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Abstract 

 

This thesis examines the structural effectiveness of a new concrete sandwich panel with a shear 

connector made of glass fibre reinforced polymer (GFRP) pultruded channel sections intended to 

enhance composite action and flexural rigidity while minimizing thermal bridging. The flanges of 

the channel section are embedded in either wythe. Five half-scale panels (610x280x3050 mm) 

were tested in four-point bending, varying the connector configuration and type as well as the 

wythe reinforcement ratio. The connectors investigated were a continuous GFRP channel, a 

discrete GFRP channel consisting of multiple segments spaced apart and a control conventional 

steel truss. Ancillary push-off single shear tests were conducted on 500 mm long wall segments to 

examine GFRP shear strength and bond strength by varying boundary conditions.  The panels with 

continuous and discrete GFRP channels achieved 2.8 and 1.3 times, respectively, the ultimate 

strength of that with a steel truss. The continuous GFRP channel contributed 59% of the total 

flexural capacity of the wall.  As the wythe steel reinforcement ratio increased from 0.17 to 0.68% 

the ultimate load of panels with continuous GFRP channels increased by 33%. Failure modes were 

compressive flange crushing for the panels with continuous GFRP channel, web shear for the panel 

with discrete channel, and rupture of bottom wythe reinforcement for the panel with steel truss.  

An analytical model was developed in RESPONSE-2000 to evaluate the degree of composite 

action achieved by the GFRP shear connector. Both peak loads for theoretical fully composite and 

non-composite sections increased by 23%, as reinforcement ratio increased from 0.17 to 0.68%. 

Peak loads for specimens with discrete connector or truss connector were both only 45% and 20% 

of their fully composite and non-composite counterparts with a continuous connector. Specimens 

with continuous GFRP channel as shear connector exhibited higher degree of composite action 

(average of 38%) than the truss connector (32%). The GFRP-concrete bond strength was tested 
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experimentally and was 0.28 MPa and the longitudinal shear strength of the channel was tested 

and found to be 39 MPa. 
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CHAPTER 1: Introduction 

 

1.1 Background 

 

Concrete sandwich panels (CSPs) are generally prefabricated finished panels, which are compact, 

all-in-one elements consisting of an outer solid envelope made of concrete, a layer of insulation in 

between and an inner layer made of concrete. In addition to protecting the insulation, the interior 

layer can serve a structural purpose by supporting the roof and any other loads coming from upper 

floors. It could also be thicker than the exterior layer. 

CSPs come with a wide range of options to choose from between different insulation materials, 

profiles, insulation dimensions, surfaces, colours and sound attenuation qualities as desired. They 

are conventionally used as exterior load bearing walls, but their use has also been extended to 

interior walls. They are manufactured for a wide range of structures with different applications 

including agriculture, industry, office, showroom, warehouse, cold storage, etc. Using concrete 

sandwich panels, it is possible to construct a building quickly and effectively, and also have 

optimal insulation and fire safety, with an aesthetically pleasing facade and roof. The facade panels 

can be used horizontally or vertically.  

It is widely known that heat transfer through walls, roofs, doors, and windows is one of the biggest 

contributors to energy waste in any building. And as new building envelope requirements reflect 

a growing focus on energy efficient building design, the interest in CSPs continues to grow.  Once 

the insulated sandwich panels have been lifted into place and the structural connections of the 

building are complete, panel joints are sealed inside and out to create an airtight building envelope. 

The thermal performance of CSPs are represented by R-values, which is a way to measure the 
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capacity of an insulating material to resist heat flow. A high R-Value indicates a greater insulating 

power. Sandwich panels are known to provide a low cost, thermally efficient and decorative 

alternative to traditional brick and mortar construction. The rigid insulation layer in between the 

two concrete wythes isolate the thermal mass provided by the concrete panels, minimising building 

interior temperature fluctuations under outside temperature swings. 

The two concrete layers, known as wythes maybe prestressed or non-prestressed depending on the 

structural demands. They are fastened together using a system of shear connectors. Traditionally, 

steel trusses and grids have been used to transfer shear between the different concrete layers. But 

they are inferior to those held together with composite fibre connectors, when it comes to thermal 

rating of the panels. This occurs because steel creates a thermal bridge in the wall, significantly 

reducing the insulation performance and reducing the ability of the building to utilize its thermal 

mass for energy efficiency. Fibre-reinforced connectors such as GFRP and CFRP connectors have 

come into use for the last couple of decades and a significant amount of research has been and is 

being carried out to improve on these systems. 

 1.2 Objectives and Scope 

 

This thesis discusses the details regarding an experimental investigation carried out on a concrete 

sandwich wall panel system, where a novel GFRP channel was used as a shear connector. Five 

half-scale specimens (3048 mm x 610 mm x 279 mm) were fabricated and tested under a four-

point bending system to study the effect of varying reinforcement ratios along with the effect of 

connector configuration. The final results were compared with a traditionally used steel connector 

having equivalent sectional stiffness. Additional specimens of an identical panel system were 

tested under pure shear to understand the longitudinal shear failure of the channel connector itself 

and to measure the bond strength with concrete, by controlling the boundary conditions.  
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An analytical model was developed using RESPONSE-2000 to evaluate the degree of composite 

action exhibited by the panel system. The various load-deflection curves obtained by using a 

MATLAB code were then used to compute the degree of composite action exhibited by the 

experimental specimens. 

1.3 Thesis Outline 

 

A brief summary of the chapters following this chapter has been provided below: 

➢ Chapter 2: This chapter provides a concise review of concrete sandwich panels, its origin, 

history, uses and composition. The benefits of CSPs and its various components have been 

discussed. Some examples on previous studies of flexural testing and shear testing of 

sandwich panels have been summarized. 

➢ Chapter 3: This chapter explains the experimental investigation of half-scale concrete 

sandwich panels with the new GFRP shear connector. The aim is to maximise degree of 

composite action while reducing thermal bridging in between the concrete layers. Tests 

were also conducted to find the shear strength and bond strength of the shear connector, 

with concrete. 

➢ Chapter 4: This chapter discusses an analytical model developed in RESPONSE-2000 to 

evaluate the structural efficiency of the panels in terms of degree of composite action. 

➢ Chapter 5: States the conclusions from the experimental and analytical study. 

References: A list of previous research and supporting documents used or referred in this 

thesis. 

Appendix A: Tensile Tests of GFRP coupons. 

Appendix B: GFRP Stud Compression Test. 
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Appendix C: Calculation for Shear failure in Response for Fully Composite and Non-

Composite sections. 

Appendix D: MATLAB Code to convert M-φ curves to P-Δ curves for a four-point 

bending system. 
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CHAPTER 2: Literature Review 

 

2.1  History of Sandwich Panels 

 

The idea of sandwich panels can be tracked back to the era of the second world war where the 

‘mosquito aircraft’ (Figure 2-1) is said to be the first major structure to utilize a sandwich panel 

system (Allen 1969). A sandwich panel would generally consist of two relatively thin and stiff 

exterior layers separated by a thick and less dense material in the middle (Gdoutos 2008, Manalo 

2011, Petras 1999). This arrangement will obviously lead to a higher bending stiffness for the 

mentioned cross-section when compared to a specimen having the same amount of material with 

a single solid rectangular face (Haley 2015, Naji 2012). Developed in 1920 by Geoffrey de 

Havilland, the mosquito aircraft was built with sandwich composites using a balsawood core and 

plywood skins. The two external layers were held together by means of mechanical connectors.  

This same idea is used in fabrication of modern day concrete sandwich panels. Concrete sandwich 

panels have been conventionally used as exterior walls in multi-unit residential, commercial, and 

warehouse buildings all across North America (Salmon et al. 1997; Tomlinson et al. 2016; Kabir 

2005). They generally consist of two (or three in some cases) layers of concrete, conventionally 

called as the wythes, separated by a layer of insulation foam in the middle (Tomlinson et al. 2015, 

Bai et al. 2015). The latest terminology used to refer to a sandwich panel consisting of two concrete 

wythes is ‘Double wythe insulated wall panels’.  The concrete wythes are generally connected by 

a mechanical shear connector to ensure continuity of the structure.  The structural performance of 

the panel depends heavily on this shear connector and on that basis, panels are classified into three 

categories: 
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i. Fully Composite: A panel capable of complete shear transfer between the two concrete 

wythes is known as a fully composite sandwich panel. The strain profile would be a 

continuous straight line with a constant slope along the entire depth of the panel, that is 

plane sections remain plane before and after bending. This signifies that unit strain above 

and below the neutral axis are proportional to the distance from the neutral axis, throughout 

the cross-section of the panel (Punmia 1975). 

ii. Non Composite: A panel in which shear transfer is null or negligible in between the 

concrete wythes, is called as a non-composite panel. The plane sections remain plane 

before and after bending across each of the concrete wythes but not across the whole cross-

section of the panel. 

iii. Partially Composite: Walls, in which shear transfer occurs to a certain degree, but not fully. 

Most panels fall in this category. 

It is much more complicated to assess the behavior of partially composite panels, compared to 

their fully or non-composite counterparts. It is an arduous challenge to correctly predict the 

structural performance of partially composite panels. Large scale testing and complex computer 

modelling becomes a necessity (Tomlinson, et al 2014, Samad 2007).  

2.2 Background and Benefits 

 

Concrete Sandwich panels (CSPs) have had a significant contribution towards the development of 

modern building envelope systems and Leadership in Energy and Environment Design (LEED) 

certifications (Naito et al, 2009, 2010 and 2012; Einea et al. 1994; Trasborg 2014). CSPs are 

lightweight, strong and they have excellent water and termite repulsion (Islam 2010, Pokharel 

2003). They are meant to provide excellent thermal insulation and at the same time exhibit 

necessary structural resistance to external loading like wind load, seismic load and impact damages 
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caused due to forklift or other heavy machineries in cases of applications related to factories and 

warehouses (PCI 2011).  

In the early 1960s, precast concrete sandwich panels were manufactured as double tee panels with 

insulation in between (Hodicky et al. 2014). Solid concrete regions were used as shear connectors 

between the wythes (Maximos et al. 2007). But soon flat slabs started replacing double tee slabs 

to reduce the amount of material required, optimize structural performance and make the panels 

more economic (Tomlinson 2015). A hybrid of double tee and flat slabs (Figure 2-2) are also 

fabricated to take advantage of the excellent structural performance of the double tee wall panel.  

Sandwich panels are conventionally precast which leads to higher quality control. Since they 

would be delivered on site ready for erection, delays caused due to scheduling and weather issues, 

scaffolding costs, site congestion because of material storage and a number of other problems get 

eliminated (Gleich 2007).  

2.3 Sandwich Panel Identification  

 

Concrete sandwich panels are generally identified using a series of three numbers, each 

representing the thickness of outer concrete wythe, the insulation layer and the inner concrete 

wythe respectively (Frankl 2008). Hence, a 2-3-2 panel designation refers to a sandwich panel with 

a two inch (51 mm) thick inner and outer concrete wythes and a three inch (76 mm) thick insulation 

in between. Figure 2-3 shows a traditional 2-2-4 sandwich panel configuration using a carbon fibre 

grid truss as the shear connector. 

