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Abstract 

This study investigates the effect of foam core density and skin type on the behaviour of 

sandwich panels as structural beams tested in four-point bending and axially compressed 

columns of varying slenderness and skin thickness. Bio-composite unidirectional flax 

fibre-reinforced polymer (FFRP) is compared to conventional glass-FRP (GFRP) as the 

skin material used in conjunction with three polyisocyanurate (PIR) foam cores with 

densities of 32, 64 and 96 kg/m3. Eighteen 1000 mm long flexural specimens were 

fabricated and tested to failure comparing the effects of foam core density between three-

layer FFRP skinned and single-layer GFRP skinned panels. A total of 132 columns with 

slenderness ratios (kLe/r) ranging from 22 to 62 were fabricated with single-layer GFRP 

skins, and one-, three-, and five-layer FFRP skins for each of the three foam core 

densities.  The columns were tested to failure in concentric axial compression using 

pinned-end conditions to compare the effects of each material type and panel height. All 

specimens had a foam core cross-section of 100x50 mm with 100 mm wide skins of 

equal thickness.  

 

In both flexural and axial loading, panels with skins comprised of three FFRP layers 

showed equivalent strength to those with a single GFRP layer for all slenderness ratios 

and core densities examined. Doubling the core density from 32 to 64 kg/m3 and tripling 

the density to 96 kg/m3 led to flexural strength increases of 82 and 213%, respectively. 

Both FFRP and GFRP columns showed a similar variety of failure modes related to 

slenderness. Low slenderness of 22-25 failed largely due to localized single skin 
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buckling, while those with high slenderness of 51-61 failed primarily by global buckling 

followed by secondary skin buckling. Columns with intermediate slenderness 

experienced both localized and global failure modes. High density foam cores more 

commonly exhibited core shear failure. Doubling the core density of the columns resulted 

in peak axial load increases, across all slenderness ratios, of 73, 56, 72 and 71% for skins 

with one, three and five FFRP layers, and one GFRP layer, respectively. Tripling the core 

density resulted in respective peak load increases of 116, 130, 176 and 170%.  
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Chapter 1: Introduction 

1.1 General 

 
The growing importance of sustainability in the modern building industry has led 

increased research in energy conscious natural alternatives to established structural 

materials. Structural Insulated Panels (SIPs) are highly efficient systems in terms 

structural capacity and weight, and are customizable leading to a variety of potential 

applications. SIPs with thin composite skins have long been used effectively in aerospace 

or naval applications, and are now emerging in research as candidates for corrosion 

resistant, lightweight structural cladding and decking applications in the building and 

construction industry. The high strength-to-weight-ratio of these systems make them 

ideal for rapid modular construction (Manalo et al, 2016).  Previous research in the 

development of lightweight structural sandwich panels has utilized closed-form foam 

cores that are water impermeable and provide some degree of insulation. Polyurethane 

(Mathieson and Fam, 2013) and polyisocyanurate (PIR) foam cores are effective 

synthetic foam alternatives. Glass-FRP (GFRP) is already an established material for a 

variety of structural engineering applications, and has already been heavily investigated 

as a skin material for structural sandwich panels (Shawkat et al., 2008).  

Thin-skinned sandwich panel systems are highly affected by the density of the 

selected core material. The shear stiffness of the core has a found to have a large impact 

on the critical buckling load of concentrically loaded slender soft-core sandwich panels 
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(Allen, 1969), and on the magnitude of lateral deflections associated with soft core 

deformations when carrying load (Mathieson and Fam, 2013). These deflections have 

been shown to be the limiting factor in designing these systems to meet building code 

requirements (Mak et al. 2015). It has been shown that increasing the foam core density 

results in reduced core shear deformations, thereby reducing associated deflections at a 

given load (Sharaf et al., 2010).  

Moving towards innovative, natural and sustainable alternatives, naturally sourced 

flax fibres have emerged as an alternative to GFRP skins in the form of flax-FRP (FFRP). 

Uni-directional flax fibre has a reported tensile strength of 500 MPa (Composites 

Evolution, 2012) at a fraction of the embodied energy associated with the manufacturing 

of glass fibres (Cicala et al. 2010). Mak et al. (2015) has demonstrated that three layers of 

uni-directional flax fibres have comparable ultimate flexural capacity to sandwich beams 

made with single-layer GFRP skins. 

To further the investigation of novel structural sandwich panels, the experimental 

studies outlined in this thesis compare the effects of PIR foam core density on the 

strength and performance of FFRP and GFRP skinned sandwich beams in flexure. 

Additionally, the experimental investigations conducted here compare the effects of foam 

core density and slenderness on concentrically loaded sandwich columns, to simulate 

potential applications as load-bearing wall elements. Single-layer GFRP skinned columns 

are compared to columns with FFRP skins containing one, three and five layer of flax 

fibre to further investigate the effects of FFRP skin thickness.  

