longitudinal modulus of 

elasticity (for the 12 and 16 mm diameter connector used in this study) due to the likelihood of the 

misalignment of fibres during production and defects (Benmokrane et al. 2017). Also under dowel 

action, only the outermost fibres experience high stresses. Therefore, for large connector sizes, 

only a small number of fibres are fully engaged which makes it attain lower flexural modulus even 

when compared to a smaller connector size with similar fibre content. 

Overall, the average strength ratio when sequentially changing from the 6 to 16 mm connector 

was not proportionate with the ratios of the connector areas.  

5.10.4 Effect of connector inclination 

As the connector inclination increased from 0° to 30° and 45° the strength, stiffness, and degree 

of composite action (𝐷𝑢 𝐷𝑠.) increased for panels with steel and GFRP connectors, and all 

connector diameters (Fig. 5.11,5.12). This is because the inclined connectors are placed to benefit 

from truss action, and connectors made with GFRP can utilize both the longitudinal and flexural 

modulus of elasticity. In addition, panel ductility increased with an increase in connector 

inclination, notably for panels with GFRP connectors which failed due to connector failure while 
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panels with steel connectors failed due to concrete crushing. While panels with connectors inclined 

at zero degrees had the least strength and composite action, designers may still prefer such panels 

as they may be less susceptible to thermal bowing (Pozo-Lora 2018). 

5.10.5 Effect of connector spacing (connector reinforcement ratio) and arrangement 

The effect of connector spacing is analogous to the effect of connector reinforcement ratio. As 

connector spacing reduced the strength, 𝐷𝑢, and 𝐷𝑠 of the panel increased (Fig. 5.13, 5.14). The 

reason for this is that for closely spaced connectors, the slip is better resisted by the connectors 

and more shear force is accumulated towards the middle of the panel. The effect of connector 

arrangement was checked where a panel with two connectors per row produced similar strength 

as that of a panel with one connector per row (similar reinforcement ratio, Fig. 5.15a,b). Also using 

a larger number of smaller connector sizes (10 mm) produced similar panel strength (Fig. 5.15c) 

as a smaller number of larger connector sizes (12, 16 mm at the same connector reinforcement 

ratio). 
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Figure 5.15: Effect of connector arrangement (a)10 connectors (one per row) at 150 mm 

spacing (b) 10 connectors (2 per row) at 300 mm spacing (c) Effect of similar connector 

reinforcement ratio using different connector diameters (150 mm spacing). Effect of panel 

length (d) 3200 mm I 5600 mm (f) 8500 mm. Effect of wythe thickness (concrete and 

insulation) (g) 75 mm (h) 100 mm (i) 150 mm. All panels with flexural reinforcement ratio of 

0.005). 

 

 
Figure 5.16: (a,b) Effect of panel length on 𝑫𝒖, 𝑫𝒔. (c,d) Effect of wythe thickness (concrete 

and insulation) on 𝑫𝒖, 𝑫𝒔. (All panels with flexural reinforcement ratio of 0.005). 
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5.10.6 Effect of panel length 

The design and analysis of partially composite panels are length-dependent due to the presence of 

shear connectors along the length and differ from the typical flexural design of non and fully 

composite panels which is based on cross-section. As panel length increased the degree of 

composite action (𝐷𝑢,𝐷𝑠) increased (Fig. 5.16a,b). This is due to a larger aggregation of connector 

shear contribution towards the middle of the panel, which makes the peak load closer to that of 

the full composite section. However, the peak load capacity reduced as panel length increased 

(Fig. 5.15d,e,f). 

Panels with larger lengths (5600 and 8500 mm in this study) had larger deflections. In addition, 

the limiting service load calculated using L/360 shows that the maximum service load reduces 

with an increase in panel length, and the panels are controlled by serviceability requirements. 

Considering this, designers can make the wythes thicker and also use closely spaced connectors 

to improve the service performance. 

5.10.7 Effect of panel wythe thickness 

Generally, panel peak load increased as the wythe thickness increased (Fig. 5.15g,h,i). While the 

𝐷𝑠 increased with wythe thickness (Fig. 5.16d), the 𝐷𝑢 reduced with an increase in panel wythe 

thickness due to the additional demand put on the connectors (Fig. 5.16c). While also considering 

that the panel weight increases with wythe thickness, the option of increasing the panel thickness 

may not be attractive to a designer who desires a lightweight wall section.  

5.11 LIMITATIONS OF PROPOSED MODEL 

The proposed model was developed for simply supported panels where the end moments are 

negligible and would need to be modified to account for different support conditions. Also, the 

model was developed for panels without axial load and would need to be modified to account for 

axial load eccentricities and second-order effects. The model is only applicable to panels under 

one-way bending and the behaviour of panels under two-way bending was not considered in the 
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study. Therefore, further work on two-way responses of walls and accounting for factors like doors 

and windows are recommended. 

5.12 CHAPTER SUMMARY AND CONCLUSIONS 

The major aim of this study was to develop a designer-friendly analytical model to predict the 

load-deflection response of partially composite panels. The model was validated using 

experimental tests in literature where the panel components where published or could be traced to 

a previous publication. In addition, a parametric study was performed on the effect of the panel 

length, wythe thickness, reinforcement ratio, connector spacing, connector diameter, connector 

material, and connector inclination, on the strength and degree of composite action. The following 

was concluded from this study: 

1. The proposed model accurately predicts the strength and failure mode of simply supported 

panels with reduced computational rigour compared to other models. The model is 

developed with reduced barrier to entry and designers are familiar with the steps which 

can be done using a simple spreadsheet. 

2.  The connector inclination and connector spacing influenced the strength and degree of 

composite action to a larger extent than others.  

3. While an increase in flexural reinforcement ratio and wythe thickness increased the 

strength of panels the degree of composite action reduced due to extra demand put on the 

connectors.  

4. The effect of certain parameters was more pronounced under certain conditions. For 

example, the effect of increasing the connector diameter from 10 to 16 mm was more 

evident with larger connector spacing and diminished when the connector spacing was 

smaller. Therefore, it would be more beneficial in terms of cost for a designer to use smaller 

connectors at small spacing than large connectors at small spacing. 

Even if panel strength reduces with smaller connector sizes, it may be beneficial in reducing 

thermal bowing and should be confirmed through tests. It is recommended that researchers always 
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report the properties of all panel materials to aid in independent assessments like that carried out 

in this study. 
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6. ANALYTICAL FLEXURAL MODEL FOR PARTIALLY COMPOSITE DOUBLE 

WYTHE CAVITY MASONRY WALLS 

6.1 INTRODUCTION 

Double wythe cavity masonry walls consist of outer and inner layers also known as wythes. 

Double wythe cavity masonry walls are usually constructed onsite, where the outer wythe is made 

of clay or concrete veneer bricks, while the inner wythe is made of Concrete Masonry Units 

(CMUs) (Baker et al. 2004, Wang et al. 1997). Due to their ease of production, lower cost, better 

regulation of indoor humidity, and superior durability in comparison to concrete bricks, clay bricks 

are often used in the outer wythe (Banerjee et al. 2019, Cagnon et al. 2014, Gencel et al. 2020). 

The cavity contains insulation, which is placed for thermal purposes and assumed to not 

contribute to the structural response of the wall in design (Fig. 6.1). An air-gap of at least 25 mm 

is created after the veneer and serves as a drainage path (Langmans et al. 2017, Brick Industry 

Association 2018, Allen and Iano 2009). A vapour or moisture barrier is attached to the warmer 

side of the insulation to prevent the entry of water vapour due to condensation (Clayford 2003, 

Hatzinikolas et al. 2015). Similar to insulated concrete walls, modern double-wythe cavity 

masonry walls are joined using connectors which transfer load from the outer wythe to the inner 

wythe, and are the main contributors to strength and stiffness for walls under flexural and axial 

loading (Sakr and Neis 2001, Wang et al. 1997). Common connectors for masonry walls are 

discrete in application and usually made of galvanized steel although there have been attempts to 

develop masonry connectors made from Fibre reinforced polymers (FRP) (Lissel and Shrive 

2001). The structural contribution from a connector depends on its size (diameter/thickness) and 

embedment length. Connector sizes are also influenced by the thickness of the mortar joint which 

typically ranges between 10 and 15 mm (Cascardi et al. 2020, Petersen et al. 2012, Martins et al. 

2017). CSA A370:14 (2018) limits the size of flat and round connectors to 50% and 67% of the 

mortar thickness, respectively, to ensure adequate cover and bond with surrounding mortar. 
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Figure 6.1: (a) Vertical section of a double-wythe cavity masonry wall with connectors (b) 

vertical wall section with grouted collar joint 

 

Double-wythe masonry cavity walls tend to act within three classes which are non-composite, 

partially composite, and full composite (Drysdale and Hamid 2005, TEK 05-01B 2003, 

Hatzinikolas et al. 2015). In non-composite walls, both wythes act individually and carry load 

based on their relative stiffnesses. In most applications of non-composite walls, the outer wythe is 

made of bricks and the bricks are only placed for aesthetic and hygrothermal purposes (Brown and 

Elling 1979 , Reneckis et al. 2004, Drysdale and Hamid 2005, TEK 16-01A 2006), thereby acting 

structurally as a single wythe reinforced CMU wall (Drysdale and Hamid 2005). In fully 

composite walls, there is a shared load resistance and both wythes act as a single unit. This is 

usually achieved by filling the collar joint (space between the masonry layers) with grout or 

mortar, although it may initiate thermal bridging and permanent moisture damage which leads to 

a reduction in the R-value of the wall (Reicher and Farahmandpour 2016, TEK 06- 02C 2013, 

Ismaiel et al. 2022). In partially composite walls, the connectors joining the wythes are not stiff 

enough to make both wythes act as a single unit, as seen in full composite walls (Brick Industry 

Association 2018). 

The design of non and fully composite walls follows methods taught in many masonry courses. 

However, the design for partially composite double-wythe cavity masonry walls is complicated 

due to the presence of shear forces transferred by the shear connectors between the wythes. 

(a) (b) 
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Only a few attempts have been made to predict the load-deflection response of double-wythe 

cavity masonry walls. Initial analytical models for double wythe cavity masonry walls like 

Pacholok (1989) and Papanikolas et al. (1990) were developed using finite element modelling 

where the part of the connector embedded in CMU mortar was modelled as fixed while the 

connector part at the veneer joint was modelled as a hinge. However, these finite element models 

were time-consuming and only predicted the load and deflection up to cracking. Zmavc (1991) 

developed analytical expressions which were compared to the previous finite element models. 

Though the time for computation was reduced, the model just like the previous finite element 

models, only predicted the load and deflection up to cracking based on the respective stiffness of 

the CMU and brick wythes. Overall, the studies highlighted factors such as the connector property 

and relative stiffnesses of the wythes as key factors affecting the stiffness and load-carrying 

capacity of walls. This means proper material characterization of the wythes and connectors is 

needed for accurate wall evaluation. 

In this paper, an analytical model based on simplified moment-curvature relationships is used to 

create the load-displacement response of partially composite double-wythe cavity masonry walls. 

As discussed in Section 5.1 of this thesis, the moment-curvature approach is different from the 

strength approach commonly used for steel-concrete composite beams where full composite action 

is assumed (Hassan and Rizkalla 2010, Teixeira et al. 2016). Additional differences in the strength 

and curvature approach are also discussed in Section 5.1 of this thesis. 

The model is also implemented to evaluate the degree of composite action created by a novel 

connector (Fig. 6.2). In addition, the computations are made such that they can be completed using 

simple-to-use spreadsheet software. Since the goal of this study was to quantify the degree of 

composite action generated by connectors in double wythe cavity walls, the examined wall was 

loaded under flexural load while the axial load considered was due to self-weight of the wall (effect 

of super imposed axial load is not within the scope of this study). The effect of various parameters 

on wall strength and degree of composite action were also examined. These include cavity width, 
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connector type and spacing, wall length, loading direction (pressure and suction), and flexural 

reinforcement ratio. To evaluate the role of shelf angles towards composite action, walls were 

examined with a very stiff metal (L-shaped steel angle) at the bottom of the wall. 

6.2 DEVELOPMENT OF NOVEL CONNECTOR 

Many masonry wythe connectors are not designed to transfer shear forces, this means the amount 

of composite action developed by connectors becomes negligible, therefore making most double-

wythe cavity masonry walls be characterized as non-composite systems. 