2.4 Panel Components 

 

Concrete sandwich panels are primarily composed of two concrete wythes, a layer of styrofoam in 

the middle and a shear connector system responsible for developing composite action in the panel 
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(Figure 2-4). The wythes would be generally reinforced in flexure and may or may not be pre-

stressed depending on the structural requirements. Manufactured panels may vary largely in size 

with a typical size being around 13.7 m by 4 m (Einea et al. 1991). Larger panels are more 

economic, as there would be fewer pieces for formwork, stripping, loading, transporting, erection 

and connections at the site. Large sandwich wall panels can be designed to perform dual function 

of transferring load and providing insulation at the same time. (PCI 1997, 2003). A short discussion 

about the components of a concrete sandwich wall panel is as follows: 

2.4.1 Concrete Wythe and Flexural Reinforcement 

Concrete wythe thicknesses generally varies from 50 mm to 150 mm and the overall thickness of 

the panel varies in between 125 mm to 300 mm.  The wythe thickness would depend on a number 

of factors and also on the final requirements of the panel itself. Concrete cover for the 

reinforcements or fire safety issues could be a governing factor (PCI 1997). A non-composite panel 

would obviously need thicker wythes when compared to fully or partially composite panels. 

Designers would generally use 1.5 times the equivalent wall thickness while designing non-

composite walls. (PCI 2011). The wythes in a lot of scenarios are prestressed to prevent cracking 

in panels. According to CSA 23.3 and PCI 2011, minimum flexural reinforcement ratio in the slabs 

should not be less than 0.1% to provide resistance against crack control and shrinkage. 

2.4.2 Styrofoam 

Insulated wall panels consist of two concrete wythes with a continuous layer of non-structural rigid 

insulation between them (ACI 533R-93). The type and thickness of insulation can vary to meet the 

specified RSI requirements (CPCI 2017).  
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An optimized design of the styrofoam insulation layer can successfully reduce the consumption of 

energy for space heating and cooling and as a result also decrease the emissions of carbon dioxide, 

a significant factor deciding the success of a sustainable building envelope. (Choi et al. 2015). 

Earlier sandwich panels used vermiculite, timber or lightweight concrete as the insulation in the 

middle (Tomlinson, 2015). In the present days, the most common and commercially available 

insulations are generally of three kinds: Extruded Polystyrene (XPS), Expanded Polystyrene (EPS) 

and Polyurethane.  

XPS is manufactured by a continuous extrusion process forming a homogeneous closed cell matrix 

through the entire cross-section of the foam. This matrix of closed cells is very important to resist 

moisture penetration through the foam layer. Water absorbed into the insulation reduces the R-

value of the insulation body drastically, as water itself is a good conductor of heat. Expanded 

polystyrene insulation or EPS insulation is manufactured using a mould containing small foam 

beads (Doroudiani 2010). Heat or steam is then applied to the mould, which causes the small beads 

to expand and fuse together. This manufacturing process does not form a closed cell insulation as 

there can often be voids between each of the beads where they are not in contact to one another 

and hence moisture can penetrate easily. Also, this moisture due to freeze and thaw cycles can 

damage the molecular integrity of the EPS insulation to a great extent, further reducing the R-value 

of the panels. 

A new kind of insulation available in the market is Graphite Polystyrene Insulation (GPS). Its 

performance in regards to resisting water absorption and R-Value is quite comparable with that of 

XPS but at a cheaper cost. XPS generally has a smooth finish while EPS has a rough finish (Figure 

2-5) which can contribute to developing shear bonds with the concrete and improve partial 

composite action. 
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2.4.3 Mechanical Connection System 

Though shear is also transferred between the concrete wythes through the bonds formed in between 

the interface of the insulation and concrete, the structural performance of the sandwich panel 

system depends majorly on the mechanical shear connection system. 

Previous research has shown that the shear stresses developed because of concrete and insulation 

bond is non-negligible. But, at the same time, these bonds disappear with time when the panels 

experience freeze thaw cycles. Kim and You, 2015; carried out an experiment studying a series of 

full scale sandwich wall panels using GFRP shear grids as the shear connector, and used both XPS 

and EPS styrofoam as insulation. The results showed that specimens with EPS exhibited a higher 

degree of composite action, resulting to a higher cross-sectional stiffness, when compared to the 

specimens having XPS as the insulation. This can be attributed to the course surface of the EPS 

styrofoam blocks which enhances the bond strength with concrete because of friction.  

Shear connectors can be broadly classified into two categories, shear connector and non-shear 

connectors (Pessiki and Mlynarczyk, 2003).  

 Non-shear connectors 

These type of connectors do not contribute towards the development of composite actions between 

the wythes. They are only responsible for preventing the separation of the external wythe from the 

internal wythe while stripping, lifting and erection by countering the normal tension forces in 

between the wythes. They are also called flexible shear connectors. Typical examples of such kind 

of connectors would be fibre composite pin connectors, polypropylene connectors, delta ties and 

flat pin connectors (Figure 2-6). 
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Shear connectors 

Shear connectors are used to transfer normal tension forces to hold the wythes together, as well as 

transfer horizontal shear stress from one wythe to another. Pessiki and Mlynarczyk, 2003; stated 

the shear connectors can be further subdivided into two different types: 

One-way shear connectors:  One-way shear connectors are stiff in only one direction, 

conventionally in the longitudinal direction of the panel and flexible in the transverse direction. M 

ties and welded wire trusses come under this category.  

Two-way shear connectors: These connectors are quite rigid and are used when a very high degree 

of composite action between the wythes is desirable. But even though, they would significantly 

improve structural performance, the thermal rating of the panel system would drop considerably 

as rigid or stiff shear connectors are known to create thermal bridges which allows easy transfer 

of heat from one wythe to another. Common examples for these connectors would be solid concrete 

zones (Frankl 2008, Soriano 2013) and cylindrical sleeve anchors (Figure 2-7). 

Recent research has shown that fibre composite connectors improves the R-values of sandwich 

panel systems to as high as 32 when compared to 11-16 for regular sandwich panels. Adding to 

this, they also have excellent resistance to corrosion (Ekenel 2014). 

2.5 Classification of Panels on the Basis of Structural Performance 

 

2.5.1 Fully Composite Panels 

The shear connectors in these panels are designed in such a way that both the concrete wythes 

would resist lateral loads in flexure acting together as a single unit (Einea et al. 1991).  A fully 

composite section is achieved, when there is complete shear transfer through the mechanical shear 

connector from one wythe to another, and no shear deformation occurs. The system will have a 
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single neutral axis and the strain profile will be linear across the cross-section of the whole 

specimen. Fully composite panels are structurally the most efficient. Designers can generally get 

away by using thinner wythes, as less material can be used to generate higher flexural stiffness and 

strength. Fully composite panels provide a series of advantages including reduced panel weights 

and more work space inside the building envelope (Gleich, 2007).  Also they have reduced risks 

of delamination during transportation and erection. 

The biggest concern with fully composite panel is the formation of thermal bridges through the 

shear connectors (Jofriet 1985). This leads to thermal bowing which adversely affects the sandwich 

panel system by creating unwanted stresses and strains (Metelli 2011) in the wythes and the shear 

connectors. (Figure 2-9). 

2.5.2 Non-composite Panels 

In non-composite panels, there is zero shear transfer between the wythes of the sandwich panels. 

The wythes of the panel act individually under the application of flexural loads and no shear 

deformation occurs. Each wythe would deflect independently due to different thermal gradients 

on the inside and outside of the wall panels. The structural wall is designed to withstand all kinds 

of loads, including wind load and gravity load of the external facade (Tomlinson, 2015). Such 

walls are necessary when there is concern with thermal bowing in case of large panels. They would 

be structurally much weaker. Each of the wythes would end up having its own neutral axis, with 

no strain compatibility in between the two wythes. Hence, plane sections would remain plane in 

each of the individual concrete wythes, but not across the entire cross-section of the specimen 

(Goudarzi et al. 2016). 
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2.5.3 Partially Composite Panels 

For partially composite panels, there is some degree of shear transfer from one concrete wythe to 

another. The structural strength and flexural stiffness of partially composite panels, would fall in 

between that of fully composite and non-composite panels (PCI 1997). The structural wythe 

thickness in such panels would be thicker than a fully composite panel but thinner than a non-

composite panel. Most of the available sandwich panel systems available in the market are of this 

type (Gleich 2007). Similar to non-composite panels, each of the wythes will develop their own 

neutral axis and no strain compatibility is developed. The behaviour of fully composite or non-

composite panels can be correctly predicted using beam theory, but predicting the behavior of 

partially composite panel correctly, is quite a challenging task. Figure 2-8 shows the various strain 

profiles for the three different slab systems. 

2.6 Predicting Partial Composite Behaviour 

 

The degree of composite action generated by a shear connector system can be evaluated by 

comparing the structural performance of a specimen to its theoretical fully composite and non-

composite counterparts. Pessicky and Mlynarczyk in 2003 showed that the degree of partial 

composite action can be calculated based on stiffness by the following formula:  

    κI  =
𝐼𝑒𝑥𝑝−𝐼𝑛𝑐

𝐼𝑓𝑐−𝐼𝑛𝑐
 x 100% , 

where Ifc and Inc are the theoretical values for the fully composite and non-composite sections and 

Iexp is the value obtained from experimental evaluation. 

Eq. 2-

1 
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According to PCI 1997 recommendations, the degree of composite action should be evaluated 

based on the moment resistance of the panel:  

    κu  =
𝑀𝑢,𝑒𝑥𝑝−𝑀𝑢,𝑛𝑐

𝑀𝑢,𝑓𝑐−𝑀𝑢,𝑛𝑐
 x 100%, 

where Mu,fc and Mu,nc are the theoretical moment values for the fully composite and non-composite 

sections at ultimate and Mu,exp is the value obtained from experiment.  

Choi, Jun Hee Kim and Ho-Ryong Kim, in their experimental study of sandwich panels subjected 

to wind pressure used the formula as recommended by Pessicky. They also calculated the degree 

of composite action on the basis of the experimental peak load (Eq. 2-3), which would provide 

similar conclusions when compared with the formula recommended by PCI on the basis of ultimate 

moments. The formula is as follows:   

κP  =
𝑃𝑒𝑥𝑝−𝑃𝑛𝑐

𝑃𝑓𝑐−𝑃𝑛𝑐
 x 100% 

where Pfc and Pnc are the theoretical peak load values for the fully composite and non-composite 

sections at ultimate and Pexp is the peak failure load obtained from experiment.  

Deflection based evaluation of degree of partial composite action was carried out by Frankl et al. 

2011, in their study of prestressed insulated panels with CFRP grid as the shear connector (Eq. 2-

4). The experimental deflection value to be used can be any load within the service load limit.  

 κ∆  =
∆𝑒𝑥𝑝−∆𝑛𝑐

∆𝑓𝑐−∆𝑛𝑐
 x 100% 

Eq. 2-

2 

Eq. 2-

3 
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Because there is shear deformation of both the insulation and the wythes occurring simultaneously 

in case of most sandwich wall panel systems, there is still debate between researchers about which 

is the most appropriate way to calculate degree of composite action (Tomlinson, 2015). Depending 

on the type of shear connector used, the flexural stiffness may change with load increment because 

of connector slip, hence creating further complications. 

2.7 Previous Studies on Sandwich Panels  

 

2.7.1 Flexural Test Programs 

Hassan and Rizkalla, 2010, studied a series of three sandwich wall panels having CFRP grid as the 

shear connectors (Figure 2-10). The program was done to study ways to evaluate the degree of 

composite actions at different load levels and at any given curvature. Using analytical approaches, 

a simplified design chart was developed to calculate moment capacity of panels having EPS and 

XPS insulation.  

Tomlinson, 2015, carried out an experimental investigation on nine 2400 mm by 1550 mm panels, 

where he used GFRP bars as connectors. He studied the effects of varying connector spacing, 

connector size, connector diameter and compared the specimens with a conventional steel 

connector. He also studied how the presence of bond breakers can affect the load vs deflection and 

load vs slip characteristics. Particle Image Velocimetry (PIV) was used to confirm the results. 

They found that as reinforcement ratio of connectors increased from 0.026% to 0.098%, the load 

carrying capacity increased from 58% to 80%. It was estimated that a panel of similar 

specifications without any shear connectors would still exhibit 50% strength of the fully composite 

panel because of adhesion and friction in between the styrofoam and concrete wythes.  
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Lee and Pessiki, 2007, 2008, investigated a series of two and three wythe prestressed sandwich 

panels. They also carried out Finite Element Modelling to predict the behavior of the three wythe 

panels under prestressing and service loads. They concluded that three-wythe panel system are 

more desirable in case of longer spans of sandwich panels. The same authors also studied the 

flexural behavior of precast three wythe panels under transverse loads introducing different 

methods to reduce transverse bending.  

Frank et al., 2011, examined the flexural response of six precast, prestressed concrete sandwich 

wall panels under combined vertical and lateral loads. CFRP grid was used as the shear connector. 

The degree of composite action for the panel system was evaluated. They successfully showed that 

CFRP grid shear connectors can develop almost 100% or fully composite panels. EPS can generate 

more composite action compared to XPS, because of its rougher surface.  Larger ratio of shear 

reinforcement would be required for panels with XPS insulation. 

Pantelides et al., 2008, ran tests on four sandwich panels using GFRP shell shear connectors. The 

connectors were successful in providing very high degrees of composite action. The authors also 

came up with a design guide based on the test results, to calculate the number of connectors needed 

for various panel sizes to achieve full composite action. 

The latest development has been the use of Ultra High Performance concrete (UHPC) to fabricate 

sandwich panels (Sylaj and Fam, 2018), using GFRP studs as shear connectors. Concrete of 

strength as high as 110 MPa was used. The aim is to reduce the self-weight of the panels and 

enhance structural properties. 
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2.7.2 Shear Tests 

Woltman et al. 2013, investigated 14 shear specimens while changing parameters like number of 

connectors, spacing of connectors and also treating the ends of the connectors using nuts and 

washers (Figure 2-11). The shear connector types used in this case were GFRP and polypropylene 

bars from different manufacturers. Three different kinds of GFRP bars were used, among which 

two were sand coated to enhance bond. The last kind was a commercially available GFRP threaded 

rod. They concluded that GFRP connectors with sand coating performed better than the non-coated 

bars. GFRP bars are stronger than their polypropylene counter parts, but the latter exhibits better 

ductility. 

Goudarzi et al. 2016 performed eleven push through shear tests, on 457 mm x 457 mm x 457 mm 

panel blocks to study the shear behavior of Z-shaped steel plate connectors. Analytical 

investigation was performed using simplified plate model and tension tie model. It was found out 

that increasing the width of the connectors had a greater impact on increasing shear strength rather 

than increasing the thickness of the connectors. Under the applied loads, the z-plates buckled in 

shear. 

2.8 Research Significance 

 

Steel and concrete as shear connectors have been primarily used since the inception of concrete 

sandwich panels. They provide excellent structural performance with negligible shear 

deformation, but, they are also responsible for maximizing thermal bridging. Since the last couple 

of decades, researchers have slowly started venturing into the idea of using fibre reinforced 

polymer (FRP) connectors in order to have better thermal performance. Also, FRP connectors are 

generally more economical than steel connectors. 



18 

 

This thesis comprises  experimental and analytical studies on one such GFRP shear connector. The 

aim is to maximize composite action while minimizing thermal bridging. The GFRP connector 

used, is a regular commercially available pultruded C-shaped section. The study examines the 

performance of sandwich panels fabricated with this GFRP channel in flexure. Shear tests on two 

blocks were also carried out to find out the shear performance of the channel and its bond strength 

with concrete. The degree of composite action was then assessed with the aid of analytical models 

for upper and lower bounds of fully composite and non-composite behaviour. 
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Figure 2- 1: de Havilland mosquito during the second world war (Credit: h2g2, 2012). 

 

 

 

Figure 2- 2: A hybrid double tee sandwich panel (Credit: Wells Concrete, 2008). 
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Figure 2- 3: A 2-2-4 sandwich panel configuration (Credit: Gleich, 2007). 

 

 

 

Figure 2- 4: Components of a sandwich panel (Hodicky, 2014). 
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Figure 2- 5: Types of insulation (a) Expanded Polystyrene having a rough surface, (b) 

Extruded Polystyrene having a smooth surface (Credit: Starrfoam). 

 

             

 

Figure 2- 6: Types of Flexible Shear Connectors (a) Delta ties, (b) Polypropylene Pin 

Connector, (c) Flat Tie Connectors. 

 

(a) (b) 

(a) (b) (c) 
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Figure 2- 7: Types of stiff shear connectors (a) CFRP Grid, (b) Cylindrical metal sleeves. 

 

 

Figure 2- 8: Deflected sandwich panels with strain profiles (a) Fully composite, (b) Non-

Composite and (c) Partially Composite. 

 

(a) (b) 
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Figure 2- 9: Thermal bowing of panels. 

 

 

 

Figure 2- 10: Panel testing in flexure (Hassan and Rizkalla, 2010). 
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Figure 2- 11: Shear Block Testing (Woltman, 2013). 
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CHAPTER 3: Experimental Investigation of Concrete Sandwich Wall Panels in 

Flexure using a Novel GFRP Shear Connector 

 

3.1 Introduction 

 

This chapter reports the study on a series of half-scale concrete sandwich wall panels fabricated 

using a new FRP shear connector that maintains a similar advantage of thermal efficiency as  

previous FRP connectors, while maximizing the degree of composite action and also contributing 

directly to the flexural resistance. The connector is a commercially available light weight C-shaped 

pultruded GFRP channel. By having its flanges embedded in the concrete wythes, the interfacial 

bond area and hence degree of composite action is expected to increase. Flexural tests were carried 

out to evaluate the flexural behaviour of CSPs with the proposed connector. Effects of varying 

reinforcement ratio and shear connector type were studied. The performance of the GFRP channel 

was compared against a conventional truss shear connector. The bond strength of the concrete-

channel interface and shear strength of the channel itself were found through push-off tests. 

3.2 Flexural Experimental Program 

 

3.2.1 Test Specimens 

Five specimens of dimensions 3048 mm by 610 mm were fabricated. The total thickness of the 

specimens was 279 mm, made up of two 76 mm thick layers of concrete as the top and bottom 

wythes (Figure 3-1). They were separated out by a layer of 127 mm thick styrofoam blocks for 

insulation. The type of insulation used was Extruded Polystyrene (XPS). The styrofoam blocks 

were completely wrapped with thin vapour barrier sheets so that they can act as bond breakers at 

the contact surfaces in between the concrete wythes and the styrofoam. This was to ensure that 

shear transfer occurs through the GFRP connectors only. Previous studies have shown that the 
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adhesion in between the concrete and styrofoam is not reliable for the long term mechanical 

performance of the panel system (Woltman 2013; Tomlinson 2014). 

The GFRP connector is a 203 mm deep C-shaped pultruded channel (Figure 3-2 (a)), located at 

mid-width of the specimen and running throughout the length. The channel was centred within the 

panel thickness, so that its flanges were embedded at mid thickness of each concrete wythe . 

Directly above and below the flanges, were the top and bottom wythe reinforcements, respectively, 

which consisted of welded steel wire meshes with a diameter of 5.73 mm and spacing of 152 mm 

in both directions. 

3.2.2 Materials  

3.2.2.1. Concrete 

Physical properties of the concrete used was tested according to CSA A23.2-14. Eighteen concrete 

cylinders were tested in compression and the concrete mix was found out to have an average 28-

day strength of 29.2 MPa with a standard deviation of 1.82 MPa. The co-efficient of variation was 

found out to be 6.23%. The maximum aggregate size used in the concrete mix was 14 mm. 

Superplasticizer was added to make the concrete more workable in between the closely packed 

components of the panels. 

3.2.2.2. GFRP Shear Connector 

Coupon tests were performed to quantify the tensile strength of the GFRP channel connector, in 

both the longitudinal and transverse directions, following ASTM D3039M standards (Appendix- 

A). The average tensile strength in the fiber direction (longitudinal) was found to be 446 MPa for 

six coupons taken from the flange, and 367 MPa for six coupons taken from the web section. Those 

values were significantly higher than the tensile strength of 207 MPa, reported by the manufacturer 
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(Strongwell, Series 625 product datasheet- 2016). In the transverse direction of the web, the tensile 

strength was found to be 123 MPa, also higher than the manufacturer reported value of 48 MPa.  

The tensile elastic modulus, found using strains in the range of 1000-3000 με according to the 

standard, was 26.7 GPa for the flange in the longitudinal direction, 23 GPa for the web in the 

longitudinal direction, and 9.32 GPa for the transverse direction of the web.  Figure 3-3 shows the 

stress-strain curves, representing the flange and web coupons tested in the longitudinal direction. 

The channel compressive strength, in the longitudinal direction, was also quantified 

experimentally by testing three 51 mm long full channel segments (Appendix-B). A 6.35 mm thick 

steel plate was used to distribute the load which was applied to the center of gravity of the cross-

section to minimize eccentricity. The average compressive strength for the three segments was 

found to be 186 MPa, slightly less than 207 MPa, reported by the manufacturer.  

3.2.2.3. Steel  

In both the steel truss connector and flexural wythe reinforcement, mild steel with a nominal yield 

strength of 414 MPa was used. Tensile tests, following ASTM A185M standards, were conducted 

on the steel wire mesh, used as wythe reinforcement. Figure 3-4 plots the stress-strain curves for 

the mesh, considering two wire sections, one containing the weld joint and the other without the 

weld. On average, the yield and ultimate strengths were determined to be 483 and 597 MPa, 

respectively. 