With increasing insulation thickness being prescribed to improve the thermal performance of 

buildings, walls are expected to lose composite action. This is why longitudinal shear testing was 

carried out as shown in chapter 4 of this Thesis on a novel inclined connector as well as existing 

plate connectors (Fig. 6.2a). The novel inclined connector resists load through truss action and is 

anticipated to contribute more towards composite action and aid in designing walls with larger 

cavities and thinner wythes. The existing connector is a plate connector that is inserted vertically 

or horizontally, with only the vertically placed plate connector having an additional rectangular-

bent round tie (Fig. 6.2b) attached through pre-cut circular slots with a diameter of 6.8 mm (Fig 

6.2c). The slots were created in the connectors to serve as an opening to attach embedment ties 

while also reducing their self-weight and influence on thermal bridging. The novel connector is 

inserted with two similar rectangular-bent round ties as with the existing plate connectors. The 

diameter of the rectangular-bent round tie was 4.8 mm (Fig. 6.2b) while the thickness of the plate 

and novel connector was 3 mm. 
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Figure 6.2: (a) Inclined connector (b) embedment tie (c) existing connector (All dimensions in 

mm) 

6.3 WALL EVALUATION 

Some cavity masonry walls are built to resist a combination of superimposed axial loads and out-

of-plane lateral loads, or in some residential applications where they resist only out-of-plane lateral 

load without superimposed axial loads also known as non-load bearing walls (Hatzinikolas et al. 

2015). Out-of-plane lateral loads come from sources like wind and result in out-of-plane bending 

moment (Fig. 6.3), while axial loads can be from the roof or the self-weight of the masonry. The 

superimposed roof load tends to act concentrically or eccentrically on the masonry, with self-

weight usually assumed to act concentrically. 

 
Figure 6.3: Loading direction for walls 

 

The response of single wythe masonry walls is symmetrical under pressure and suction for 

loadbearing walls with rebar placed at the middle of the cell. This is similar to most double wythe 

(a) (b) (c) 

(a) 



124 

 

insulated concrete panels which have the rebar at similar positions of the wythe. However, for 

most double wythe cavity masonry walls, only the CMU is reinforced which makes the response 

different under pressure and suction. The brick wythe is placed for aesthetic purposes which is 

usually unreinforced with its structural contribution in tension neglected after cracking. In double-

wythe masonry walls, the self-weight of the brick wythe is carried by shelf angles while the 

connectors transfer out-of-plane load from the brick wythe to the CMU.  

Most masonry walls are slender. Following CSA S304-14 (2019), slenderness effects can be 

ignored if the slenderness ratio is less than 10 − 3.5e1/e2 (e1 and e2 are the smaller and larger of 

the two end eccentricities, respectively). For 140, 190, and 290 mm CMU block wythes with pin 

support conditions, slenderness can only be neglected for 910, 1235, and 1885 mm wall heights, 

respectively. These wall heights are smaller than the 2400-3000 mm height typical for even low-

height residential and office storeys in Canada. In terms of composition, double wythe cavity 

masonry walls are similar to double wythe insulated concrete walls, with inner and outer wythes 

that are joined by shear connectors. When both walls act non-compositely (Fig. 6.4a), i.e. when 

they act separately, strain discontinuity is created between the wythes. This strain discontinuity 

accumulates along the wall in the form of slip between the wythes and is largest at the end of the 

wall. This slip is then resisted by the connectors in the form of longitudinal shear contribution. For 

partially composite walls (Fig. 6.4b), the strain discontinuity is lesser compared to non-composite 

sections while in fully composite sections, there is no strain discontinuity (Fig. 6.4c). As the load 

transfer mechanism is similar for both wall types, this means analytical models developed for 

partially composite double wythe insulated concrete walls can be used to analyze double wythe 

cavity masonry walls. In addition, there are similarities in design provisions for both wall types 

contained in respective concrete and masonry design codes (CSA-A23.3 2019, CSA S304-14 

2019), (ACI 318 2019, TMS 402/602 2016), (Eurocode 2, Eurocode 6). 
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Figure 6.4: Wall classification (a) Non composite (b) partially composite (c) fully composite 

While both wall types resist load through the same mechanism, a major difference is that the outer 

wythe in double wythe cavity masonry walls are usually unreinforced which makes similarly sized 

insulated concrete walls have larger strength. The absence of reinforcement in the outer wythe 

also makes the response of double wythe cavity masonry walls under pressure different from that 

under suction. 

6.4 WALL BEHAVIOUR 

The total moment applied on a slender wall is composed of a primary moment and a secondary 

moment. The primary moment is generated from out-of-plane loading, the eccentric axial load, or 

a combination of both. Secondary moments occur due to deflections, δ, created by primary 

moments which makes the axial load, P, act at an eccentricity (or additional eccentricity if the 

axial load was initially acting eccentrically), thereby creating second-order effects. CSA S304-14 

(2019) accounts for second-order effects using either the P − δ or the moment-magnifier method. 

The P − δ method calculates the secondary moment that is to be added to the primary moment 

through the iteration process while the moment magnifier method calculates the total moment 

directly by amplifying the primary moment. While the moment magnifier method is less time-

consuming to execute, it is an approximate method derived from the P − δ method, and deviates 

from the P − δ method as the slenderness ratio increases (ratio of the height to wall thickness ratio, 

𝑘ℎ𝑤/𝑡𝑢, where 𝑘 is an effective length factor based on boundary conditions at the top and bottom 

(a) 

(b) 

(c) 
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of the wall (Annex B of CSA S304-14 2019), ℎ𝑤 is the wall height, while 𝑡𝑢 is  the thickness of 

the unit). 

The extent to which the secondary moment affects the wall is determined by the slenderness 

ratio. CSA S304-14 (2019) outlines that slenderness (secondary effects) can be ignored if the 

slenderness ratio is less than 10 − 3.5e1/e2, with e1 and e2 being the smaller and larger of the 

two end eccentricities, respectively. When the slenderness ratio is greater than 10 − 3.5e1/e2 but 

less than or equal to 30, slenderness effects are applied. When khw/tu is greater than 30, special 

slenderness provisions apply. 

As the aim of this study was to evaluate the contribution of the novel connector toward 

composite action, the only axial load considered is from the self-weight (Psw) of the wall. This is 

similar to Goyal et al. (1994) where double-wythe walls were only tested under out-of-plane 

flexural loading while examining the performance of a specially made CMU block. The self-

weight, Psw (kN), is obtained using Eq. 6.1. At connector locations (ℎ𝑐𝑙), the self weight is 

obtained by multiplying Eq. 6.1 by ℎ𝑐𝑙/ℎ𝑤, and the self weight reduces from the bottom of the 

wall to zero at the top of the wall. 

 

𝑃𝑠𝑤 = (𝑠𝑡𝑢𝑃𝑠𝑜𝑙𝑖𝑑𝜌𝑢𝑛𝑖𝑡 + 𝑏𝑔𝑟𝑡𝑢𝜌𝑔𝑟𝑃ℎ𝑜𝑙𝑙𝑜𝑤)ℎ𝑤𝑔 

 

(6.1) 

s is the rebar spacing, 𝑡𝑢 is the thickness of the unit, 𝑏𝑔𝑟 is the width of the grouted cell, 𝑃𝑠𝑜𝑙𝑖𝑑 and 

𝑃ℎ𝑜𝑙𝑙𝑜𝑤 are the percentage of the solid and hollow parts of the masonry wall, 𝑔 = 9.81 𝑚/𝑠2, 𝜌𝑢𝑛𝑖𝑡 

and 𝜌𝑔𝑟 are the density for the CMU and grout, respectively. 

6.5 CONNECTOR CONTRIBUTION (VCN) 

The contribution of connectors towards composite action is determined by their ability to transfer 

shear load. For connectors to transmit shear load, their axial stiffness (𝐸𝑐𝑛𝐴𝑐𝑛/𝑋) should be larger 

than the flexural stiffness of the wythes (𝐸𝑤𝑦𝑡ℎ𝑒𝐼𝑤𝑦𝑡ℎ𝑒/ℎ𝑤
3
), and this sufficient axial stiffness 

ensures that the wythes bend with the same curvature (Brown and Elling 1979, Sakr and Neis 
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2001) (𝑋 is the connector length, 𝐸𝑤𝑦𝑡ℎ𝑒 , 𝐼𝑤𝑦𝑡ℎ𝑒 are the modulus of elasticity and moment of inertia 

of the wythe, 𝐸𝑐𝑛,𝐴𝑐𝑛 are the modulus of elasticity and cross-sectional area of the connector). 

When connector properties such as the yield strength and modulus of elasticity are not 

available, they can be obtained from a separate shear connector test program such as that shown 

in chapter 4 of this thesis. Also, when evaluating the behaviour of walls from literature, the 

connector contribution can be obtained from previously published results if the walls have the 

same properties such as cavity width, connector dimension, and mortar strength. When shear test 

results are not available, they can be obtained using the formulations discussed below for 

rectangular and circular-shaped connectors. 

6.5.1 Dowel action 

A shear connector can be depicted as a beam with a fixed-hinge end condition, with the part of the 

connector attached to the CMU assumed fixed while the end in the veneer is assumed to be a hinge 

(as the end in the veneer is unable to resist moment, Fig. 6.5). This boundary condition has also 

been used in previous analytical models for similar connector types and shown to produce 

reasonable results. 

 

Figure 6.5: Fixed-hinge connector end condition (a) Dowel action (b) Truss connector (𝒔𝒍 is 

the slip, 𝑷𝒕𝒓 is the connector contribution under truss action ) 

The maximum fixed-end shear (𝑉𝑚𝑎𝑥,𝐹𝐸) is obtained using Eq. 6.2. 

 𝑉𝑚𝑎𝑥,𝐹𝐸 =
2𝑓𝑦𝐼𝑐𝑛

𝑋𝑡𝑐
 (6.2) 

𝑡𝑐, 𝐼𝑐𝑛 are the thickness in the direction of loading, modulus of elasticity, and moment of inertia 

of the connector of the connector, respectively. 𝑓𝑦 is the yield strength of the connector, 𝑋 is the 

horizontal connector length within the cavity. 

(a) (b) 
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6.5.2 Truss action 

The demand on a connector under tension and compression (𝑃𝑇) is obtained using Eq. 6.3, which 

was adopted from connectors in concrete walls as shown in chapter 5 of this thesis. 

𝑃𝑇 = (𝐸𝑐𝑛 (
√(𝑋 𝑡𝑎𝑛 𝜃 + ∆)2 + (𝑋)2 − 𝐿

𝐿
) +

1.5𝐸𝑐𝑛𝑡𝑐
𝑋2

∆)𝐴𝑐𝑛 𝑠𝑖𝑛 (𝑡𝑎𝑛
−1 (

𝑋 𝑡𝑎𝑛 𝜃 + ∆

𝑋
)) (6.3) 

𝜃, 𝐴𝑐𝑛, 𝐿 are the angle of inclination, cross-sectional area, and inclined connector length. 

The connectors are also examined for their critical moment due to lateral torsional buckling, and 

elastic buckling. Other failure modes are the pullout and yield strength of the connector, as well 

as the masonry breakout strength. These are presented in Appendix C for convenience as well as 

a design example shown in Appendix D. 

6.5.3 Axial behaviour of connectors 

For walls under pressure and suction, the axial force distribution is largest in the top and bottom 

end-connectors, and closer to zero for the connector near the middle of the wall (McGinley et al. 

1988, Dryscale and Hamid 2005). However, there is no conclusive method to determine the axial 

forces carried by connectors in walls under out-of-plane loading. In this study, the veneer is 

assumed to span between the floor height, with the top and bottom row of connectors apportioned 

the full out-of-plane load on the veneer, i.e., the top and bottom row of connectors acting as 

reactions supporting the veneer load. Meanwhile, the axial force in other connectors is obtained 

based on their relative distance from the end connectors. This ensures there is a progressive axial 

failure of connectors, starting from the end connectors which carry more of the shear load and 

have been shown to fail first when axial failure of connectors governs wall failure (Goyal et al. 

1994).          

For walls under pressure and suction, the value of the end-connector reactions is compared to 

the compressive and tensile strength of the connectors, respectively. 
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6.6 MATERIAL RELATIONSHIPS 

6.6.1 Masonry 

Masonry (CMU and brick) is taken to have cracked when it reaches its cracking strength (𝑓𝑡), and 

the structural contribution of the brick is not considered after cracking as it is usually unreinforced. 

In the  absence of test values, the design value for 𝑓𝑡 can be obtained from Table 5 of CSA S304-

14 (2019). 

The modulus of elasticity for masonry, 𝐸𝑚, is obtained using Eq. 6.4 (CSA S304-14 2019). 

 𝐸𝑚 = 850𝑓𝑚
′  (6.4) 

𝑓𝑚
′  is the design compressive strength of masonry. 

6.6.2 Steel 

Reinforcing steel and connectors are assumed to behave as an elastic-perfectly plastic material i.e. 

having constant stress after yield, with an elastic modulus 𝐸𝑠 of 200 and 194 Gpa, respectively 

(Fig. 6.6). The yield strength (𝑓𝑦) for the reinforcing steel and connectors was 400 and 234 MPa, 

respectively while the yield strain was 0.002 and 0.001, respectively. 