3.2.2.4 Styrofoam 

The XPS sheets used in the sandwich panels had a reported compressive strength and tensile 

strength of 0.17 MPa and 0.3 MPa respectively (Figure 3-2(b)). The density of the material was 

approximately 30 Kg/m3.  According to the manufacturers data, the R-Value for the material, 
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which is a measure of thermal resistance to conductive heat flow, was 5.6 per inch (RSI of  0.97 

per 25 mm). All the physical and thermal properties were in accordance to ASTM C578. 

3.2.3 Test Parameters 

The test matrix for the flexural tests consisted of five specimens, varying the shear connector and 

wythe reinforcement ratio (Table 3-1). The first specimen (CR), had a wythe reinforcement ratio 

(ρs) equal to 0.34% of the wythe cross-sectional area, identical in both wythes and in the 

longitudinal and transverse directions. This reinforcement ratio was achieved by using one steel 

wire mesh in each wythe. The shear connector in CR was one continuous GFRP channel (Figure 

3-6(a)).  

The second and third specimens (HR and DR), were similar to specimen CR, except that ρs was 

either halved to ρs=0.17% in specimen HR, or doubled to ρs=0.68% in specimen DR, to evaluate 

the effects of ρs. In all specimens, the minimum ρs of 0.1%, specified by design codes (CSA A23.3-

14 and ACI 318-14), was satisfied. When reducing ρs to one half, the same wire mesh with a 

diameter of 5.73 mm was used but every other wire in the mesh was removed in both directions.  

When doubling ρs, a second mesh was added in each wythe.  

The fourth specimen (DC), had a ρs of 0.34% similar to specimen CR, but instead of using a 

continuous channel connector, multiple discrete (discontinuous) 127 mm long channel segments 

spaced at 254 mm (centre-to-centre) were used (Figure 3-6(b)).  The goal was to reduce the web 

area, and hence thermal bridging, by 50% relative to the full channel and examine its impact on 

the structural behaviour and degree of composite action.  

The fifth specimen (TR), a control specimen with a conventional steel truss connector (Figure 3-

6(c)), was used as benchmark to compare with the proposed GFRP channel connector. The steel 

truss was made by bending a smooth, 8 mm steel bar, at 450 diagonally. The 8 mm diameter 
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connector was chosen according to a design criterion of maintaining equivalent diagonal stiffness 

to the GFRP channel (Figure 3-5).  In the diagonal direction, the stiffness of the steel bar (area (As) 

multiplied by elastic modulus (Es) was made equal to the diagonal stiffness of the GFRP channel 

(AFRP x EFRP), where (AFRP) is the cross-section of the tributary area of the GFRP channel at an 

angle of 45 degrees .  The band width of the tributary area is defined by the mid-length points of 

two consecutive diagonals normal to the diagonal lying at the centre of the band width as shown 

in Figure 3-5. . 

3.2.4 Fabrication 

All the specimens were fabricated horizontally on a level ground using wooden formworks. Figure 

3-7 shows the step-by-step procedure for the casting. First, the bottom steel mesh was lowered into 

the formwork with suitable chairs to maintain the required effective depth.  The GFRP channel 

was then lowered into the formwork and made to rest on the bottom steel mesh making sure that 

the channel runs exactly midway along the length of the specimens.  Concrete was then poured 

into the formwork and a wooden jig is used to maintain a 76 mm thick wythe at the bottom. The 

styrofoam blocks wrapped with vapour barrier sheets, each of cross-sectional dimensions 302 mm 

by 127 mm and length of 3048 mm were placed on either sides of the channels (or steel truss in 

case of specimen TR) achieving a snug fit. For specimens DC and TR, square and trapezoidal 

shaped styrofoam pieces of appropriate sizes were cut out and inserted into the voids in between 

the long styrofoam blocks. This was done to prevent concrete matrix from the top wythe seeping 

down onto the bottom wythe and creating unwanted bonds. The top steel mesh is then placed on 

top of the styrofoam blocks with adequate chairs to maintain the required depth and concrete is 

poured and levelled off to make a 76 mm thick top wythe. The specimens were covered with wet 

burlaps, and water was sprayed for a period of three days after fabrication, for concrete curing. 



30 

 

3.2.5 Test Setup and Instrumentation 

The panels were tested in a four-point bending configuration, having a constant moment zone of 

500 mm, and a total span of 2890 mm (Figure 3-8). The load was applied through stroke control 

mechanism, at a rate of 2 mm/min, using a 900 kN capacity testing machine. Several linear 

potentiometers (LPs) were used to measure the deflection at mid-span, the slip between the top 

and bottom wythes at both ends of the panel (Figure 3-9), the slip between the top wythe and top 

flange of the channel connector at both ends, and the slip between the bottom wythe and bottom 

flange of the channel at both ends (Figure 3-10).  

Four 100 mm displacement-type pi-gauge strain gauges were attached to the concrete surfaces at 

mid-span, two on each wythe, to capture the strain gradient within the wythe. Strains in the top 

and bottom wythe reinforcements, at mid-span, were measured by 5 mm-long electrical resistance 

strain gauges attached to the longitudinal bars. For the GFRP channel section, strains were 

measured at the outer surface of the top flange and at the outer and inner surfaces of the bottom 

flange at mid-span, using 5 mm-long strain gauges. 

3. 3 Experimental Results 

 

3.3.1 Load-Deflection behavior and Failure modes 

The experimental load (P) versus mid-span deflection (Δ) curves for the five tested panels are 

shown in Figure 3-11 and Figure 3-12. 

Figure 3-11 shows that prior to concrete cracking, panels with continuous channel connector 

(specimens CR, HR and DR) had a stiffness comparable to that of a fully composite case. However, 

once cracking occurred, the panel stiffness reduced significantly to a level similar to that of a non-

composite case. Failure for these panels was governed primarily by compressive crushing of the 



31 

 

GFRP channel connector at the top flange which was then followed by a secondary delamination 

in the web. This was observed after removing the insulation layers from the panels. The failure 

was located near mid-span section. Large drop in load, indicative of brittle failure, appeared 

immediately after the crushing.   

Panel DC reached a peak load until one of the discrete channel segments at one end pulled out of 

the bottom wythe at a maximum load Pmax= 28 kN (Figure 3-12). After that, load decreased 

gradually and several channel segments at the same shear span failed by web shear, in a 

consecutive manner, leading to a large deflection. Panel TR failed by tensile rupturing of the 

longitudinal reinforcement of the bottom concrete wythe, after excessive yielding, leading to a 

large increase in deflection and ductility. 

3.3.1.1 Effects of wythe reinforcement ratio 

 The steel reinforcement ratio (ρs) in the wythe was investigated in panels (CR, HR, and DR), by 

varying ρs from 0.17 to 0.68%.  Figure 3-11 shows the P-Δ response for the three panels. The pre-

cracking stiffness of the three panels is almost identical. However, after cracking, the panel 

stiffness increased slightly with increasing ρs. The cracking loads (Pcr) in each of the wythes for 

all the specimens is summarized in Table 3-2. In all specimens, the bottom wythe cracked first, at 

a lower load than the top wythe.  

Although the failure modes of the three specimens were identical, the maximum load (Pmax) varies 

with ρs. Pmax increased by 33%, when ρs increased from 0.17 to 0.68% (Table 3-2). It is noted 

however that no increase in Pmax occurred when ρs increased from 0.17 to 0.34%, despite the 

increase in stiffness.  This may be due to the fact that ultimate loads in this system are governed 
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by compression failure of the GFRP section and the fact that the system is partially composite or 

fabrication errors.   

3.3.1.2 Effect of connector type 

Figure 3-12 shows the P-Δ curves for the panels with three connector types: a continuous GFRP 

channel (specimen CR), discontinuous GFRP channel (specimen DC), and steel truss (specimen 

TR). Prior to cracking of bottom wythe, which occurred at Pcr = 11.1, 10.8, and 9.4 kN, for 

specimens CR, DC, and TR, respectively, the panel stiffness was almost identical. After cracking, 

stiffness of panel TR begins dropping due to propagation of cracking, and yielding of wythe 

reinforcement. For panels CR and DC, their stiffness was comparable until specimen DC reached 

its maximum load of Pmax = 28 kN and its stiffness reduced gradually thereafter. Hypothetically, 

if the web shear failure in the discrete channel segments could have been prevented, specimen DC 

would have endured more load and continued to behave similar to the panel with continuous 

channel.  

Comparing the maximum load Pmax of the three panels, specimen CR has the highest load, (Table 

3-2). The superior structural performance of specimen CR is attributed primarily to the 

contribution of the continuous GFRP flanges of the C-section inside the wythes as well as the 

GFRP web to the overall flexural strength. This flexural contribution does not occur in the discrete 

channel sections or the steel truss system.   

The contribution of channel connector to flexure was estimated from the following equation based 

on the ASCE LRFD pre-standard for pultruded FRP structures (ASCE, 2010): 

𝑀𝑛 = min {[
𝐹𝐿,𝑓(𝐸𝐿,𝑓𝐼𝑓+𝐸𝐿,𝑤𝐼𝑤

𝑦𝑓𝐸𝐿,𝑓
] , [

𝐹𝐿,𝑤(𝐸𝐿,𝑓𝐼𝑓+𝐸𝐿,𝑤𝐼𝑤

𝑦𝑤𝐸𝐿,𝑤
] }    (Eq-3-1) 
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where: Mn = nominal moment capacity of FRP section; FL, f and FL, w = longitudinal strength of 

flange and web, respectively; EL, f and EL, w = longitudinal modulus of flange and web, respectively; 

If and Iw = moment of inertia of flange and web, respectively, about the axis of bending; yf and yw 

= distance from the neutral axis to the extreme fiber of flange and web, respectively. 

After calculating Mn, by utilizing the geometrical inputs of the channel and material properties 

reported earlier, where compression failure governs, the maximum load of the channel Pmax was 

then determined from the four-point bending configuration and was found to be 35.9 kN, which is 

59% of the capacity of specimen CR.   

The maximum service wind pressure (peak 50 year return period) according to the Canadian 

building code (NBCC) is 0.73 kPa (assuming an open terrain, for worst case scenario). This 

pressure is equivalent to 0.78 kN of concentrated load for the four-point testing system used in this 

study. The factored load level is shown in Fig. 9(a) for comparison with experimental results. The 

failure loads (Pmax) for all the panels, are well above the maximum service loads.  Also, the 

deflections under the service load are well below the deflection limit of span(L)/360 (Figure 3-11 

and 3-12). 

3.3.2 Load slip responses 

Figure 3-13 to Figure 3-17, shows the load (P) versus slip (δ) between the top and bottom concrete 

wythes, on either end of the panels. The figure shows that slip was negligible when P was smaller 

than cracking loads of the bottom wythe (reported in Table 3-2). Once cracking occurred, 

significant slip developed between the wythes. Table 3-2 lists the wythe to wythe slip at maximum 

load (Pmax). Comparing the panels with varying wythe reinforcement ratios, panel DR (with ρs 

=0.68%) has the highest average value for slip, at δ = 34 mm, compared to an average slip of δ = 

17 mm for the other two specimens. The maximum slip in the panel with steel truss connector is 
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13 mm, slightly less than the slip of 15 mm, in the panel with continuous GFRP channel at their 

respective Pmax. The panel with discontinuous GFRP channel experienced the smallest slip at Pmax, 

which is 2.5 mm. This small slip is attributed to the lateral restraint provided by concrete, which 

surrounds the embedded channel segments from all sides. After reaching maximum load, slip 

continued to develop at the side that did not experience shear failure in channel segments. 