 

Figure 6.6: Constitutive model for steel rebar and connector (𝜺𝒚, 𝒇𝒚 are the yield strain and 

stress) 

6.7 MOMENT-CURVATURE RESPONSE (PRESSURE AND SUCTION) 

The development of the moment-curvature response is vital to the determination of the load-

deflection response. The moment-curvature response for partially composite double-wythe cavity 

walls is between that of a non (NC) and fully (FC) composite wall. Previous analytical models 

like Sakr and Neis (2001) use a cumbersome process to determine the moment-curvature response 

for double wythe cavity masonry walls and also rely on empirical factors which may create a 
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barrier to usage. This is similar to most analytical models for insulated concrete walls such as 

Tomlinson and Fam (2016a), and Gombeda et al. (2017) that involve several iteration steps and 

are cumbersome to follow, which makes it difficult to apply to masonry walls. 

In this study, a simplified moment-curvature response is obtained by carrying out evaluations 

at only three points: cracking, yielding of reinforcement, and masonry crushing. These points were 

selected since each is familiar to designers. 

6.8 NON AND FULLY COMPOSITE SECTIONS 

The behaviour of a partial composite wall (Fig. 6.7a) is between that of a non and fully composite 

wall, and the presence of connectors makes the determination of its behaviour challenging. In the 

analysis of non-composite sections, it is assumed that the veneer and CMU resist the load 

independently (Fig. 6.7b), with an effective depth d for the CMU. For a fully composite section, 

it is assumed that there is no strain discontinuity between the brick and CMU wythe and the 

moment of inertia is calculated using the properties of brick and CMU, with an increased effective 

depth of 𝑑1 (Fig. 6.7c). 

 
Figure 6.7: (a) Wall under loading (b,c) Non-composite (NC) and Fully composite action 

(FC) under pressure (d,e) Non-composite (NC) and Fully composite action (FC) under 

suction 
 

6.8.1 Analysis before cracking 

The cracking moment (𝑀𝑐𝑟, (kNm/m)) is obtained using Eq. 6.5. 

(a) 

(b) 

(c) 

(d) 
(e) 
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𝑀𝑐𝑟 = (𝑓𝑡 +
𝑃𝑠𝑤
𝐴𝑒𝑚

)
𝐼𝑡𝑟
𝑦𝑡

 (6.5) 

𝐴𝑒𝑚 is the effective mortar bedded area. For NC, the respective 𝐴𝑒𝑚 for the brick and CMU are 

used, while a summation of the effective area of both wythes is used for FC analysis. 

For non and fully composite sections, 𝑦𝑡 is the distance from the centroid (�̅�) to extreme 

tension fibre, 𝑓𝑡 is the rupture stress in the extreme tension fibre. In partially grouted walls, a 

weighted value for 𝑓𝑡 is used for calculation (Eq. 6.6). 𝐼𝑡𝑟 is the transformed moment of inertia, 

and in non and fully composite sections, it accounts for the transformation of the rebar into an 

equivalent CMU area. Additionally, for the fully composite section, the transformation of the brick 

wythe into an equivalent area of CMU is also accounted for by multiplying the effective width 

(𝑏𝑒𝑓𝑓) by a factor nb which is the ratio of the elastic modulus of the brick to that of CMU. The 

effective width,𝑏𝑒𝑓𝑓 , is taken as the lesser of the reinforcement spacing and 4 times the CMU 

wythe thickness, and this ensures successive rebars are coupled under bending (CSA S304-14, 

2019). 

The curvature at cracking (𝜑𝑐𝑟) is obtained using Eq. 6.7. Since most double wythe cavity 

masonry walls have unequal wythe thicknesses, the respective wythes are checked to see which 

cracks first. 

𝑓𝑡,𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 =
𝐴𝑔𝑟𝑓𝑡,𝑔𝑟 + 𝐴𝑢𝑔𝑓𝑡,𝑢𝑔

𝐴𝑔𝑟 + 𝐴𝑢𝑔 
 (6.6) 

𝐴𝑔𝑟 , 𝑓𝑡,𝑔𝑟 , 𝐴𝑢𝑔, 𝑓𝑡,𝑢𝑔 are the area and tensile strength of the grouted (𝑔𝑟) and un-grouted sections 

(𝑢𝑔), respectively. The uncracked properties are shown in Table 6.1 for pressure and can be 

modified for suction cases. 

 

 

 

 

 

 

 

 

 

 

𝜑𝑐𝑟 =
𝑀𝑐𝑟
𝐸𝑐𝐼𝑡𝑟  

 (6.7) 
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Table 6.1: Uncracked properties of non and fully composite sections (pressure shown for FC) 
Properties Non -composite section Fully composite section 

�̅� 
𝑡𝑏𝑙
2

 (
(𝑛𝑏𝑡𝑏𝑟𝑏𝑒𝑓𝑓 ×

𝑡𝑏𝑟
2
) + (𝐴𝑒,𝑏𝑙 × (𝑡𝑏𝑟 + 𝑡𝑐𝑗 +

𝑡𝑏𝑙
2
))

𝑛𝑏𝑡𝑏𝑟𝑏𝑒𝑓𝑓 + 𝐴𝑒,𝑏𝑙
) 

𝐼𝑡𝑟 
𝑏𝑒𝑓𝑓ℎ

3

12
−
(𝑏𝑒𝑓𝑓 − 𝑡𝑔)(𝑡𝑏𝑙 − 2𝑡𝑓)

3

12
 

= 𝐼𝑏𝑟 + 𝐼𝑏𝑙 

(
𝑛𝑏𝑏𝑒𝑓𝑓𝑡𝑏𝑟

3

12
+ 𝑡𝑏𝑟𝑛𝑏𝑏𝑒𝑓𝑓 (

𝑡𝑏𝑟
2
− �̅�)

2

) + (𝐼𝑏𝑙 + 𝐴𝑒,𝑏𝑙 (𝑡𝑏𝑟 + 𝑡𝑐𝑗 +
𝑡𝑏𝑙
2
− �̅�)

2

) 

 

𝑦𝑡 𝑡𝑏𝑙 − �̅� ℎ1 − �̅� 

- Properties for partially grouted CMU section shown for non-composite section 

- 𝐴𝑒,𝑏𝑙, 𝐼𝑏𝑙 are the effective area and moment of inertia for the effective width area of the CMU, and can be taken from Table 1-13 of TEK 

14-1B (2007) depending on the nature of grouting. In the absence of such Tables in TEK 14-1B (2007), the centroid for the fully composite 

section can be obtained using the dimensions of the flange and grout components of the CMU. 

- 𝑡𝑏𝑟, 𝑡𝑐𝑗, 𝑡𝑏𝑙 are the thickness of the brick, collar joint, and CMU 

- 𝑡𝑓, 𝑡𝑔 are the thickness of the CMU flange and grouted cells, respectively. 

 

6.8.2 Analysis at yielding 

Basically, for walls under pressure, a fully composite section is considered as a masonry wall with 

similar reinforcement as a single CMU but with increased effective depth (𝑑1) as shown in Fig. 

6.7 and Table 6.2. For walls under suction, the reinforcement in the fully composite section is 

considered to have an effective depth similar to that of a single CMU wall and smaller than that 

for pressure (Fig. 6.7d,e). At yielding, masonry is assumed to have a linear stress distribution, and 

this assumption is rational for under-reinforced masonry walls (similar to under-reinforced 

insulated concrete walls) under which most double-wythe masonry walls fall. Masonry may also 

be assumed to be non-linear at yielding, and using the Kent and Park (1971) model, the difference 

with the linear case was less than 6% for moment and curvature. For a non-composite section 

(pressure and suction), the yielding moment (𝑀𝑦 (kNm/m)) is obtained from Fig. 6.8a using Eq. 

6.8 (moment for CMU wythe shown). For a fully composite section under pressure, the moment 

is obtained from Fig. 6.8c using Eq. 6.9 while that for a wall under suction is shown in Fig. 6.8b,d. 

𝑀𝑦 = 0.5𝐸𝑚𝜀𝑚𝑏𝑒𝑓𝑓𝑘𝑐𝑟𝑑 (𝑑 −
𝑘𝑐𝑟𝑑

3 
) (6.8) 

𝑀𝑦 = 𝐴𝑠𝑓𝑦 (𝑑1 −
𝑘𝑐𝑟𝑑1
3 

) + 𝑃𝑠𝑤 (�̅� −
𝑘𝑐𝑟𝑑1
3 

) (6.9) 
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Figure 6.8: Cracked, elastic stress profile for (a,b) NC section (pressure and suction, CMU 

wythe shown only). FC section I pressure (d) suction 
 

𝑓𝑦 is the yield stress of the reinforcement. 𝑘𝑐𝑟 is the elastic cracked neutral axis factor. The 

curvature at yielding (𝜑𝑦), reinforcement ratio (𝜌) along with other parameters are defined in Table 

6.2. 

Table 6.2: Cracked Properties of non and fully composite sections 
Properties Non -composite section Fully composite section 

𝜌 
𝐴𝑠
𝑏𝑒𝑓𝑓𝑑

 
𝐴𝑠

𝑏𝑒𝑓𝑓𝑑1
 

𝑘𝑐𝑟 √2𝜌𝑛 + (𝜌𝑛)2 − 𝜌𝑛 

𝐼𝑐𝑟 (
𝑏𝑒𝑓𝑓(𝑘𝑐𝑟𝑑)

3

3
+ 𝑛𝐴𝑠(𝑑 − 𝑘𝑐𝑟𝑑)

2) (
𝑏𝑒𝑓𝑓(𝑘𝑐𝑟𝑑1)

3

3
+ 𝑛𝐴𝑠(𝑑1 − 𝑘𝑐𝑟𝑑1)

2) 

𝜑𝑦 
𝜀𝑦

𝑑 − 𝑘𝑐𝑟𝑑
 

𝜀𝑦
𝑑1 − 𝑘𝑐𝑟𝑑1

 

- Dimension of CMU wythe shown here for non-composite section analysis 

- n is the ratio of the elastic modulus for masonry to that of steel 

- εy is the yielding strain for the reinforcement (εy =
fy

Es
) 

 

6.8.3 Analysis at peak 

The strength at peak is evaluated at masonry crushing, and CSA S304-14 (2019) assumes the 

equivalent rectangular stress block acts over a stress of 0.85𝜒𝑓𝑚
′  (Fig. 6.9), with equivalent stress 

block factor of 𝛽1 shown in Table 6.3. The moment and curvature at masonry crushing (𝑀𝑢, 𝜑𝑢,) 

are shown in Table 6.3. 

(a) 

(c) 

(b) 
(d) 



134 

 

 
Figure 6.9: Strain profile at ultimate for NC section (a) pressure (b) suction. Load profile for 

NC section (c) pressure (d) suction. Strain profile for FC section I pressure (f) suction. Load 

profile for FC section (g) pressure (h) suction 
 

Table 6.3: Section properties at peak 
Properties Non -composite section Fully composite section 

𝛽1 0.8 − 0.1 (
𝑓𝑚
′ − 20

10
) ≤ 0.8 

𝑀𝑢 (kNm/m)) 𝐶 (𝑑 −
𝛽1𝑐

2 
) 𝐴𝑠𝑓𝑦 (𝑑1 −

𝛽1𝑐1
2 
) + 𝑃𝑠𝑤 (�̅� −

𝛽1𝑐1
2 
) 

𝜑𝑢 
𝜀𝑐𝑢
𝑐

 
𝜀𝑐𝑢
𝑐1

 

- Dimension of CMU Wythe shown here for non-composite section analysis 

-  εcu is the ultimate masonry compressive strain taken as 0.003. 

 

6.9 EFFECTIVE WALL STIFFNESS 

CSA S304-14 (2019) provides formulation for the effective wall stiffness, 𝐸𝐼𝑒𝑓𝑓, which aids to 

easily calculate second-order effects. This provision enables the application of elastic formulations 

in the calculation of deflection after cracking. For unreinforced masonry 𝐸𝐼𝑒𝑓𝑓 is taken as 0.4𝐸𝑚𝐼𝑜 

while for reinforced masonry it is obtained using Eq. 6.10. Further for reinforced masonry, 𝐸𝐼𝑒𝑓𝑓 

should not be taken greater than 0.25𝐸𝑚𝐼𝑜 and not less than 𝐸𝑚𝐼𝑐𝑟. 

 

 

𝑒 is the end eccentricity and 𝑒𝑘 is the kern eccentricity = 𝐼𝑜/(𝐴𝑒 × �̅�), 𝐴𝑒 is the effective area. 

𝐸𝐼𝑒𝑓𝑓 = 𝐸𝑚 (0.25𝐸𝑚𝐼𝑜 − (0.25𝐸𝑚𝐼𝑜 − 𝐸𝑚𝐼𝑐𝑟) (
𝑒 − 𝑒𝑘
2𝑒𝑘

)) (6.10) 

(a) 

(b) (h) 

(g) 

(f) 

(e) 

(d) 

(c) 
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6.10 ANALYSIS FOR PARTIALLY COMPOSITE DOUBLE-WYTHE CAVITY 

MASONRY SECTIONS 

For the non (NC) and fully (FC) composite sections, the moment-curvature at cracking and 

yielding can now be shown in plots for pressure and suction (Fig. 6.10a). Subsequently, the 

moment-curvature response for a partially composite double-wythe cavity masonry wall at 

percentage composite action between 0% (NC) and 100% (FC) can be determined by interpolating 

between the cracking and yielding for pressure and suction, respectively (Fig. 6.10b). 

In the development of the moment-curvature response for NC sections, the contribution of the 

brick layer is only considered up to cracking. This is because the brick wythe in most partially 

composite cavity masonry walls are not reinforced and only aid after cracking in transferring the 

out of plane load to the backup wythe through the shear connectors. If the bricks were reinforced, 

its contribution in NC sections would be considered beyond cracking like the CMU. The absence 

of this rebar makes a partially composite cavity masonry wall reach lesser capacity in comparison 

to a similarly sized insulated concrete wall, and this can be improved by adding rebar at various 

intervals as in the CMU wythe. In this thesis, the cavity masonry walls examined were made of 

unreinforced brick layers. 

 
Figure 6.10: (a) Moment-curvature for pressure and suction (b) Full moment-curvature 

responses for intermediate levels of composite action 
 

The response of a partially composite double-wythe cavity masonry wall can be determined by 

accounting for the shear contribution from the connectors. The strain discontinuity (𝜀𝑠𝑐, Eq. 6.11, 

Fig. 6.4) varies linearly with the shear connection contribution (𝑉𝑐𝑛) and is maximum in the NC 

(a) (b) 
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section where the shear connector contribution is zero (𝑉𝑐𝑛,𝑁𝐶). In FC sections which are 

composite sections made of brick, collar joint, and CMU, there is no strain discontinuity between 

the wythes, and the maximum shear is transferred (𝑉𝑐𝑛 equals 𝑉𝑐𝑛,𝐹𝐶). For fully composite multi-

wythe masonry walls, CSA S304-14 (2019) prescribes a value 𝑉𝑐𝑗 as the shear bond resistance 

between the collar joint (mortar or grout) and the neighbouring masonry (Eq. 6.12). The maximum 

shear force (𝑉𝑐𝑛,𝐹𝐶) in a section is obtained using Eq. 6.13. The connector contribution (𝑉𝑐𝑛) is 

accumulated at each connector location towards the middle of the wall, resulting in the maximum 

shear connection contribution for a section, 𝑉𝑐𝑛,𝑇 (Fig. 6.11). 

𝜀𝑠𝑐 = 𝜑(𝑐2 + 𝑡𝑐𝑗) + 𝜑(𝑡𝑏𝑟 − 𝑘𝑑𝑏𝑟) (6.11) 

𝑐2 is the neutral axis depth in the CMU wythe (for pressure), 𝜑 is the curvature. As highlighted in 

Section 6.5, for connectors to be able to transmit shear load, they should possess sufficient axial 

stiffness and this sufficient axial stiffness ensures the two wythes have equal curvature when 

loaded (Brown and Elling 1979, Sakr and Neis 2001). Also, the strength of the connectors 

determines the amount they can contribute to longitudinal shear (i.e. composite action) in a wall. 

After cracking, the neutral axis for the brick wythe (𝑘𝑐𝑟𝑑𝑏𝑟) can be obtained using the effective 

stiffness for unreinforced masonry (0.4𝐸𝑚𝐼𝑜). 

 

 

 

𝑣 is given in CSA S304-14 (2019) as the shear bond factor which is taken as 0.1 and 0.2 for 

mortared and grouted collar joints, respectively. An average value of 0.15 was used in this study. 

𝑄 (Eq. 6.14)  is the first moment of area of the masonry wythe adjacent to the plane under 

consideration about the centroid of the section. 

 

𝑉𝑐𝑗 =
𝑣𝐼𝑡𝑟𝑏𝑒𝑓𝑓

𝑄 
 (6.12) 

𝑉𝑐𝑛,𝐹𝐶 = (
𝑉𝑐𝑗𝑄

𝐼𝑡𝑟
)
ℎ𝑤
2 

 (6.13) 

𝑄 = 𝑛𝑏𝑡𝑏𝑟𝑏𝑒𝑓𝑓 (�̅� −
𝑡𝑏𝑟
2
) (6.14) 
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Figure 6.11: (a) wall strain profile (b) wall showing end-connector (c) accumulated shear 

contribution. 

 

The load-deflection response is therefore obtained using the following steps (Fig. 6.12). 

As discussed in Section 5.7 of this thesis, the wall failure mode is either from connector or 

wythe material failure, and the process to determine the failure mode is also described in Section 

5.7. In addition, for double wythe cavity masonry walls, the connector capacity (and failure) is 

also limited by the axial capacity of the connectors as described in Section 6.5.3. 

 

(a) 

(c) 

(b) 
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Figure 6.12: Generation of load-deflection response for partial composite double-wythe cavity 

masonry wall 

1.Apply out of plane load (OP), w 

(kN/m2), to the wall and determine 

the moment, M (kNm/m), at 

connector locations along the wall. 

Similar procedure can be done for 3 

and 4 point bending. 
 

2.Assume a linear slip profile with end 

connector having the largest 

slip (𝛿𝑠𝑐,1) and zero slip at the middle 

of the wall. 

 

3.Find Vcn at each connector location 

by correlating assumed slip with shear 

connector load-slip relationship. Sum 

Vcn towards the middle of wall. 
 

4.Use  Vcn at each connector location 

to get strain discontinuity (𝜀𝑠𝑐). 

 

5.Integrate strain discontinuity at 

connector locations to get a new slip 

profile. Repeat step 2 to 5 till new slip 

profile equals that in step 2.  

 

 

6.Interpolate moment at connector 

location (Mi) to get curvature (φi) 
corresponding to the degree of 

composite action. 

 
 

7.Integrate curvature to obtain primary deflection (∆0) for OP, using the moment-area approach. 

8.Use EIeff to iterate and get secondary deflection (∆1) and secondary moment (P(∆0 + ∆1)). At mid wall height 

using the P-∆ method, ∆1=
5𝑃𝑠𝑤(∆0+∆1)ℎ𝑤

2

48𝐸𝐼𝑒𝑓𝑓
 (𝑃𝑠𝑤 is the self-weight of the wall). Self-weight reduces from the bottom 

to the top of wall. 𝐸𝐼𝑒𝑓𝑓  along the wall can be obtained by correlating the degree of composite action at connector 

locations to the end of the wall. Add secondary deflection (∆1) to primary deflection (∆0) to obtain total deflection 

and secondary moment. With secondary moment, repeat step 1 to 5 to find additional connector slip due to second-

order effects. 

 
9.Increase OP load, and Step 2 to 8 is executed to obtain a new point for the OP load-deflection response for the 

partial composite double -wythe cavity masonry wall. 

w 
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6.11 VERIFICATION OF MODEL WITH EXPERIMENTAL DATA 

Verification of the model was done by comparing the load-deflection response to results for full-

scale walls from literature in which properties for wall components such as connectors, CMU, and 

brick are given or could be traced to a previous publication. Unlike insulated concrete walls, not 

many experimental tests have been conducted for double wythe masonry walls under flexural 

loading. The test used for verification was Goyal et al. (1994) and the properties of wall 

components are shown in Table 6.4. The bar yield strength was taken as 300 MPa as it represents 

a lower bound value used in other tests by some of the authors (Wang et al. 1996), while the 

properties for similar connectors were obtained from (Zmavc 1991). These complimentary sources 

from which wall properties were taken (Wang et al. 1996, Zmavc 1991) were selected as they were 

conducted by similar research groups. The tensile strength of CMU, brick, and grout was taken 

from Table 5 of CSA S304-14 (2019) as 0.4, 0.65, and 0.65 MPa, respectively. The compressive 

strength of the brick was taken as 16 MPa as it represents the typical strength of a Canadian brick 

(where the study was conducted). 

The load-deflection response from analytical modelling is compared to experimental data and 

service response comparison was done at a load value corresponding to deflection of span/360 

(mm). The deflection criteria for service load was selected as it is usually critical for architectural 

walls (Table 6.5, Fig. 6.13). As mentioned in Section 5.8 of this thesis, comparison of the model 

and test results was expressed in terms of the mean and coefficient of variation (COV). This is 

because the COV (a unitless parameter) evaluates the relative closeness of the predictions to the 

test values, which is of interest in any developed model. From the test results, there were no 

outliers and the COV was suitable in statistical evaluation of model predictions. 

From Table 6.5 the average test to predicted strength ratio was 0.72 with a coefficient of 

variation (COV) of 29.4%. The overprediction can be attributed to the assumed wall properties, 

especially the connector properties (compressive strength) which may be lesser in the test than 

that from the complimentary source. Considering construction imperfections which can create an 



140 

 

out-of-straightness effect on the connectors, as well as possible effects of combined axial/shear 

forces on the connectors, the capacity of the connectors would be reduced under loading. Future 

investigations should evaluate this combined axial/shear effect. In addition, the predicted initial 

stiffness was stiffer than the test values. A reason for this is that the CMUs were produced with 

sawdust replacing 50% of the lightweight aggregates which reduced the compressive strength by 

up to 30% and is likely to have a similar effect on the tensile strength. Also, provisions such as 

Eq. 6.4 (CSA S304-14 2019) overestimates the modulus of elasticity, which was also reported by 

Gayed and Korany (2012). The tensile strength for masonry in Table 5 of CSA S304-14 (2019) 

was developed for masonry without partial replacement of aggregates with materials like sawdust, 

and it appears to overestimate the tensile strength for masonry with partial replacement of 

aggregates with sawdust, thereby leading to stiffer wall responses. In Batool et al. (2021) and 

Olaiya et al. (2023), an adverse reduction in tensile strength was reported for concrete with 

sawdust content larger than 15-20%. Therefore, test standards should be developed and material 

property expressions developed for masonry where aggregates are partially replaced with 

alternative materials which would follow similar processes used in reinforced concrete design. 

The failure mode of most walls was due to connector buckling which occurred when the 

compression capacity of the end-connector was reached. 

Table 6.4: Matrix of experimental test 

Study 
Wall 

height, 

mm 

Cavity 
width, 

mm 

Brick 
size, 

mm 

CMU, 

mm 

Rebar 
area, 

mm2 

Rebar 
spacing, 

mm 

Yield 

strength 

of rebar, 
MPa 

𝑓𝑚
′ , MPa 

(CMU) 

𝑓𝑚
′ , 

MPa 

(brick) 

𝑓𝑚
′ , MPa 

(Grout) 

Goyal 
et al. 

(1994) 

S1D 3000 

100 100 

150 

200 600 300a 10b 16c 20 

S2C 4200 
S2D 5400 

S3B 3000 

200 S3C 4200 
S3D 5400 

S4A 3000 
100 

S4C 2400 
a Obtained from Wang et al. 1996 
bAverage of test range values of 9 and 11 MPa 
c Obtained from Table 4 of CSA S304-14 (2019) 
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Table 6.5: Result for model prediction 

Study 

Peak Service 

Failure mode 
Load, kPa 𝐷𝑢 

Load at deflection 

(L/360), kPa 
𝐷𝑠 

Test Model  Test Model  Test Model 

Goyal 

et al. 

(1994) 

S1D 3.35 6.33 0.53 2.33 3.88 1.67 CB CB 

S2C 3.25 4.52 0.72 1.49 3.08 2.07 CB CB 

S2D 1.67 2.98 0.56 0.88 1.44 1.64 CB CB 

S3B 5.31 6.33 0.84 * *  CB CB 

S3C 4.51 4.52 1.00 2.57 4.21 1.64 CB CB 

S3D 3.58 3.52 1.02 1.53 2.77 1.81 CB CB 

S4A 3.34 6.33 0.53 1.83 2.50 1.37 CB CB 

S4C 4.28 7.92 0.54 1.56 2.32 1.49 CB CB 

Mean 𝐷 (Test/Predicted) 0.72   0.61   

COV (%) 29.4   13.1   

*Wall failed in service 

CB – Connector buckling 

CR– Masonry crushing 

 

 
Figure 6.13: Comparison of test and model load-deflection response for Goyal et al. (1994) 

(Dashed lines are model predictions and solid lines are test results) 

6.12 PARAMETRIC ANALYSIS 

In this section, the effect of several parameters on the load deflection of double-wythe masonry 

walls response is examined. These include reinforcement ratio, cavity width, wall length, 

connector spacing, strength, and stiffness. The chosen parameters are shown in Table 6.6 and are 

evaluated using a 190 and 90 mm thick CMU and brick, respectively. The rebar was spaced at 600 

mm intervals with a yield strength of 400 MPa, as shown in Fig. 6.14. As most walls are slender, 

they are usually partially grouted to reduce self-weight. However, the same procedure can be 

applied to fully grouted walls. 