Figure 3-18 to Figure 3-21 plots the load versus slip, between the top wythe and top channel flange, 

and between bottom wythe and bottom channel flange, for the three panels with the continuous 

GFRP channel, at both ends of the panel. In these panels, the bottom GFRP flange always slips 

out of the bottom wythe, while the top GFRP flange slips in. 

In order to assess connector effectiveness in shear transfer, slip should be compared at the same 

load level.  The total slip (i.e. both ends added) of specimens CR, DC and TR with continuous and 

discrete channels and steel truss, respectively, is compared at the smallest maximum load of all 

three which is 21.7 kN for specimen TR. These values are 3.73, 2.78 and 25.91 mm, for CR, DC 

and TR, respectively (Table 3-2). It is clear that the channel connector is more effective than the 

steel truss as evident by the significantly smaller slip.  Also, the discrete channel sections provide 

slightly less slip being surrounded from four sides by concrete, unlike the continuous channel. In 

this case the 2.78 mm is due to shear deformation of the channel and does not include slip between 

the channel and concrete. 

3.3.3 Load-Strain Responses 

Mid-span strains, at the top and bottom flanges of the channel connector are shown in Figure 3-23 

to Figure 3-25 for the panels with continuous channel connector. The channel strains were 

consistent, being in compression at the top flange and in tension at the bottom flange, while wythe 

reinforcement strains were dependent on the location of neutral axis for the wythe containing the 
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instrumented reinforcement. The maximum tensile and compressive strains in the channel, 0.013 

[SG3] and 0.08 [SG1], respectively, were slightly less than the rupture strains of 0.017 (tension) 

and 0.011 (compression), measured in the coupon tests. Although channel failure is imminent at 

mid-span section as can be seen from the strains above, the channel actually failed in compression 

near the loading point. The pi-gauges mounted on the wythe surface to measure concrete strains 

and variation of neutral axis, were not functioning properly, and therefore has not been reported. 

3.3 Push-off Shear and Bond Tests 

 

Two panel segments, 500 mm in length, were saw cut from an additional panel identical to 

specimen CR in the bending tests, and tested under single shear loading. Different boundary 

conditions were used to determine both the shear strength of the GFRP channel connector and the 

bond strength of the concrete-channel interface. Figure 3-26 shows schematics and actual picture 

of test setup, which consisted of a self-reacting steel frame, lateral restraints, loading on top of one 

wythe using a 300 kN capacity hydraulic jack and supporting the other wythe at the bottom. The 

specimens were tested in a vertical position. The lateral end restraints, consisting of HSS sections, 

ensured that the specimen can only move vertically (Figure 3-26). Friction between the loaded 

wythe and lateral restraint was minimized by applying a lubricant at the interface.  

Support and loading schemes differed in each of the two specimens. In specimen S1, bearing of 

the vertical support and loading was applied to both concrete and the GFRP channel connector, in 

order to establish the longitudinal shear behaviour and strength of the GFRP connector.  In 

specimen S2, support was similar to specimen S1 (i.e. bearing on both wythe and channel) but the 

vertical load was applied to the concrete wythe only and not to the channel in order to establish 

bond strength.  

Figure 3-27 plots the load (P) versus relative longitudinal deflection between the concrete wythes 
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for the two tested specimens. Failure of specimen S1 was due to excessive shear deformation in 

the web of the channel, while for specimen S2 by excessive slippage between the concrete and the 

channel. The channel shear strength was estimated in S1 by dividing the maximum load (Pmax) of 

specimen by the longitudinal cross-sectional area of the web and was found to be 39 MPa.  The 

bond strength (τmax) of GFRP channel connector to concrete was estimated by dividing Pmax of 

specimen S2 by the channel interfacial area in contact with concrete, and was found to be τmax = 

0.28 MPa.  

3.4 Summary 

 

In this study, a new shear connector for concrete sandwich panels (CSPs), which is a C-shaped 

glass fiber reinforced polymer (GFRP) pultruded channel is investigated. The connector is 

intended to increase the structural efficiency of the CSP while maintaining high thermal efficiency 

due to its low thermal bridging. Five half-scale CSPs were tested in four-point bending and 

reported in this chapter. Three panels with a continuous GFRP channel connector included 

different steel reinforcement ratios (ρs) in the concrete wythes. In the fourth panel, multiple 

segments of the GFRP channel, spaced apart, were used to further reduce thermal efficiency. The 

fifth panel, which is used for comparison, had a conventional steel truss connector with a diagonal 

stiffness equal to that of the continuous channel. The response of all panels is compared and 

assessed in reference to the theoretical fully-composite and non-composite responses.  

Additionally, two panel segments, measuring 500 mm in length, were also tested under single 

shear with different boundary conditions, to determine the longitudinal shear strength of the 

channel connector, and the bond strength of the concrete-channel interface. The conclusions from 

the experimental program have been summarized in chapter 5. 
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Table 3- 1: Test Matrix 

 

Specimen 

ID 

Overall Dimensions Flexural 

Reinforcement 

Material 

Flexural 

Reinforcement 

Ratio, ρs%
1 

Shear 

Connector 

Description 
Length 

(mm) 

Width 

(mm) 

Thickness 

(mm) 

CR 3048 610 279 Steel 0.34% GFRP, 

Continuous 

DR 3048 610 279 Steel 0.68% GFRP, 

Continuous 

HR 3048 610 279 Steel 0.17% GFRP, 

Continuous 

DC 3048 610 279 Steel 0.34% GFRP, 

Discrete 

TR 3048 610 279 Steel 0.34% Steel Truss 

1 𝜌𝑠 =
𝐴𝑠

𝑏 × 𝑡
× 100 , where As is area of flexural reinforcement (mm2), b is width of concrete wythe 

(mm), and t is wythe thickness (mm).  
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Table 3- 2: Summary of Peak Loads and Relative Slips 

 

 

 

 

 

 

 

 

 

Specimen 

code 

Cracking load, Pcr (kN) Maximum 

load, Pmax. 

(kN) 

Failure 

mode 

Average slip at failure, δ (mm) Total slip  

δ4
8 (mm) 

at 21.7 kN 
Bottom 

wythe 

Top 

wythe 

δ1
5 δ2

6 δ3
7 

HR 16.3 22.6 64.3 CC1, DL2 11.6 6.1 19.6 3.4 

CR 11.1 14.0 61.1 CC, DL 8.2 4.7 14.6 3.7 

DR 15.8 20.6 85.4 CC, DL 11.6 7.9 34.2 6.5 

DC 10.8 15.3 28.0 SH3 NA9 0.1 2.5 2.8 

TR 9.4 15.1 21.7 RR4 NA NA 12.8 25.9 

1 CC= compressive crushing of channel connector at top flange and upper part of web. 
2 DL= delamination of FRP layers in the web of channel connector. 
3 SH= shear failure in the discrete channel connector. 
4 RR= rupture of longitudinal flexural reinforcement in bottom wythe. 
5 δ1= Average slip between top concrete wythe and top flange of channel connector. 
6 δ2= Average slip between bottom concrete wythe and bottom flange of channel connector. 
7 δ3= Average slip between concrete wythes. 
8 δ4= Total slip between concrete wythes at 21.7 kN (max. load of TR). 
9 NA= value not measured due to dismounting of LP.  
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Figure 3- 1: Geometry of test panels, (a) side view, (b) panel cross-section, and (c) GFRP 

channel cross-section (all dimensions in mm). 
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Figure 3- 2: Components of the Sandwich Panel (a) GFRP Connector, (b) XPS Styrofoam         

(c) Steel Mesh 

` 

 

 

Figure 3- 3: Stress-strain plots for GFRP connector in Tension and Compression 
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Figure 3- 4: Stress-strain plots for steel tests in tension. 

 

 

 

 

 

 

 

 

Figure 3- 5:  Equivalent axial stiffness concept for calculating diameter of steel connector. 
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(a) Continuous GFRP channel (specimens CR, HR, DR). 

 

 

  

 

 

(b) Discrete GFRP channel (specimen DC). 

 

 

 

 

(c) Steel truss (specimen TR) 

Figure 3- 6: Geometry of various shear connectors used in the bending tests (all dimensions 

in mm). 
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Figure 3- 7:  Fabrication of sandwich panels. 
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(b) 

Figure 3- 8:  Test setup, (a) schematics showing setup and instrumentation, (b) panel under 

testing. 
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                                     (a)                                                                 (b) 

Figure 3- 9: Arrangement of LPs to measure end slips (a) Schematic (b) Arrangment of LPs 

at the end for panel HR. 

 

         

 

               

 

    

 

      

     

Figure 3- 10: Panel end slipping, as observed from tests, for the panels with continuous 

channel connector. 
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Figure 3- 11: Load-Deflection curves for varying reinforcement ratio. 

 

 

 

 

 

 

 

 

a- Cracking of bottom wythe, b-cracking of top wythe, ctop - yielding of top mesh, cbot - yielding 

of bottom mesh, d-peak load 
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Figure 3- 12: Load-Deflection curves for varying connector type 

 

 

 

 

 

 

 

 

 

a- Cracking of bottom wythe, b-cracking of top wythe, ctop - yielding of top mesh, cbot - yielding 

of bottom mesh, d-peak load 
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Figure 3- 13: Wythe to Wythe slip for specimen CR 

 

 

 

 

Figure 3- 14: Wythe to Wythe slip for specimen DR 
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Figure 3- 15: Wythe to Wythe slip for specimen HR 

 

 

 

 

Figure 3- 16: Wythe to Wythe slip for specimen DC 
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Figure 3- 17: Wythe to Wythe slip for specimen TR.  
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Figure 3- 18: Relative slips between wythes and GFRP Flange for specimen CR 

 

 

 

Figure 3- 19: Relative slips between wythe and GFRP Flange for specimen DR 
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Figure 3- 20: Relative slips between wythe and GFRP Flange for specimen HR 

 

 

 

Figure 3- 21: Relative slips between wythe and GFRP Flange for specimen DC 

 

 

 

 

 

 



53 

 

   

 

 

   

 

Figure 3- 22: Failure modes and cracking of concrete for selected specimens. 

 

 

 

 

 (a): Failure of GFRP connector in  

compression. 

 (b): Failure of specimen DC. 

 (c): Rupturing of connector pieces in 

specimen DC. 

 (d): Development of cracks in bottom 

wythe along the location of chairs. 