The CMU is assumed to have a specified compressive strength of 20 MPa which is common 

in literature, while that of the brick is taken as 16 MPa which represents the minimum strength for 
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Canadian manufactured brick (Dryscale and Hamid 2005). This specified compressive strength is 

interpreted from Table 4 of CSA S304-14 (2019) to get design values of 16, 13, and 10 MPa for 

the brick, CMU, and grout, respectively. Similarly, the design tensile strength of all masonry 

components is taken from Table 5 of CSA S304-14 (2019), to get design values of 0.65, 0.4, and 

0.65 MPa for the brick, CMU, and grout, respectively. 

A base cavity width of 100 mm (75 mm insulation and a 25 mm air gap) was selected to 

represent existing cavity widths used in Canada for walls above ground level. A maximum cavity 

width of 175 mm was selected to reflect increasing insulation thickness currently prescribed by 

designers to meet stricter energy requirements set by the National Energy Code of Canada for 

Buildings (NECB 2017) and comparable codes around the world. A minimum wall length of 3000 

mm was selected to represent a typical storey height. Other wall lengths of 6000 and 8500 mm 

were chosen to reflect taller storey heights found in commercial and institutional structures. The 

minimum longitudinal spacing for the novel connector (NP) was selected as 400 mm to allow for 

proper construction considering it is 350 mm high while the minimum spacing for the existing 

connectors (HP, VP) was selected as 200 mm. For both connector types, the maximum spacing 

was 600 mm, to represent the maximum longitudinal spacing prescribed for connectors in CSA 

A370:14 (2018). The horizontal spacing is limited to the spacing of the grouted cells (600 mm).  

Three rebar sizes, 10M, 15M, and 20M, placed in the centre of the CMU cell, were selected to 

reflect a range of rebar sizes seen in literature and to study the effect of reinforcement ratio on 

wall strength. In addition, the effect of the parameters mentioned above on the degree of composite 

action by strength (Ku) as well as service stiffness (Ks) were examined using Eq. 6.15 and 6.16. 

This is vital as walls with larger strength (peak load) do not translate to a wall with equivalent 

composite action by stiffness, as seen in insulated concrete walls (Huang et al. 2018, Tomlinson 

and Fam 2015) and shown in the following sections. 
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𝑃𝑚, 𝑃𝑁𝐶, and 𝑃𝐹𝐶  are the strength of the partial composite, non-composite, and full-composite 

walls, respectively while 𝑃𝑚,𝑠, 𝑃𝑁𝐶,𝑠, and 𝑃𝐹𝐶,𝑠 are strength values at span/360 (mm). The factor 

of 360 was selected instead of 180 as a masonry veneer is attached and the air gap provides a 

drainage path for moisture ingress (CSA S304-14 2019). 

 
Figure 6.14: Double-wythe masonry cross-section for parametric analysis 

Table 6.6: Numerical values for examined parameters. 
Parameters Values 

Wall length (mm) 3000, 6000, 8500 

Cavity width (mm) 100, 150, 175 

CMU thickness (mm) 190 

Bar sizes 10M, 15M, 20M 

Connector longitudinal spacing (mm) 200, 400, 500, 600 

Rebar and connector horizontal spacing 600 

Connector material Steel 

Tensile strength of Rebar (MPa) 400 

Tensile strength of connector plate (MPa) 234 

Modulus of Elasticity for rebar (MPa) 200000 

Modulus of Elasticity for connector (MPa) 194000 

𝑓𝑚
′  (brick, MPa) 16 

𝑓𝑚
′  (CMU, MPa) 13 

𝑓𝑚
′  (grout, MPa) 10 

𝑓𝑡 (brick, MPa) 0.65 

𝑓𝑡 (CMU, MPa) 0.4 

𝑓𝑡 (grout, MPa) 0.65 

Shelf angle (Steel)* L102 × 102 × 13 
*The horizontal leg of the shelf angle was selected to be larger than the thickness of a typical brick (90 mm) and 

the design procedure was adopted from (Hagel et al. 2019) 

 

6.13 RESULTS FROM PARAMETRIC ANALYSIS 

6.13.1 Effect of connector type 

Generally, for walls with similar connector reinforcement ratio and cavity width, the novel 

connector (NP) exhibited larger strength, 𝐾𝑢, and 𝐾𝑠 than those made with the VP and HP 

connectors (Fig. 6.15,6.16,6.17). On average, the 𝐾𝑢 𝑜f the wall with the NP connector was 1.6 

 𝐾𝑢 =
𝑃𝑚 − 𝑃𝑁𝐶
𝑃𝐹𝐶 − 𝑃𝑁𝐶

 (6.15) 

 𝐾𝑠 =
𝑃𝑚,𝑠 − 𝑃𝑁𝐶,𝑠
𝑃𝐹𝐶,𝑠 − 𝑃𝑁𝐶,𝑠

 (6.16) 
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and 3.4 times that of a wall with VP and HP connectors, respectively while that for 𝐾𝑠 was 1.2 and 

2.6, respectively (Table 6.7). This is because the novel connector transmits load through truss 

action which enables better material utilization. 

6.13.2 Effect of rebar size 

As the wall rebar size increased from 10M to 20M rebar, for a wall with similar connector spacing 

and cavity width, the strength and service load at 𝐿/360 increased (Fig. 6.15). Although there was 

an increase in strength with larger rebar sizes, the larger moment resistance of the wall puts more 

demand on the connector, which causes a reduction in the connector’s contribution to composite 

action (𝐾𝑢, 𝐾𝑠, Fig. 6.16). This is similar to trends seen for the effect of larger reinforcement ratios 

in insulated concrete walls (Trasborg 2014, Teixeira 2015). 

Table 6.7: Results from parametric analysis 

ID 

Pressure Suction 

Load, kN/m2 

𝐾𝑢,% 𝐾𝑠, % 

Load, kN/m2 

𝐾𝑢 𝐾𝑠 Peak 

load 
L/360 Peak load L/360 

HP-100-600 12.4 6.87 6.72 4.23 9.82 6.43 * 12.5 

HP-150-600 12.2 6.67 4.64 2.85 9.82 6.15 * 9.23 

HP-175-600 12.1 6.29 3.96 1.57 9.82 5.95 * 3.22 

HP-175-200 12.4 6.36 4.82 1.77 9.82 6.51 * 13.3 

HP-175-400 12.2 6.31 4.21 1.60 9.82 5.98 * 3.67 

VP-100-600 14.2 7.80 14.3 7.69 9.13 6.93 * 21.4 

VP-150-600 14.2 7.39 11.3 5.07 9.13 6.81 * 18.8 

VP-175-600 14.0 7.05 9.80 3.71 9.13 6.54 * 14.4 

VP-175-200 16.5 8.31 17.6 7.22 9.13 7.02 * 22.1 

VP-175-400 14.2 7.18 10.4 4.04 9.13 6.76 * 15.3 

VP-175-400-1.25 15.8 7.77 15.4 5.69 9.13 6.71 * 16.8 

VP-175-400-1.5 15.8 8.18 15.4 6.84 9.13 6.98 * 21.4 

VP-175-400-1.75 17.2 8.32 19.7 7.26 9.13 7.17 * 24.7 

VP-175-400-2.0 17.6 8.62 20.9 8.07 9.13 7.17 * 24.7 

NP-100-600 15.1 8.07 18.4 8.67 11.0 7.03 17.4 23.3 

NP-150-600 15.0 7.80 14.3 6.31 11.0 7.01 10.1 22.2 

NP-175-600 14.0 7.34 9.80 4.52 10.9 6.58 1.89 14.6 

NP-175-400 15.6 8.08 14.8 6.44 10.9 6.86 3.29 20.1 

NP-175-500 15.3 7.62 13.1 5.38 10.9 6.81 1.89 19.4 

NP-175-400A 4.07 1.72 14.9 6.78 2.89 1.58 12.6 21.6 

NP-175-400B 2.08 0.77 15.9 7.64 1.52 0.65 22.1 22.7 

NP-175-600C 8.40 5.95 9.80 4.76 6.20 5.61 5.37 58.9 

NP-175-600D 19.3 9.53 9.45 4.56 13.3 8.24 * 12.7 

 * The tensile strength of the connector governed and wall strength was lesser than the NC value 

A,B represent walls with  6000 and 8500 mm high walls, respectively. Other walls are 3000 mm high. 

C,D represent walls with 10M and 20M rebar sizes, respectively. Other walls have 15M rebars. 
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Figure 6.15: (a) Effect of connector type (175 mm cavity). Effect of rebar size (175 mm cavity) 

(b) 10M (c) 15M (d) 20M. (All walls with 3000 mm wall length and 600 mm connector 

spacing) 
 

 

 

 
Figure 6.16: Effect of parameters on 𝑲𝒖 and 𝑲𝒔. Cavity width (a) NP (b) VP (c) HP. 

Connector spacing (d) NP I VP (f) HP (g) Rebar size (h) Connector stiffness (i) Wall length 
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6.13.3 Effect of cavity width 

The strength, 𝐾𝑢, and 𝐾𝑠 of walls decreased with an increase in cavity width (Fig. 6.16,6.17a,b,c) 

due to loss of connector strength and stiffness. Similarly, the increased moment demand owing to 

larger section size is not resisted by connectors in the form of shear flow, thereby reducing the 

degree of composite action of the wall. An increase in insulation thickness by designers (currently 

up to 150 mm plus an air gap) which affects the cavity width, necessitated the development of the 

novel connector and this novel connector resulted in larger strength per unit area of connector.  

 

 

 

                      
Figure 6.17: Effect of cavity width (a) 100 mm (b) 150 mm (c) 175 mm. Effect of connector 

spacing (3000 mm wall length and 175 mm cavity width) (d) NP I VP (f) HP (g) Effect of 

connector stiffness (X is a wall with VP connector with 400 and 175 mm connector spacing 

and cavity width, respectively. Digits before X represent walls with connectors at various 

multiples of stiffness. 
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6.13.4 Effect of loading direction 

Unlike most reinforced concrete walls which have similar reinforcement placed at identical 

positions in respective wythes, double wythe cavity masonry walls only have the inner wythe 

reinforced which leads to an unsymmetrical response under pressure and suction, respectively. As 

anticipated, due to the larger moment arm of the rebar, the moment resistance and consequently 

the wall strength as well as service load at L/360 was larger for pressure (Fig. 6.15,6.16,6.17,6.18). 

On average, the 𝐾𝑢 and 𝐾𝑠 was larger for suction as the strength and stiffness values were closer 

to their respective NC and FC section values (similar rebar moment arm for NC and FC). This 

aligns with Sakr and Neis (2001) where it is noted that a partially composite wall under suction is 

expected to behave more like a non-composite wall i.e. a single CMU wythe. Considering the 

disadvantage, the strength of walls under suction can be improved by placing two rebars per cell 

preferably on opposite faces of the face shell within the CMU, which will also improve the strength 

under pressure. 

6.13.5 Effect of connector spacing 

As connector spacing reduced the strength, 𝐾𝑢, and 𝐾𝑠 increased for all connector types, more 

evident in that for NP and VP connectors (Fig. 6.16,6.17). This is because the additional shear 

flow is accumulated towards the middle of the wall. 

Although CSA A370:14 (2018) specifies the maximum horizontal connector spacing to be 800 

mm, this would be impractical for connectors screwed to the CMU used in partially grouted walls 

with rebar spacing greater than 800 mm. This is because the screws in such connectors require 

adequate bonding with grout in the CMU cell to function adequately under loading. This limitation 

differentiates partially grouted walls from fully grouted walls, and likewise insulated concrete 

walls. To optimize connector spacing in partially grouted walls, the connectors can be developed 

without relying on the screws for fixity, such that they can be placed on the head joints of the 

CMUs. 
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6.13.6 Effect of wall length 

As wall length increased, the strength and stiffness of the partially composite wall reduced. 

However, the 𝐾𝑢 and 𝐾𝑠 increased as wall length increased (Fig. 6.16,6.18) most especially for 

the 8500 mm wall. This is because as wall length increases, more longitudinal shear (𝑉𝑐𝑛) transfers 

between wythes towards the middle of the wall making the resistance closer to that of the sectional 

FC load capacity. In addition, the deflection increased with wall length (6000 and 8500 mm used 

in this study) and the service load calculated at 𝐿/360 shows the maximum service load reduces 

with an increase in wall length. 

 

            
Figure 6.18: Effect of wall length (a) 6000 m (b) 8500 mm 

 

6.13.7 Effect of connector strength, stiffness, and shelf angle 

Although not proportionally, an increase in connector strength and stiffness resulted in a 

corresponding increase in wall strength, stiffness, 𝐾𝑢, and 𝐾𝑠 (Fig. 6.16,6.17). This is because the 

connectors with larger strength were able to offer more shear flow in response to moment demand 

on the wall. Additionally, an increase in connector stiffness resulted in a corresponding increase 

in service load calculated at L/360 (Table 6.7). 

Similarly, when the shelf angle was included in the analysis, the strength, stiffness, and degree 

of composite action of the wall increased to a larger extent than that resulting from the connectors 

thereby creating an upper bound for wall behaviour (Fig. 6.19,6.20). This is because the shear 

strength and stiffness of the shelf angle are far larger than that of the connectors examined (as well 
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by strength and stiffness than may be believed. However, this may not be the case in walls with 

horizontal expansion joints that accommodate the slip in the brick wythe without having the shelf 

angle necessarily contributing to composite action. In addition, the shelf angle is usually anchored 

to a concrete pedestal under the CMU and not directly to the CMU to allow for continuous 

insulation between above-grade and below-grade walls (Hagel et al. 2019). This means the shelf 

angle only transfers the weight of the brick to the foundation without necessarily contributing to 

composite action. 

When shelf angles are thought to contribute towards composite action, it is important to 

consider the effect on thermal bowing. Also, additional investigation on full wall performance is 

needed to develop comprehensive design expressions relating to the thermal and structural effects 

of the shelf angle.  

 

 
Figure 6.19: Effect of shelf angle (S-Ang) on wall strength. Cavity width (a) 100 m (b) 150 (c) 

175 mm 

 
Figure 6.20: Effect of shelf angle (S-Ang) on 𝑲𝒖 and 𝑲𝒔. Cavity width (a) IP (b) VP (c) HP 
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was validated using experimental tests in literature where the wall components where published 

or could be traced to a previous publication. A parametric analysis was performed on the effect of 

connector spacing and stiffness, cavity width, wall length, and flexural reinforcement ratio, on the 

strength and degree of composite action. 

The following were concluded from this study: 

1. The proposed model reduces the computational difficulty compared to other models and 

can be done using a simple spreadsheet. 

2. The novel connector gave larger strength and degree of composite action per unit connector 

cross-sectional area than the existing connectors.  

3.  While increasing the flexural reinforcement ratio generally increases the wall strength, the 

degree of composite action is reduced due to additional shear flow demand on the 

connectors, which the connectors are not able to offer through resistance. 

4. To improve composite action in walls, designers have a choice of using stiffer or more 

closely spaced connectors, of which smaller connector spacing influenced the wall strength 

and degree of composite action to a larger extent. 

5. Proper characterization of wall properties (CMU, bricks, and connectors) that will aid in 

the assessment of wall behaviour. Also, other methods should be developed to determine 

the axial forces developed in connectors, especially the end-connectors, whose axial 

strength (tension and compression) could control the strength of walls. In addition, micro 

finite element models should be developed to better capture the interaction between 

connector elements and surrounding mortar. 

6. From research (Liu and Dawe 2003, Liu and Hu 2007), the effective flexural stiffness 

formulation by CSA S304-14 (2019) is conservative. Further analysis should be carried 

out using other provisions for effective flexural wall stiffness. 
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7. CONCLUSION 

7.1 RESEARCH SUMMARY 

Insulated concrete and double wythe cavity masonry walls are common wall types in residential 

and commercial buildings. The major focus of this thesis was on developing methods to better 

assess the amount of composite action in insulated concrete and double wythe cavity masonry 

walls. The contributions from the preceding Chapters are highlighted below. 

In Chapter 2, a critical review of literature identified major contributors to composite action 

for both wall types to be from the shear connection system. To this end, distinct methods were 

developed to improve the shear transfer mechanism. Chapter 3 was on the experimental push-

through test on 18 notched and 6 unnotched insulated concrete walls. Some parameters examined 

were the insulation type, size of connectors, and type of notch. Chapter 4 examined a novel shear 

connector-tie system for double wythe cavity masonry walls under push-through tests and 

compared the results to that of traditional masonry connectors. In total, 38 small-scale specimens 

were examined and the parameters examined included the embedment length of the tie and type 

of brick. 

Chapter 5 presented a unified analytical model to predict the load-deflection response of 

insulated concrete walls under flexural loading, and the model was verified using 32 experimental 

tests from literature. A parametric study was conducted to examine the effect of several parameters 

on composite action. These included longitudinal reinforcement ratio, connector material, wall 

length, connector spacing, size, and inclination. In Chapter 6, the analytical model developed in 

Chapter 5 was extended to predict the load-deflection response of non-load-bearing double wythe 

cavity masonry walls. The effect of connector type (novel and traditional connector tested in 

Chapter 4) cavity width, connector spacing, and wall length, on composite action were examined 

through a parametric analysis. 
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7.2 RESEARCH CONCLUSIONS 

The following conclusions can be made for insulated concrete and double wythe cavity masonry 

walls, respectively. 

7.2.1 Insulated concrete and double wythe cavity masonry walls 

1. The novel shear connection system developed for insulated concrete and double wythe 

cavity masonry walls was effective in improving composite action. From Chapter 3 (Task 

2), notches increased the strength and stiffness of shear connections of insulated concrete 

walls, especially those with XPS insulation due to their larger tensile strength and stiffness, 

in comparison to PIR and EPS. Rectangular notches aided the proper locking mechanism 

with the insulation, and resulted in larger strength than trapezoidal notches, while 

trapezoidal notches gave more warning before failure. From Chapter 4 (Task 3) the novel 

inclined masonry connector resulted in larger shear connection strength per unit area than 

traditional connectors, due to better utilization of material. 

2. From Chapter 4 (Task 3), the influence of embedment ties appears to be insignificant when 

only examining the longitudinal shear behaviour of connectors. However, embedment ties 

will play a significant role when loaded under pure tension and compression. 

3. The novel inclined connector produced larger wall flexural load and composite action per 

connector cross-sectional area than traditional connectors, as shown in Chapter 6 (Task 5). 

For insulated concrete walls, using larger-sized connectors was only significant for widely 

spaced connector arrangements (Chapter 5, Task 4). 

4. For insulated concrete and double wythe cavity masonry walls, the connector spacing and 

inclination affected the strength of walls to a larger extent than other parameters examined, 

as shown in Chapters 5 and 6 (Tasks 4 and 5). 

5. In Chapter 6 (Task 5), a large variation in the predicted strength and stiffness was observed 

for the double wythe cavity masonry walls used for model validation. This is because the 

model uses formulations for normal masonry such as the elastic modulus, which over-
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estimates the modulus for the test specimens that were made of blocks with partial 

replacement of aggregates with sawdust. Also, the method used to apportion axial forces 

to the connectors may be unconservative, especially for the end-connectors whose failure 

could determine the strength of the walls. In addition, adequate wall properties were not 

given in the publication, which had to be obtained from tests by other researchers in the 

same research group. 

Overall, this thesis developed methods to better assess composite action in insulated concrete and 

double wythe cavity masonry walls. This was achieved by experimentally conducting push-

through tests on innovative inclined shear connection systems. In addition, a simplified analytical 

model was developed to assess the amount of composite action generated by various shear 

connection systems. The results indicate that for insulated concrete and double wythe cavity 

masonry walls, inclined connectors can reach larger shear connection strength than dowel 

connectors. In some instances, the inclined connector reached strength values that were 7.3 times 

that of a dowel connector. Using the simplified analytical model, the slip profile for connectors 

was non-linear even at wall cracking load. While it may be reasonable to assume a linear slip 

profile at cracking load, further evaluation is needed to test the adequacy of a linear slip profile 

assumption at yielding of wall longitudinal reinforcement and at ultimate load. 

While the innovative shear connection schemes resulted in larger connection strengths which 

would lead to thinner and less-expensive wall sections, consideration should also be given to their 

effect on thermal bowing. This is because shear connectors with larger stiffness would lead to 

increased thermal bowing, and connectors with lesser stiffness resulting in reduced thermal 

bowing. 

7.3 FUTURE RECOMMENDATIONS 

As stated in the opening chapter of the thesis, there is a dire need to improve energy efficiency in 

walls such as insulated concrete and double wythe cavity masonry walls, and this is commonly 

achieved through larger insulation thickness. Larger insulation thickness reduces the composite 
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action in both walls, due to a reduction in stiffness of the connectors. This creates a coupled 

thermal and structural problem. However, only the structural effect was examined in this thesis, 

and further research in the following areas would enhance understanding of the behaviour of both 

wall types. Recommendations for each wall type are provided in the following sections. 

7.3.1 Specific recommendations for insulated concrete walls 

1. As with many infrastructure, freeze-thaw cycles occur due to repeated cycles of freezing 

and melting of water which initially penetrated the voids of wythes, consequently causing 

damage to the material. Damage to the material include degradation of the modulus of 

elasticity and tensile strength (Shiping et al. 2022). For insulated concrete walls without 

notches, the expansion and contraction from freeze-thaw cycles may also degrade the 

interaction (if any) between concrete and insulation, as well as for walls with notches that 

depend on the concrete-insulation bond for structural contribution. 

2. Similar to the effect of freeze-thaw cycles, additional tests should be carried out on 

unnotched and notched walls to re-evaluate the effect of notches under sustained load 

(creep), as well as to determine the most suitable connector type under sustained load. 

3. Carry out experimental tests on full-scale walls with notched insulation while also 

considering different notch sizes and connector types such as grids and pins (steel or FRP). 

7.3.2 Specific recommendations for double wythe cavity masonry walls 

1. Considerations for newer masonry shear connections should ensure that it can be anchored 

in the head joints of the CMU wythes, instead of relying on screws which can only be 

affixed to grouted cells. 

2. While the similarly simplified analytical model predicts flexural (reinforcement yielding 

and rupture, and masonry crushing) and connector failure, it should be modified to predict 

other failure modes such as out-of-plane shear failure. 

3. The combined axial/shear interaction of the connection system should be further assessed, 

to aid in better prediction of wall strength. In addition, other methods should be developed 
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to determine the axial forces developed in connectors, especially for the end-connectors, 

whose axial strength (tension and compression) could also control the strength of walls. 

7.3.3 Recommendations that apply to both insulated concrete and double wythe cavity 

masonry walls 

1. Examination of the integrity/residual strength of shear connection systems after exposure 

to elevated temperatures/fire. In addition, the contribution of the stiff connectors developed 

in this thesis towards thermal bowing should be evaluated to create walls with balanced 

thermal and structural performance. 

2. Carry out longitudinal shear tests and full-scale tests on connection systems with thicker 

insulation (100-200 mm) as building energy codes continue to evolve to meet climate 

targets. 

3. A parametric analysis considering more wythe thicknesses, reinforcement ratios, and 

connector spacing is needed as it would serve as standardized design curves for non-load 

bearing partially composite double wythe cavity masonry and insulated concrete walls. 

4. The simplified model should be adjusted to account for superimposed concentric and 

eccentric axial loads, which could lead to instability failure. 

5. The analytical model developed in this study is able to predict the global failure mode such 

as connector and wythe material failure. However, it is not able to capture the interaction 

between connectors and host element such as concrete and mortar which is better 

characterized using micro finite element modelling. The developed model is only 

applicable to walls under one-way bending, and further work through finite element 

modelling, is needed to analyse two-way response of walls while accounting for openings 

like doors and windows. 
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APPENDIX A: FORMULATIONS FOR THE LOAD-SLIP RESPONSE OF 

CONNECTORS IN INSULATED CONCRETE WALLS 

Derivation of shear connection relationships (Eq. 5.1 to 5.4). 

 
Figure A.1: (a) insulation shear resistance (b) Dowel connector with fixed-fixed end condition 

(c) connector shear stress (𝝉𝒎𝒂𝒙) (d)  Mohr’s Circle with principal (𝝈𝟏) and shear stress 

(𝝉𝒎𝒂𝒙) 
  

The shear stress (𝝉𝒔,𝒊𝒔) acting on the insulation area (Fig. A.1a) is given as Eq. A.1 

 

 

𝐺𝑖𝑛𝑠 is the insulation shear modulus and 𝛾𝑠,𝑖𝑛𝑠 is the shear strain and taken as 𝑠𝐿/𝑡𝑖𝑛𝑠. Multiplying 

the insulation shear stress (𝜏𝑠,𝑖𝑛𝑠) by the insulation shear area (𝐴𝑖𝑠), we arrive at the left hand side 

of Eq. 5.1. 