Shearing of connector pieces in specimen 

DC. 
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Figure 3- 23: Load vs Strain for specimen CR     

 

Figure 3- 24: Load vs Strain for specimen DR     
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Figure 3- 25: Load v/s strain for specimen HR. 
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                    (a) Schematics of test                                           (b) Actual test setup                            

  

 

 

 

 

 

 

 

               

 

 

 Figure 3- 26:  Push-off tests.  
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Figure 3- 27: Load versus deflection of left (loaded) wythe, in push-off specimens. 

 

 

 

 

 

 

 

 

 

 

 

 



58 

 

 

CHAPTER 4: Analytical Study of Sandwich Wall Panels and Evaluation of Degree of 

Composite Action 

 

 

4.1 Introduction  

 

This chapter describes the development of an analytical model using computer program 

RESPONSE-2000 to obtain theoretical fully composite and non-composite behaviour of the 

various panel systems tested in Chapter 3. Moment-curvature (M-φ) curves were generated using 

RESPONSE-2000 for the various specimens and a series of MATLAB codes were developed  to 

obtain the load-deflection curves for fully composite and non-composite sections for all the 

tested panels as upper and lower bounds. The degree of composite action was then calculated for 

each of the panel systems to evaluate  the performance of the GFRP channel as a shear 

connector.  

4.2 Analytical Model 

 

4.2.1 RESPONSE-2000 Model Development 

RESPONSE-2000 is widely used to perform sectional analysis of different RC beam cross-

sections. In this chapter, the program has been used to develop and study a theoretical model for 

the sandwich wall panel systems, whose experimental study has been discussed in depth in the 

previous chapter. To develop the model, a concrete I-section was chosen in RESPONSE with two 

concrete wythes (flanges) of 76 mm depth each and having a clear distance of 127 mm. The 

thickness of the concrete web was assigned to be zero. The entire GFRP channel was approximated 

as a series of GFRP bars running parallel to the longitudinal direction of the slab. The total cross-
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sectional area of the bars at the web was chosen to be 45 mm2 and that at the flange was chosen to 

be 328 mm2. This arrangement was found to provide the closest geometric equivalence to the 

actual C-shaped GFRP shear connector (Figure 4-1). Steel flexural reinforcements were provided 

in the longitudinal direction in a single layer in both the wythes with the cross-sectional area of 

each bar being 26 mm2. The number of bars varied from 3 to 12 depending on the specimen being 

modelled. The effect of the transverse bars was neglected, as they would provide no flexural 

strength to the panel system. 

4.2.2 Material Properties 

The concrete strength used for the model was 29.2 MPa, obtained from experimental cylinder 

testing. The yield strength used for the steel mesh was 485 MPa while the ultimate strength was 

600 MPa. Separate stress-strain graphs were established in RESPONSE for the behaviour of the 

GFRP bars simulating the flange and the web, depending on the varying data from the coupon 

tests. The flanges were assigned a rupture strength of 446 MPa with  a modulus of 26.74 GPa. The 

GFRP bars in the web were assigned a strength of 367 MPa and a modulus of 23 GPa. All these 

values were obtained from tests carried out following ASTM standards (Details are provided in 

Appendix A) 

4.2.3 Sectional Analysis  

RESPONSE-2000 can successfully perform sectional analysis on a fully composite section only. 

Hence, the M-φ curves for the fully composite sections (upper bound) of the various configurations 

could be obtained from RESPONSE-2000 directly, but, the program cannot directly perform non-

composite sectional analysis. Hence, to obtain the M-φ curves for a non-composite section, the top 

wythe, the bottom wythe and the GFRP channel connector were uncoupled and separately 
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analyzed. The respective M-φ curves were summed up to obtain the resultant M-φ curve using the 

following equation, which is applied at one common value of curvature:  

Mtotal = Mtop wythe + Mbottom wythe + Mchannel   Eq-(4.1) 

The assumption made while using the above mentioned formula is as follows: 

              φ1 = φ2 = φ3,     (Hassan, 2010)   Eq-(4.2) 

where φ1, φ2 and φ3  are the curvatures exhibited by the top concrete wythe, bottom concrete wythe 

and the GFRP shear connector when acted upon by a transverse load, provided they are acting as 

elements of a non-composite system. 

Since the GFRP channel was modelled as a series of independent longitudinal bars, RESPONSE-

2000 could not successfully detect the shear failure of the connector in the web right below the top 

concrete wythe.  This failure occurs prior to the axial failure of the flange as reported by the 

program. Hence, hand calculations were carried out at every load step to check for shear failure 

and establish the appropriate point of shear failure of the GFRP web and the corresponding 

moment at which the M-φ curve resulting from RESPONSE should be terminated. All the 

subsequent M-φ points beyond this point were ignored. A sample calculation has been included in 

Appendix-C. 

4.4 Analytical Results 

 

4.4.1 Load vs Deflection  

Fully composite sections: For specimens having varying reinforcement ratio, the peak load 

assuming a fully composite system varied from 91.67 kN for specimen HR with the lowest steel 
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reinforcement ratio in wythe to 116.69 kN for specimen DR with the highest reinforcement ratio. 

This can be seen in Figure 4-2. Hence, for four times increase in reinforcement, the peak load for 

the fully composite section increased by 27.3 %. The peak loads for the specimens DC and TR 

was reduced drastically (45.21 kN) as there was no continuous GFRP channel to provide additional 

flexural resistance (Figure 4-3). Comparing specimens TR or DC with specimen CR, it can be seen 

that due to the GFRP channel, the peak load for the fully composite system, is increased by almost 

125%. This significant flexural enhancement can be attributed to the high flexural strength and 

shear transfer characteristics of the GFRP shear connector. 

Non-composite sections: In case of the non-composite sections, the increase in reinforcement ratio 

also resulted in increase in peak load (Figure 4-5 and Figure 4-6). For specimens with varying 

reinforcements ratios, namely HR (p= 0.17%), CR (p= 0.34%) and DR (p=0.68%), the peak loads 

were 44.58 kN, 49.03 kN and 56.42 kN. Hence, there was an increase of 26.55% with the 

reinforcement ratio being increased by four times. The failure load for specimens without the 

continuous GFRP channel was found out to be 10.02 kN. 

4.4.2 Failure Modes 

The various failure modes exhibited by the specimens in a fully composite and non-composite 

settings are summarized in Table 4-1.  

Fully composite sections: In specimens with the GFRP channel, the failure was consistently 

governed by longitudinal shear failure of the channel, with the failure plane being in the web of 

the channel just below the top wythe. For specimens DC and TR, it was found that the steel mesh 

in the bottom wythe ruptured.  
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Non-composite sections: In case of non-composite sections for specimens DC and TR, both failed 

by concrete crushing at the top of the wythes. But in case of specimens CR, DR and HR, though 

concrete crushed first, the specimens were found to carry higher loads till the flanges of the GFRP 

channels crushed in compression. Hence, an increase in load carrying capacity was observed. 

4.4.5 Calculation of the Degree of Composite Action 

The degree of composite action (k) based on the strength method (PCI, 2011) has been shown in 

Table 4-2 for all the tested specimens. The value of k was determined by the following equation: 

𝑘 =
𝑃𝑚𝑎𝑥(𝑡𝑒𝑠𝑡)−𝑃𝑚𝑎𝑥(𝑁𝐶)

𝑃𝑚𝑎𝑥(𝐹𝐶)−𝑃𝑚𝑎𝑥(𝑁𝐶)
× 100                                                                                                            

where Pmax.(test) = maximum load from experiment; Pmax.(NC) = maximum load from the 

analytical model for the non-composite sections; and Pmax.(FC) = maximum load from the 

numerical model for the fully composite sections. The value of ‘k’ is a representation of how 

efficient the panel system is in transferring shear from one wythe to the other.  

The panels with the GFRP shear connector, clearly exhibited the highest values for degree of 

composite action. For panels HR and DR, k was on average around 45%. A significant drop in 

value of k was noticed in specimen CR (23%). This may be traced back to abnormality or errors 

during the fabrication stage. The change of reinforcement ratio in specimens HR and DR, seems 

to have negligible effect on the degree of composite action developed. For the discontinuous 

channel connector (specimen DC), k was around 50%. The peak load carried by this specimen 

severely dropped due to the lack of additional flexural strength provided by the GFRP shear 

connector itself, and hence the increased degree of composite action. The panel with steel truss 

connector (specimen TR) had the lowest composite degree, k = 32%, this represents 71% of the k 

value of panels with GFRP channel connectors. Clearly, the higher load carrying capacity, 
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displayed by the specimens with GFRP channels, has more to do with the additional flexural 

performance of the channel itself, rather than its capability to transfer shear in between the wythes. 

All the corresponding graphs have been shown through Figure 4-6 to Figure 4-10. 

4.5 Summary 

 

Analytical models were developed in RESPONSE-2000 to find out the upper and lower P-Δ curves 

for fully composite and non-composite sections. The experimental curves were then compared 

with the corresponding upper and lower boundary curves for each of panel specimens and the 

degree of composite action developed by the shear connector was evaluated. The conclusions have 

been summarized in chapter 5. 
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 Table 4- 1: Summary of loads and failure modes for fully composite and non-composite 

sections. 

 

 

Table 4- 2: Degree of composite action (к %) for various experimented panel configurations 

Specimen ID Pmax (FC1) Pmax (Experimental) Pmax (NC2) к % 

CR 101.46 61.10 49.03 23 

DR 116.69 85.20 56.42 48 

HR 91.67 64.28 44.58 42 

DC 45.21 27.47 10.02 50 

TR 45.21 21.15 10.02 32 

 

 

 

 

 

 

Specimen 

ID 

Yield Load, Py          

(kN) 

Failure Load, Pu 

(kN) 

Ductility Index 

(Δu/Δy) 

Failure 

Modes 

FC1 NC2 FC NC FC NC FC NC 

CR 48.53 28.95 101.46 49.03 4.37 2.14 SH3 GC5 

DR 75.31 46.86 116.69 56.42 2.61 1.47 SH GC 

HR 31.80 7.36 91.67 44.58 9.31 6.61 SH GC 

DC 28.45 7.62 45.21 10.02 12.51 8.08  BR4 CT6 

TR 28.45 7.62 45.21 10.02 12.51 8.08 BR CT 

1 FC= Fully composite sections, theoretical results from RESPONSE. 
2 NC= Non-composite sections, theoretical results from RESPONSE. 
3 SH= shear failure in the web of the GFRP channel connector. 
4 BR= rupture of steel mesh in the bottom mesh. 
5 GC= Crushing of the GFRP channel in the flange. 
6 CT= Crushing of concrete in the top wythe. 
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Figure 4- 1: RESPONSE model for specimen CR, showing the arrangement of steel bars 

and GFRP bars to approximate the C-shaped GFRP channel. 
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Figure 4- 2: Comparison of fully composite specimens with varying reinforcement ratio 

 

 

 

Figure 4- 3: Comparison of fully composite specimens with varying connector type. 

 

 

 

 

0

20

40

60

80

100

120

140

0 20 40 60 80 100 120 140

Lo
ad

, P
 (

kN
)

Deflection, midspan (mm)

CR

DC/TR



67 

 

 

Figure 4- 4: Comparison of non composite specimens with varying connector type. 