𝑉𝑖𝑛𝑠 =
𝐺𝑖𝑠𝐴𝑖𝑠
𝑡𝑖𝑠

 

The maximum insulation shear stress is the tensile strength of the insulation (𝑓𝑖𝑠,𝑡). Therefore, 

replacing 𝜏𝑠,𝑖𝑠 in Eq. A.1 with 𝑓𝑖𝑠,𝑡, and multiplying by the insulation shear area (𝐴𝑖𝑠), we have 

the right hand side of Eq. 5.1 

𝑉𝑖𝑛𝑠 ≤ 𝑓𝑖𝑠,𝑡𝐴𝑖𝑠 

From structural analysis text, a beam with fixed-fixed end condition has a stiffness (𝑘𝑠,𝑐𝑛, Eq. A.2) 

 

 

𝐸𝑏 is the flexural modulus of elasticity. Multiplying Eq. A.2 by the slip (𝑠𝐿) we have the left hand 

side of Eq. 5.1 and 5.2. 

𝑃𝐿 =
12𝐸𝑏𝐼𝑐𝑛
𝑋3

𝑠𝐿 

𝜏𝑠,𝑖𝑠 = 𝐺𝑖𝑠𝛾𝑠,𝑖𝑠 (A.1) 

𝑘𝑠,𝑐𝑛 =
12𝐸𝑏𝐼𝑐𝑛
𝑋3

 (A.2) 

(a) (b) (c) (d) 
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For dowel action (Fig. A.1b), since the connectors are assumed as beams with fixed-fixed end 

condition (Fig. A.1), the fixed-end moment (𝑀𝐹𝐸𝑀, Eq. A.3, from structural analysis texts) is 

obtained as; 

Relating 𝑀𝐹𝐸𝑀 to the bending stress (𝑓𝑢), Eq. A.4 

 

 

 

𝑦 is the centroid of the round connector which is obtained as 𝐷/2, where 𝐷 is the connector 

diameter. Equating Eq. A.3 to A.4, the maximum bending stress is obtained as Eq. A.5. 

 

 

From Eq. A.5, substitute 𝐸𝑏 = 𝑓𝑢𝑋
2/(3𝐷𝑠𝑙) into the left hand side of Eq. 5.2 to have the right 

hand side of Eq. 5.2; 

𝑃𝐿 ≤
4𝑓𝑢𝐷𝐼𝑐𝑛
𝑋𝐷

 

The maximum shear stress in the connector (𝝉𝒎𝒂𝒙) due to shear force (𝑃𝐿), is at the middle (Fig. 

A.1c) and obtained using Eq. A.6 

 

 

 

𝐴𝑐𝑛 is the cross sectional area of the connector, 𝑘 is a constant accounting for the ratio of the 

maximum and average shear stress which equals 1.33 for circular cross-sections. From Mohr’s 

Circle (Fig. A.1c,d) the maximum shear stress (𝝉𝒎𝒂𝒙) is equal to the principal tensile stress (𝜎1), 

and when the tensile strength of the FRP resin (𝑓𝒖,𝒓𝒏) is reached, the FRP experiences shear failure.  

Therefore, replacing 𝝉𝒎𝒂𝒙 with 𝒇𝒖,𝒓𝒏 in Eq. A.6, we obtain the right hand side of Eq. 5.3: 

𝑃𝐿 ≤
𝐴𝑐𝑛𝑓𝑢,𝑟𝑛
𝑘

 

For the inclined connector (Fig. A.2), the stress in Eq. 5.4 is a combination of the axial contribution 

of the connector as well as bearing action. The axial stress (𝑓𝑎𝑥) is obtained as 𝐸𝑙𝜀𝑐𝑛, where 𝜀𝑐𝑛 is 

𝑀𝐹𝐸𝑀 =
6𝐸𝑏𝐼𝑐𝑛
𝑋2

 (A.3) 

𝑀𝐹𝐸𝑀 =
𝑓𝑢𝐼𝑐𝑛
𝑦

 (A.4) 

𝑓𝑢 =
3𝐸𝑏𝐷𝑠𝑙
𝑋2

 (A.5) 

𝝉𝒎𝒂𝒙 =
𝑘𝑃𝐿
𝐴𝑐𝑛

 (A.6) 
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the axial strain and obtained as 𝑙𝑎𝑥/𝐿. The axial extension  (𝑙𝑎𝑥) is obtained using Eq. A.7 and the 

axial stress (𝑓𝑎𝑥) is shown in Eq. A.8. 

 
Figure A.2: Inclined connector 

 

 

 

 

 

𝐸𝑙 is the longitudinal modulus of elasticity. Adding the axial (𝑓𝑎𝑥 , Eq. A. 8) and bending 

(𝑓𝑢, Eq. A. 5) stresses, and multiplying by the connector cross-sectional area (𝐴𝑐𝑛) we have the 

strength of the connector (𝑉𝑐𝑠, Eq. A.9); 

Resolving 𝑉𝑐𝑠 in the direction of shearing, we arrive at 𝑃𝑇(Eq. 5.4) 

𝑃𝑇 = (𝐸𝑙 (
√(𝑋 tan 𝜃 + 𝑠𝐿)

2 + (𝑋)2 − 𝐿

𝐿
) +

3𝐸𝑏𝐷

𝑋2
𝑠𝐿)𝐴𝑐𝑛 sin (𝑡𝑎𝑛

−1 (
𝑋 tan 𝜃 + 𝑠𝐿

𝑋
)) 

  

𝑙𝑎𝑥 =
√(𝑋 tan𝜃 + 𝑠𝐿)

2 + (𝑋)2 − 𝐿

𝐿
 (A.7) 

𝑓𝑎𝑥 = 𝐸𝑙 (
√(𝑋 tan 𝜃 + 𝑠𝐿)

2 + (𝑋)2 − 𝐿

𝐿
) (A.8) 

𝑉𝑐𝑠 = (𝐸𝑙 (
√(𝑋 tan𝜃 + 𝑠𝐿)

2 + (𝑋)2 − 𝐿

𝐿
) +

3𝐸𝑏𝐷

𝑋2
𝑠𝐿)𝐴𝑐𝑛 (A.9) 
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APPENDIX B: DESIGN EXAMPLE FOR INSULATED CONCRETE WALL 

UNDER FLEXURAL LOADING 

Table B.1 shows parameters for a design example (baseline panel used in the parametric analysis) 

showing how the model generates the load-displacement curve. The loading set up as well as 

output from the model are shown in Fig. B.1. 

Table B.1: Parameters for design example 

1. Apply a load P = 8 kN (sample load, Fig. B.1a) and obtain moment profile (Fig. B.1b) 

2. Assume a slip, s𝑙 (converged slip for illustration in Fig. B.1c) 

3. Obtain shear connector force (multiplied by 2 since two connectors per location) 

𝑉𝑐𝑛 =

(

  
 

𝑉𝑐𝑛,1
𝑉𝑐𝑛,2
𝑉𝑐𝑛,3
𝑉𝑐𝑛,4
𝑉𝑐𝑛,5)

  
 
=
12𝐸𝑏𝐼𝑐𝑛
𝐿3

s𝑙 = 2 ×

(

 
 
 
 
 
 
 
 

12(60800)(491)

176.83
× 1.36

12(60800)(491)

176.83
× 1.33

12(60800)(491)

176.83
× 1.25

12(60800)(491)

176.83
× 1.14

12(60800)(491)

176.83
× 0.71)

 
 
 
 
 
 
 
 

=

(

 
 

180

170

160

150

90 )

 
 

N 

Check if the end connector has failed. For flexure controlled failure the maximum force is 

obtained as: 

𝑃𝐿,𝑚𝑎𝑥 =
4𝑓𝑢,𝑐𝐼𝑐𝑛
𝐿𝐷

=
4(781)(491)

176.8(10)
= 870 N 

For shear controlled failure the maximum shear force is obtained as: 

𝑃𝐿,𝑚𝑎𝑥 =
𝑓𝑢,𝑟𝑛𝐴𝑐𝑛
𝑘

=
70(78.5)

1.33
= 4130 N 

The slip at which the connector will fail, governed by flexure failure, is obtained as; 

𝐸𝑠 (MPa) 200000 ℎ1 (mm) 75 

Span (mm) 3200 ℎ2 (mm) 75 

𝑡𝑖𝑠 (mm) 75 𝑑2 (mm) 37.5 

𝑓𝑦 (MPa) 400 𝑓𝑐
′ (Mpa) 50 

𝑑1 (mm) 37.5 Connector spacing, (mm) 300 

𝐴𝑠1 (mm2) 562.5 Panel width (mm) 1000 

𝐴𝑠2 (mm2) 562.5 Connector diameter (mm) 10 

Connector inclination (degrees) 0 Connector material GFRP 

𝐸𝑏 (MPa) 60800 Connector length (mm) 176.8 

𝑓𝑢,𝑐 (MPa) 781 𝐼𝑐𝑛 491 

𝑓𝑢,𝑟𝑛 (MPa) 70 Connectors per location 2 
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12 × 60800 × 491

176.83
× s𝑙,𝑚𝑎𝑥 = 870 

s𝑙,𝑚𝑎𝑥 = 13.4 mm 

4. The connector load-slip response is shown in Fig. B.1d. 

5. Aggregate shear contribution at the middle (𝑉𝑐𝑛,𝑇) of the panel (Fig. B.1e) 

𝑉𝑐𝑛,𝑇 = 𝑉𝑐𝑛,1 + 𝑉𝑐𝑛,2 + 𝑉𝑐𝑛,3 + 𝑉𝑐𝑛,4 + 𝑉𝑐𝑛,5 

90+150+160+170+180=750 N 

6. Correlating the moment value at each location to the moment-strain relationship (process 

for connector at the middle shown in Fig. B.1f), the strain discontinuity (𝜀𝑠𝑐) profile from 

the middle of the panel (0 mm) is shown in Fig. B.1g. 

7. Sum areas under the strain discontinuity profile to obtain a new slip profile (calculation for 

end-connector shown here). Note that if the new slip values at each connector location are 

different from that in Step 2 of this Appendix, a new slip value is assumed again in Step 2 

and the process is re-evaluated until the slip converges (converged slip assumed already in 

Step 2). 

[(1500 − 1200)
(𝜀𝑠𝑐,2+𝜀𝑠𝑐,1)

2
 ]+[(1200 − 900)

(𝜀𝑠𝑐,3+𝜀𝑠𝑐,2)

2
 ]+[(900 − 600)

(𝜀𝑠𝑐,4+𝜀𝑠𝑐,3)

2
 ]+ [(600 −

300)
(𝜀𝑠𝑐,5+𝜀𝑠𝑐,4)

2
 ] + [(300 − 0)

(𝜀𝑠𝑐,5+𝜀𝑠𝑐,5)

2
 ] = 1.36 mm 

(where 𝜀𝑠𝑐,1 = 4.63 × 10
−5, 𝜀𝑠𝑐,2 = 1.85 × 10

−4, 𝜀𝑠𝑐,3 = 3.23 × 10
−4, 𝜀𝑠𝑐,4 = 4.62 × 10

−4, 𝜀𝑠𝑐,5 =

2.37 × 10−3) 

8. The curvature (𝝋) at connector locations is obtained as Fig. B.1h. 

9. Integrate curvature to get deflection. For instance, using the moment area method where 

curvature is broken into 10 shapes (Fig B.1h) as; 

(0.5×100×𝝋𝟏×(
2

3
×100)) + (300×𝝋𝟏×250) + (0.5× (𝝋𝟐 - 𝝋𝟏) ×300× ((

2

3
×300)+100)) + (𝝋2×300×550) + 

(0.5×(𝝋3 −𝝋2)×300×((
2

3
×300) +400)) + (300×𝝋3×850) + (0.5× (𝝋4 −𝝋3) ×300× ((

2

3
×300)+700)) + 

(0.5× (𝝋5 −𝝋4)×300×((
2

3
×300)+1000)) + (𝝋4×300×1150) + ( 𝝋5×300×1450) = 11.3 mm 
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(where 𝝋𝟏 = 3.13 × 10
−7 mm-1, 𝝋𝟐 = 1.25 × 10

−6 mm-1, 𝝋𝟑 = 2.19 × 10
−6 mm-1, 𝝋𝟒 =

3.13 × 10−6 mm-1, 𝝋𝟓 = 1.58 × 10
−6 mm-1) 

Therefore, for a value of P (8 kN), the load (2P) and deflection values are obtained as 16 kN and 

11.3 mm, respectively. 
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Figure B.1: Output of design example 
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APPENDIX C: FORMULATIONS FOR THE LOAD-SLIP RESPONSE OF 

MASONRY CONNECTORS 

This section shows formulation used in predicting the load slip response of connectors in 

masonry walls. 

The load-slip relationship for the connectors is presented as follows. 

A.1. Connector buckling 

For connectors under compression the buckling capacity is obtained using Eq. C.1. 

 𝑃𝑏 =
𝜋2𝐸𝑐𝑛𝐼𝑐𝑛
(𝐾𝐿)2

 (C.1) 

𝐾 is a factor accounting for end condition. 

A.2. Connector yielding 

The tension capacity of a connector (𝑉𝑦,𝑇) can be estimated using Eq. C.2. 

 𝑉𝑦,𝑇 = 𝐴𝑐𝑛𝑓𝑦 (C.2) 

𝐴𝑐𝑛 is the cross -sectional area of the connector. 

A.3. Lateral torsional buckling 

The end force due to lateral torsional buckling (𝑉𝐿,𝑇) can be estimated using Eq. C.3. 

𝑉𝐿,𝑇 =
𝜋𝜔2
𝐿2

√𝐸𝐼𝑦𝐺𝐽 (C.3) 

𝐺, 𝐽 are the shear modulus and St. Venant torsional constant. 𝜔2 is the equivalent moment factor 

to account for a beam with unequal end moments, taken as 1.75 (Nethercot and Trahair 1976). 

A.4. Pullout capacity 

The pullout capacity, Eq. C.4, (force needed to create an outward sliding of the connector when 

bond is lost with mortar) was initially developed by Kuhn and Shaikh (1996) for the pullout 

strength of anchors embedded in masonry. 
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 𝑉𝑝𝑇 = √𝑓𝑚𝑟 (0.15𝜋𝐷(𝑙ℎ𝑘 + 𝑙𝑒𝑚 + 𝐷) + (1.5√𝑓𝑚𝑟𝐷𝑙ℎ𝑘)) (C.4) 

𝑓𝑚𝑟 is the mortar strength, 𝑙ℎ𝑘, 𝑙𝑒𝑚, 𝐷, are the hooked length, embedded length, and diameter of 

the connector. 

A.5. Mortar breakout 

The mortar breakout capacity (outward formation of a cone-like shape of mortar as the connector 

tries to slide outward) is evaluated using Eq. C.5 based on provisions in TMS 402/602 (2016). 

 𝑉𝑏𝑟 = 0.33√𝑓𝑚𝑟𝐴𝑝𝑡 (C.5) 

where Apt is the projected tension breakout area, obtained using Eq. C.6. 

 𝐴𝑝𝑡 = 2𝑙𝑒𝑚𝑡 + 𝑙𝑒𝑚
2 (
𝜋𝜃

180
− 𝑠𝑖𝑛 𝜃) (C.6) 

where θ is the angle of breakout, obtained using Eq. C.7. 

 𝜃 = 2 𝑠𝑖𝑛−1 (
0.5𝑡

𝑙𝑒𝑚
) (C.7) 

t is the thickness of the mortar joint. 
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APPENDIX D: DESIGN EXAMPLE FOR DOUBLE WYTHE CAVITY MASONRY 

WALL UNDER FLEXURAL LOADING 

Table D.1 shows parameters for a design example using the novel connector in a wall under 

pressure. It also shows how the model generates the load-displacement curve. The loading set up 

as well as output from the model are shown in Fig. D1. 

Table D.1: Parameters for design example 

 

Check connector’s axial stiffness against wall bending stiffness; 

𝐸𝑐𝑛𝐴𝑐𝑛
𝑋

=
194000 × 60

175
= 66.5 kN/mm 

𝐸𝑤𝑦𝑡ℎ𝑒𝐼𝑤𝑦𝑡ℎ𝑒

ℎ𝑤
3 =

13600 × 36450000

30003
= 0.018 kN/mm 

Therefore, connector has sufficient axial stiffness to transmit out of plane load. 

Derive connector response; 

Checking the connector part in compression against elastic buckling (Eq. C.1), using effective 

length factors of 0.7 and 0.8 which are the theoretical and recommended design value of K for a 

fixed-hinged beam, respectively. 

𝑃𝑏 = (
𝜋2(194000)(45)

(0.7 × 215)2
) sin(36) = 2.24 kN  

𝑃𝑏 = (
𝜋2(194000)(45)

(0.8 × 215)2
) sin(36) = 1.71 kN  

The tension capacity of the connector (𝑉𝑦,𝑇) using Eq. C.2; 

𝐸𝑠 (MPa) 200000 𝑡𝑐 (mm) 20 

ℎ𝑤 (mm) 3000 𝑡𝑐 (horizontal direction, mm) 3 

𝑡𝑏𝑙 (mm) 190 𝑓𝑚
′  (brick, MPa) 16 

𝑡𝑏𝑟 (mm) 90 𝑓𝑚
′  (CMU, MPa) 13 

𝑡𝑐𝑗 (mm) 175 𝑓𝑚
′  (grout, MPa) 10 

Rebar 15M 𝑓𝑚𝑟  (brick, MPa) 16 

𝐸𝑐𝑛 (connector, MPa) 194000 𝑓𝑡 (brick, MPa) 0.65 

𝑓𝑦 (rebar, MPa) 400 𝑓𝑡 (CMU, MPa) 0.4 

𝑓𝑦 (connector, MPa) 234 𝑓𝑡 (grout, MPa) 0.65 

𝑙𝑒𝑚 (mm) 45 Connector vertical spacing, (mm) 600 

𝑙ℎ𝑘 (mm) 45 Connector horizontal spacing, (mm) 600 

𝐷 (mm) 4.8 Rebar spacing (mm) 600 

Connector inclination (𝜃1, degrees) 36 Rebar material Steel 
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𝑉𝑦,𝑇 = (60 × 234) sin(36) = 8.17 kN 

Checking the pullout capacity of the embedment tie (𝑉𝑝𝑇), Eq. C.4; 

𝑉𝑝𝑇 = √16 (0.15 × π × 4.8(45 + 45 + 4.8) + (1.5 × √16 × 4.8 × 45)) = 6.04 kN 

Checking the connector against lateral torsional buckling (𝑉𝐿,𝑇), using Eq. C.3; 

𝑉𝐿,𝑇 = (
π × 1.75

2152
√194000 × 45 × 80833 × 180) cos 36 = 1.08 kN  

Checking the connector (upper inclined part) against flexural bending (𝑉𝐹𝐸), Eq. 6.2; 

𝑉𝐹𝐸 = (
2 × 234 × 2000

215 × 20
) cos 36 = 0.18 kN 

Checking the slip (𝑠𝑙1) at which this occurs; 

𝑠𝑙1 =
0.18 × 2153 × 1000

3 × 194000 × 2000
= 1.5 mm 

Checking the mortar breakout capacity (Eq. C.5,C.6,7); 

θ = 2 sin−1 (
0.5 × 10

45
) = 12.8° 

𝐴𝑝𝑡 = (2 × 45 × 10) + 45
2 (
π × 12.8

180
− sin12.8) = 904 mm2 

𝑉𝑏𝑟 = 2 × (0.33 × √16 × 904) = 2.45 kN 

(multiplied by 2 because of the two legs of the embedment tie) 

From the computations above, the breakout capacity is lesser than the yield strength of the inclined 

member, and the slip at which this occurs can be obtained using Eq. 6.3 

2450 = (194000(
√(175 tan 36 + 𝑠𝑙)

2 + (175)2 − 215

215
) + (

1.5 × 194000 × 20

1752
) 𝑠𝑙)60 sin (tan

−1 (
175 tan 36 + 𝑠𝑙

175
)) 

𝑠𝑙2 = 0.11 mm 
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1. Apply a load w = 9 kN/m2 (sample load, Fig D.1a) and obtain moment (kN.m/m) profile 

(Fig D.1b) 

2. Check if connector fails under axial compression. For the 9 kN/m2 external load over the 

3 m high wall and 600 mm horizontally spaced connectors, the reaction per end-connector 

is obtained as; 

=
9(3)(0.6)

4
= 4.05 kN 

This reaction value is less than the connector’s compressive strength which was obtained 

from compression tests at the University of Alberta as 8.7 kN. 

3. Assume a slip, sl (converged slip for illustration in Fig. D.1c) 

4. Obtain shear connector force at connector location (Fig. D.1d) 

𝑉𝑐𝑛 = (

𝑉𝑐𝑛,1
𝑉𝑐𝑛,2
𝑉𝑐𝑛,3

) = 2(
1000
2450
2450

) = (
2000
4900
4900

)N 

5. Aggregate shear contribution at the middle (𝑉𝑐𝑛,𝑇) of the wall (Fig. D.1e) 

𝑉𝑐𝑛,𝑇 = 𝑉𝑐𝑛,1 + 𝑉𝑐𝑛,2 + 𝑉𝑐𝑛,3 

4900+4900 + 2000=11.8 kN 

6. Correlating the moment value at each location to the moment-strain relationship (process 

at the middle of wall shown in Fig. D.1f), the strain discontinuity (𝜀𝑠𝑐) profile from the 

middle of the wall (0 mm) is shown in Fig. D.1g. 

7. Sum areas under the strain discontinuity profile to obtain a new slip profile due to primary 

load (calculation for end-connector shown here). Note that if the new slip values at each 

connector location are different from that in Step 2 of this Appendix, a new slip value is 

assumed again in Step 2 and the process is re-evaluated until the slip converges (converged 

slip assumed already in Step 2). 
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[(1300 − 700)
(εsc,2+εsc,1)

2
 ]+[(700 − 100)

(εsc,3+εsc,2)

2
 ]+[(100 − 0)

(εsc,3+εsc,3)

2
 ] = 2.92 mm 

(where εsc,1 = 1.30 × 10
−4, εsc,2 = 2.37 × 10

−3, εsc,3 = 3.65 × 10
−3) 

8. The curvature (φ) due to primary load at connector locations is obtained as Fig. D.1h. 

9. Integrate curvature to get primary deflection (∆0). For instance, using the moment area 

method where curvature is broken into 7 shapes (Fig D.1h) as; 

(0.5×200×φ1×(
2

3
×200)) + (600×φ1×500) + (0.5× (φ2 - φ1) ×600× 600) + (φ2×600×1100) + (0.5×(φ3 −

φ2)×600×1200) + (100×φ3×1450) + (0.5× (φ4 − φ3) ×100× ((
2

3
×100)+1400)) = 11.3 mm (where φ1 =

0.43 × 10−6 mm-1, φ2 = 9.59 × 10
−6 mm-1, φ3 = 14.8 × 10

−6 mm-1, φ4 = 14.9 × 10
−6 mm-1) 

10. Account for secondary effect due to self-weight. At middle of wall, the self-weight 

(𝑃𝑠𝑤 , N/m) is obtained as; 

𝑃𝑠𝑤 = ((0.6 × 0.19 × 0.6 × 2100) + (0.2 × 0.19 × 0.4 × 2100) + (0.6 × 0.09 × 2000)) × 3 ×
9.81

0.6

×
1.5

3
= 6954.3 N/m 

At connector locations, the self-weight is obtained as; 

(

 

𝑃𝑠𝑤,𝑚𝑖𝑑
𝑃𝑠𝑤,1
𝑃𝑠𝑤,2
𝑃𝑠𝑤,3 )

 = (

6954
6540
3760
974

)N/m 

11. Obtain effective wall stiffness (Nm2/m) at connector locations (Fig. D.1i, middle of wall 

shown) 

12. Using the P − δ to obtain secondary deflection (∆1) at middle of wall; 

∆1,𝑚𝑖𝑑=
5𝑃𝑠𝑤(∆0,𝑚𝑖𝑑 + ∆1,𝑚𝑖𝑑)ℎ𝑤

2

48𝐸𝐼𝑒𝑓𝑓
=
5 × 6954 (0.011 + ∆1,𝑚𝑖𝑑) × 3

2

48 × 534277
 

Iterating, ∆1,𝑚𝑖𝑑= 0.00014 m 

Total deflection is obtained as; 

∆0,𝑚𝑖𝑑 + ∆1,𝑚𝑖𝑑= 0.0113 + 0.00014 = 11.4 mm 

Secondary moment at middle of wall and other locations is obtained as; 
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(

72.5
53.7
6.75
0.01

)Nm/m 

Check additional slip on connectors from secondary moments 

Repeating steps 2 to 5 of the model and the additional slip is obtained as; 

(

0.0000
0.0003
0.0011
0.0014

)mm 

Therefore, for a value of w = 9 kN/m2 the total deflection is 11.4 mm. 
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Figure D.1: Output of design example 
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