 

 

   

Figure 4- 5: Comparison of non-composite specimens with varying connector type. 
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Figure 4- 6: Load vs. mid-span deflection comparisons, between experimental and FC-NC 

envelopes obtained from RESPONSE, for specimen CR. 

 

 

 

Figure 4- 7: Load vs. mid-span deflection comparisons, between experimental and FC-NC 

envelopes obtained from RESPONSE, for specimen DR. 
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Figure 4- 8: Load vs. mid-span deflection comparisons, between experimental and FC-NC 

envelopes obtained from RESPONSE, for specimen HR. 

 

 

 

Figure 4- 9: Load vs. mid-span deflection comparisons, between experimental and FC-NC 

envelopes obtained from RESPONSE, for specimen DC. 
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Figure 4- 10: Load vs. mid-span deflection comparisons, between experimental and FC-NC 

envelopes obtained from RESPONSE, for specimen TR. 
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CHAPTER 5: Conclusion 

 

5.1 Experimental Investigation of Concrete Sandwich Wall Panels in Flexure Using a Novel 

GFRP Shear Connector 

 

Four-point bending tests were carried out on five half-scale specimens to study the behavior of a 

new GFRP stud shear connector for concrete sandwich panels. Ancillary tests were carried out on 

specimens to find out the bond and shear strength of the connector as well. The following 

conclusions can be drawn regarding the effect of varying reinforcement ratio and connector type 

in the panels and from the shear tests: 

1- The panels with continuous and discrete GFRP channels achieved 2.8 and 1.3 times, 

respectively, the ultimate strength of that with a steel truss. The panel with discontinuous 

channel had similar stiffness to the one with continuous channel prior to failure, 

however, stiffness of the panel with steel truss was much lower.   

2- All panels with continuous GFRP channel failed by crushing of the GFRP flange of the 

channel in the compression wythe. For the specimen with the discontinuous channel 

connector, the GFRP channel segments failed by web shear after the edge segment 

pulled out the bottom concrete wythe in one shear span. In the specimen with steel truss 

connector failure occurred by tension rupture of the steel reinforcement in the bottom 

wythe. 

3- For the three panels with continuous channel and different steel reinforcement ratio in 

the wythe, maximum load Pmax increased by 33%, when ρs increased from 0.17 to 0.68%.  

No gain was observed between ρs of 0.17 and 0.34%, which may be attributed to the 
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GFRP compression failure mode and the partial composite action of the system, or 

fabrication errors. 

4- The continuous GFRP channel not only increased the degree of composite action of the 

wall but also contributed significantly to flexural strength by means of the embedded 

GFRP flanges. This contribution was calculated to be 59% of the overall panel strength. 

The discontinuous channel on the other hand does not provide any direct flexural 

contribution.  

5- The total end slip between concrete wythes is a good measure for comparing efficiency 

of different connectors. This slip at the peak load of the panel with steel connector was 

25.9 mm while for panels with continuous and discrete channels was 3.7 and 2.8 mm, 

respectively, at the same load.  This clearly shows that the channel connector is more 

effective than the steel truss.  The discrete channel provides less slip being surrounded 

by concrete from four sides.     

6- The concrete bond strength of the GFRP channel, determined from the single shear push-

off test was 0.28 MPa while the longitudinal shear strength of the GFRP channel was 39 

MPa.  

5.2 Analytical Study of Sandwich Wall Panels and Evaluation of Degree of Composite 

Action 

 

A model was developed in RESPONSE-2000 to obtain the upper and lower bounds for the fully 

composite and non-composite section for various configurations of the sandwich panels. Outputs 

from RESPOSNE was used to find out the effectiveness of the GFRP shear connector in terms of 

degree of composite action generated. The conclusions drawn are as follows: 
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1- For an increase of reinforcement ratio from 0.17% to 0.68%, the peak loads for the fully 

composite sections increased by 27.3%. For the same change in reinforcement, peak 

load increased by 20.5% for non-composite sections. 

2- For specimens with varying shear connector types, in case of fully composite sections, 

it was found out that due to the GFRP channel, the peak load for the fully composite 

system, is increased by almost 125%. This significant strength enhancement can be 

attributed to the high flexural strength and shear transfer characteristics of the GFRP 

shear connector. 

3- In case of a non-composite system, for specimens with varying shear connector types, 

the peak load increased by 390%. Similar to fully composite systems, this increase in 

strength is mainly due to the high flexural strength of the channel, coupled with its 

ability to transfer shear between the wythes. 

4- For fully composite systems, the failure of the specimens with the continuous GFRP 

shear connectors was always governed by longitudinal shear failure of the channel, with 

the failure plane being in the web of the channel just beneath the top wythe. For 

specimens with the discrete connector and truss connector, it was found that the steel 

mesh in the bottom wythe ruptured. 

5- In case of non-composite sections, for specimens with varying reinforcement ratios, 

concrete exhibited crushing first, followed by the failure of the GFRP channels in 

compression. An increase in load was observed till the failure of the connector itself. 

For specimens DC and TR, crushing of concrete in the top wythe dictated the failure of 

the panels. 
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6- The degree of composite action developed for specimens with varying reinforcement 

ratios, varied between 42% and 48%. While specimen with discrete connector exhibited 

a 50% degree of composite action, the truss connector had a low value of 32% only. 

5.3 Future Research 

 

This study focused on the structural performance of  a C-shaped GFRP channel as shear connector 

for sandwich wall panels. Further studies may look in to investigating the effect of changing the 

spacing of discrete channel pieces on structural performance in flexure. The aim would be to 

minimise material usage which would improve cost efficiency and also improve thermal rating of 

the panel. Another proposal could be making holes in the flanges with the same shear connector 

system, to improve concrete locking and this would significantly reduce slipping of the GFRP 

connector. Furthermore, the ends on the wythes could be blocked with concrete studs during 

fabrication. This would prevent the free slipping out of the connector from the specimens, which 

in turn would increase the cross-sectional stiffness of the panel systems. 
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APPENDIX A: Tensile Tests of GFRP Coupons 

 

 

A.1 Introduction 

 

From previous studies, it is widely known that manufacturers under report mechanical properties 

of all the commercially available FRP composites, significantly. Hence tensile tests were carried 

out on GFRP coupons, to find out the actual tensile properties of the pultruded C-shaped GFRP 

channel connector. The test results were compared against the reported manufacturer data.  

A.2 Coupon Specimens 

 

Rectangular coupons were cut out from both the flange and the web of the GFRP channel, 

following specifications stated in ASTM standard D3039/D3039 M.  

A set of six coupons each, were cut out from the flange and the web, to investigate the properties 

in the longitudinal direction. These coupons were 200 mm long and had a width of 25 mm. Another 

set of six coupons were cut out to find out the properties in the transverse direction of the web. 

The top and the bottom flanges were removed and the curved surface at the junction of the web 

and the flange were also cut out, to avoid any eccentricity while loading the specimens. These 

coupons had a dimension of 175 mm by 25 mm.  

Tabs were cut out from glass fibre sheets and was adhered on both sides of the coupons at both 

ends using a structural epoxy. The tabs were 50 mm long and had a width of 25 mm, same as the 

GFRP coupons. This was done to avoid any potential damage caused by the high pressure grips of 

the testing apparatus on the coupons. 
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A.3 Instrumentation and Testing 

 

Tensile strains were measured using an extensometer, and to confirm the test results, a strain gauge 

was installed on to one specimen from each of the three different coupon sets. The gauges were 

installed exactly at mid-height and mid-width of the coupons. Tensile stress was applied using a 

constant stroke rate of 2 mm/min. The extensometer was taken off every time at around 50% of 

the expected failure load to avoid any damage caused due to the failure of the coupons. Figure A-

1 shows the testing apparatus and ruptured coupons. 

A.4 Results 

 

Following ASTM D3039/3039M, the tensile modulus of elasticity was measured for strains 

ranging in between 1000 and 3000 micro-strains. The modulus of the flange in the longitudinal 

direction was found to be 26.7 GPa, a bit higher than that of the web in the same direction, 23 GPa. 

This could be because of higher fibre concentration in the flanges. The GFRP channel was found 

out to be significantly weaker in the transverse direction with an elastic modulus of only around 

9.32 GPa. Since the section is pultruded, the fibres run only in the longitudinal direction with fibres 

scattered around to wrap them. Hence, strength in the transverse direction would be quite low, as 

strength is exhibited only by the resin and the fewer fibres present in this direction. The ultimate 

rupture stress for coupons from flanges, was around 446 MPa and for coupons from web in the 

same direction was around 367 MPa. The reported rupture strength for both were 207 MPa, hence 

they were highly under reported. The rupture stress for coupons in the transverse direction from 

the web was around 123.25 MPa. 
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Figure A- 1: (a) Extensometer attached to the coupon (b) A successfully tested coupon, 

ruptured in tension. 

 

 

 

 

 

 

 

Figure A- 2: Load vs Strains (strain gauge/extensometer) curves in the longitudinal 

direction for coupons from flange. Coupon F2 did not have a successful test, and hence not 

shown. (EXT-extensometer; SG-strain gauge) 
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Figure A- 3: Load vs Strains (strain gauge/extensometer) curves in the longitudinal 

direction for coupons from web. Coupon W4 did not have a successful test, and hence not 

shown. (EXT stands for and SG stands for strain gauge) 

 

 

 

 
 

Figure A- 4: Load vs Strains (strain gauge/extensometer) curves in the transverse direction 

for coupons from web. (EXT- extensometer; SG-strain gauge) 
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APPENDIX B: GFRP Stud Compression Test 

 

B.1 Specimens, Setup and Instrumentation 

 

Three pieces of 50 mm long channel pieces were cut out from the GFRP shear connector. A five 

mm uniaxial strain gauge was installed at mid-height and exactly at mid-width. A 10” x 4” (254 

x 102 mm), 6.35 mm thick flat steel plate was used to distribute the load coming from a stroke 

controlled machine of a maximum capacity of 900 kN (Figure B-1). The test was carried out 

with a stroke rate of 0.5 mm/minute. The centre of the loading line was coincident with the 

centre of the steel plate which was in turn in line with the centre of gravity of the C-shaped glass 

channel. The was done to nullify the effect of eccentricity. 

B.2 Results 

 

The peak load at which the studs got crushed were found out.  The average value of peak stress 

in pure compression was found out to be 186 MPa (shown in Figure 3-3), while the average 

modulus of elasticity in compression was found out to be 24.62 GPa. Figure B-2 shows a crushed 

GFRP stud. 

 

 

 

 

 

 

 

 

 



87 

 

 

 

 

Figure B- 1: Testing of a GFRP Stud in compression. 

 

 

 

Figure B- 2: A GFRP Stud crushed in compression. 
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APPENDIX C: Calculation for Shear failure in Response for Fully Composite and 

Non-Composite sections 

 

C.1 Introduction 

 

Response-2000 was used to develop an analytical model to find out the fully composite and non-

composite envelopes for the concrete sandwich panels of various configurations. Since 

RESPONSE-2000 could not detect the shear failure of the GFRP channel, prior to the failure of 

the flange itself, hand calculations were performed at various increasing loads, to find the smallest 

load at which the GFRP channel experienced a shear stress of 39 MPa, which is in fact the shear 

strength of the GFRP channel found out experimentally from specimen S1 in the push-off tests 

(chapter-3). The exact loading point of shear failure was found out and the points on the M-φ 

curves beyond this point were omitted. 

C. 2 Sample calculation for a Fully Composite Section for Specimen CR at Peak Moment 

(as reported by RESPONSE). 

 

Figure C-1 shows the cross-section, material properties and geometric properties of the section for 

specimen CR in a fully composite configuration. Figure C-2 shows the failure of this specimen, 

the failure being governed by the failure of the GFRP flange. The corresponding M-φ curves at 

the point of failure and after failure have been also shown. The failure moment obtained is 97.5 

kN-m, which translates to a failure load of 163 kN of point load at the mid-span. 

If a shear stress calculation is carried out at this point of the loading stage using the strain profile 

along the depth of the cross-section from RESPONSE, it is found out that the value of shear stress 

along the shear span of the GFRP channel is a lot higher than the shear strength of the channel (39 
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MPa). Hence the specimen must have failed at a load (moment, M) lower than the peak moment 

obtained from the analysis.  

Using strain compatibility (Figure C-3(a)), the depth of the neutral axis, x is found out to be 

approximately equal to 44 mm. In this particular case it would mean, the neutral axis is almost just 

below the top flange of the GFRP channel. Any part of the channel below this is in tension. A 

section in the GFRP channel just below the top concrete wythe is studied, as this would always be 

the critical section or plane of shear failure. The summation of compressive and tensile forces 

above this section was calculated. And this load was divided by the shear area of the GFRP 

connector to find out the shear stress developed.  

Values used in the calculation are as follows: 

Net compressive force (from RESPONSE, Figure C-3(c)) = 556 kN, Tensile Strain at critical 

section = 3.54 (mm/m), Etensile for GFRP web = 23 GPa, Depth of GFRP web subjected to tension 

= 32 mm, 

 Thickness of GFRP = 6.35 mm and Effective shear span on each side = 1195 mm. 

Net shear stress developed = (Compressive forces - Tensile forces) / shear area of GFRP = 

 

= 72.18 MPa > 39 MPa (shear strength of the channel). 

Hence, the channel fails in shear much before reaching the peak load (moment, M) as obtained 

from RESPONSE. Similarly, hand calculations were carried out at increasing load stages for each 

of the specimens to find out the load at which the channel experiences a shear of 39 MPa, and the 

corresponding load was reported as the peak load (101.46 kN, for specimen CR). 

{556 × 1000 −  
1

2
 ×  

3.54

1000
 × 23 × 32 × 6.35) /(1195 ×  6.35)  
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                                                                     (a) 

 

                                  (b) 

 

         (c) 

Figure C- 1: (a) Cross section, (b) Material properties and (c) Geometric properties for 

specimen CR. 
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Figure C- 2: Response analysis showing before and after failure scenarios for GFRP flange 

and corresponding M-φ points of the loading curve. 
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(a) 

(b) 

 

(c)  

Figure C- 3: (a) Longitudinal strain along the depth; (b) Schematic diagram showing the 

location of neutral axis and critical plane; (c) Internal forces obtained from RESPONSE, at 

Peak Moment 
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APPENDIX D: MATLAB Code to convert M-φ curves to P-Δ curves for a four-point 

bending system 

 

D.1 Specifications 

 

MATLAB R2018b was used to create a user input based code, which would work for any four- 

point bending system in flexure. The user will be responsible for defining the effective span length, 

length of constant bending zone and the length of the shear spans on either sides. The user also has 

the freedom to choose the degree of accuracy for the output plots. M-phi curves obtained from any 

software/program has to be adjusted to a spreadsheet format, and this spreadsheet can be used as 

the input to run the code to obtain load-deflection points.  

D.2 Functioning 

 

After the user makes an input in the form of an excel sheet, the code immediately identifies the 

moment and phi columns respectively and uses a ‘spline’ function to obtain more points in between 

the available input points. The user then has to assign a fraction of the peak moment value they 

want the P-Δ points for. The code will automatically calculate the exact moment magnitude and 

find the same from the input moment values. If the exact same value is not present, it will choose 

the closest value to it. The next step would be for the user to input the constant bending zone length 

and the shear length. Followed by this, the code will plot a Moment v/s Effective Span length 

graph (M-l), using the maximum moment obtained as the constant bending zone for that span and 

connecting the ends of the rectangular (constant) moment zone to the end points at eithers sides of 

the span to complete a trapezoidal figure (Figure D-1). The same figure would be split in to a 

number of divisions depending on the user input. Higher the number of divisions assigned, higher 

will be the accuracy, but at the cost of computational time. The values of the ordinates are stored 

in a single dimensional array. Depending on these values of moment, the code will run through all 
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the values for phi in the input spreadsheet and similarly develop a parabolic curve (FigureD-2), 

with a constant phi value at the centre and decreasing phi values towards the ends of the span, 

corresponding to the respective moment values from the previous graph moment graph. Then, 

from the moment curve, the load value is obtained by simply dividing the maximum moment value 

by the shear length of the loading arrangement, while ‘conjugate beam theory’ is used to obtain 

the value of deflection from the curvature vs effective span graph (φ-l). The user can run the code 

multiple times to get as many points as needed. These points can be used to plot the final Load-

Deflection (P-Δ) curve for fully composite and non-composite panels, which can hence be used to 

evaluate the degree of partial composite action developed for any panel system 

D.3 Code 

 

The MATLAB code has been shown below: 

%program for m-phi conversion to p-delta 

  

format long 

  

%Input data 

  

data = importdata('excel_file_name.xlsx'); 

M = data(:,2); 

phi = data(:,1); 

  

%interpolation 

query_points = 1:0.0001:length(phi); 

phi = interp1(phi,query_points,'spline'); 

M = interp1(M,query_points,'spline'); 

  

%Factored moment fuction 

factor = input('Enter moment fraction  :'); 

  

factored_moment = max(M)*factor 

  

temp1 = find(factored_moment<=M); 

temp1 = temp1(1); 

if(abs((M(temp1)-factored_moment))==0) 
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     disp('The moment fraction is present in the column') 

elseif(abs((M(temp1)-factored_moment))>abs((M(temp1-1)-factored_moment))) 

     disp(['The moment fraction is absent in the column. The closest value is:',num2str(M(temp1-

1))]) 

     factored_moment = M(temp1-1); 

else 

     disp(['The moment fraction is absent in the column. The closest value 

is:',num2str(M(temp1))]) 

     factored_moment = M(temp1); 

end 

  

%Beam length 

cmz = input('Enter constant moment zone length in mm :'); 

csz = input('Enter constant shear zone length of one side only in mm :'); 

beam_length = cmz + 2*csz 

  

%Divisions of beam 

div = input('Enter the number of divisions  :'); 

disp(['Each zone is now divided into ',num2str(div),' divisions']) 

  

beam_left = linspace(0,csz,div+1); 

beam_mid = linspace(csz,cmz+csz,div+1); 

beam_right = linspace(cmz+csz,beam_length,div+1); 

  

%Finding the ordinates 

  

M_tri_ord_left = zeros(1,div+1); 

  

for i=1:(div+1) 

   M_tri_ord_left(i) = (beam_left(i)*factored_moment)/csz; 

end 

  

M_tri_ord_right = fliplr(M_tri_ord_left); 

M_rect_ord_mid = factored_moment.* ones(1,div+1);  

M_ord = [M_tri_ord_left,M_rect_ord_mid(1,2:div),M_tri_ord_right]; 

 phi_new = zeros(1,length(M_ord)-1); 

  

%Finding corresponding phi ordinates 

for i=2:(length(M_ord)-1) 

    temp = find(M_ord(i)<=M); 

    temp = temp(1); 

    if(abs((M(temp)-M_ord(i)))==0) 

        phi_new(i-1) = phi(temp); 

    elseif(abs((M(temp)-M_ord(i)))>abs((M(temp-1)-M_ord(i)))) 

        phi_new(i-1) = phi(temp-1); 

    else 
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       phi_new(i-1) = phi(temp); 

    end 

end 

  

phi_new = [0,phi_new]; 

  

  

%Plotting 

  

 X = [beam_left beam_mid(1,2:div) beam_right]; 

  

 %Show figure 

 figure  

 plot(X,M_ord) 

 hold on 

 for i = 1:length(M_ord) 

     plot([X(i) X(i)],[0 M_ord(i)]) 

     hold on 

 end 

  

 figure 

 plot(X,phi_new) 

 hold on 

 for i = 1:length(phi_new) 

     plot([X(i) X(i)],[0 phi_new(i)]) 

%     hold on 

% end 

  

%Finding force coordinate 

  

p = (factored_moment/csz)*1000 

  

%Finding delta coordinate 

  

%Area vector of left csz 

area1 = zeros(1,div+1); 

  

for i = 1:div+1 

    area1(i) = ((phi_new(i)+phi_new(i+1))/2)*(csz/div); 

end 

  

area_csz = sum(area1); 

%rectangular region area 

rect_area = cmz*max(phi_new); 

%total area 

total_area = 2*area_csz + rect_area 
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%finding centre of gravity 

  

rxn_force = total_area/2; 

clockwise_moment = rxn_force*(csz+(cmz/2)); 

  

rect_anti_moment = (rect_area/2)*(cmz/4); 

  

temp1 = [phi_new(2:div+1) 0]; 

temp2 = phi_new(1:div+1); 

temp3 = 2.*temp1; 

  

numerator = (temp3+temp2).*(csz/div); 

denominator = (temp1+temp2).*3; 

  

temp4 = ones(1,div+1); 

temp4 = temp4.*(csz/div); 

indices = find(temp4); 

fac = temp4.*indices; 

  

par_anti_moment_cg = (numerator/denominator)+fac; 

  

numerator1 = par_anti_moment_cg.*area1; 

  

cg_parabola_left = (sum(numerator1)/area_csz); 

  

cg_parabola = (csz + (cmz/2))-cg_parabola_left; 

  

par_anti_moment = area_csz*cg_parabola; 

  

anti_clockwise_moment = rect_anti_moment + par_anti_moment; 

  

net_moment_midspan = clockwise_moment - anti_clockwise_moment 

  

output = [p net_moment_midspan]; 

  

dlmwrite('p_delta.txt',output,'delimiter','\t','precision',5,'-append') 

p_delta = importdata('p_delta.txt'); 

  

X1 = p_delta(:,2); 

Y1 = p_delta(:,1); 
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Figure D- 1: A trapezoidal distribution of M-l ordinates obtained with a maximum moment 

factor of 0.1 

 

Figure D- 2: A parabolic distribution of phi ordinates corresponding to maximum moment 

factor of 0.1 in figure D-1 

 

 

 

  