 



 

 

3 

1.2 Objectives 

The objectives of this thesis are: 

• To determine the effect of foam core density on the strength and performance of 

structural sandwich beams and columns with flax-FRP and glass-FRP skins 

• To determine the effect of slenderness on the strength and behaviour of axially 

compressed FFRP and GFRP skinned columns with foam cores 

• To further examine the effects of varying the number of fibre layers in FFRP 

skinned sandwich beams, and begin this investigation for axially loaded sandwich 

columns with FFRP skins 

• To compare the effects of utilizing FFRP skins against GFRP skins for both 

flexural beam and column applications when used in combination with various 

core densities 

 

1.3 Scope 

The scope of this research thesis consists of three experimental investigations 

building on recently completed studies regarding composite structural sandwich panels 

utilizing novel natural materials and foam cores. All three experimental investigations 

were designed to examine the effects of varying a single parameter related to the 

configuration of sandwich beams or columns. The effects of varying the polyisocyanurate 

foam core density between 32, 64 and 96 kg/m2 are investigated in every experimental 
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study. All tested specimens in each study had a foam core of 100x50 mm2 cross-section 

with symmetrical 100 mm wide skins. 

In addition to a foam core material investigation, the first study compares the 

effects of foam core density between single-layer GFRP and three-layer FFRP skinned 

sandwich beams under four-point loading. This investigation also examines the same 

foam core-skin relationships for 500 mm tall stub columns with either single-layer GFRP 

or three-layer FFRP skins. Comparisons are made between the results associated with 

each skin type for each core density. 

The second study examines the the effects of foam core density and slenderness 

on 36 sandwich columns with single-layer GFRP skins. Four slenderness ratios were 

selected ranging from 22 to 61 in order to capture a range of failure modes and transition 

from localized failure to global buckling. The peak loads and Behaviour are also 

compared to the stub columns from the first investigation.  

The third study examines the effects of foam core density and slenderness as well 

as skin thickness on 72 sandwich columns with one, three-, or five-layers of flax-FRP 

comprising each skin. Again, four slenderness ratios were selected ranging from 25 to 61 

in order to capture a range of failure modes and transition from localized failure to global 

buckling. The peak loads and Behaviour are compared to the stub columns from the first 

investigation as well as the results of the second investigation to complete the comparison 

between flax and glass skins at each height and foam core density combination.  
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1.4 Thesis Outline  

This thesis uses a manuscript format, and is comprised of the following chapters: 

Chapter 2: A manuscript presenting the experimental investigation into the effect of foam 

core density on the Behaviour and capacity of flax-FRP and glass-FRP sandwich beams 

tested in four-point bending. The effect of foam core density is also examined for very 

short flax-FRP and glass-FRP columns in axial compression. 

Chapter 3: A manuscript presenting the experimental investigation into the effect of foam 

core density and slenderness on the axial capacity and Behaviour of glass-FRP skinned 

sandwich columns under concentric axial compression.  

Chapter 4: A manuscript presenting the experimental investigation into the effect of foam 

core density, slenderness and skin thickness on the axial capacity and Behaviour of flax-

FRP skinned sandwich columns under concentric axial compression. 

Chapter 5: A summary of the conclusions drawn from the three experimental studies. 
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Chapter 2: Flexural and Axial Behaviour of Sandwich Panels with Bio-

Based Flax-FRP Skins and Various Foam Core Densities 

2.1 Introduction 

Alternative building materials and methods are being extensively researched due 

to the modern movement towards a sustainable and environmentally conscious building 

industry. Pre-fabricated modular construction techniques using durable materials with 

low embodied energy have become popular as a part of this movement. Structural 

Insulated Panels (SIPs) with thin metal or composite skins have widely been used in 

aerospace, aviation, and ship industries but are still relatively new to civil engineering 

construction applications.  On the other hand, a different type of SIP with thick reinforced 

concrete skins is widely used in buildings construction (Tomlinson and Fam, 2016). 

SIPs are composite structural systems comprised of a lightweight core material 

between two stiff skins. The core material is typically a foam polymer, aluminium 

honeycomb, or balsa wood, and is selected based on the panel’s required insulating 

properties. Closed-formed, isotropic, water impermeable foam cores, such as 

polyvinylchloride (PVC), polyurethane (PUR), and polyisocyanurate (PIR) are also used 

(Carlsson, 2011). FRPs have shown high structural capacity as the skin material in SIPs 

and are being investigated as an alternative to commonly used concrete, sheet metal and 

oriented strand board. Typical fibres used for SIP skins are glass, while the laminate 

matrix is composed of a thermoset resin.   
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The core material is significant in designing SIPs. Mathieson and Fam (2013) 

tested sandwich panels with GFRP skins and PUR foam core. It was found that shear 

deformations of the foam core contributed up to 93% of the total panel deflection.  Sharaf 

et al. (2010) found that foam core density has a significant impact on composite stiffness 

and strength, and that higher density PUR foam cores have reduced shear deformations. 

The same study also concluded that lower density foam cores, in combination with GFRP 

skins, suffer from localized inward wrinkling of the compression skin. Other common 

failure modes of FRP skinned foam core sandwich panels are shear failure of the foam 

core or debonding at the core-skin interfaces.  With regard to fabrication methods, 

Shawkat et al. (2008) found difficulty in controlling the quality of spray foam 

manufacturing, and so rigid foams were recommended for fabrication. Mak et al. (2015) 

reported that vacuum bag moulded sandwich panels showed a reduced ultimate strength 

compared to panels moulded using the wet lay-up method due to instabilities associated 

with thinner skins.  

 A state-of-the-art study on FRP-sandwich panels by Manalo et al. (2016) was 

recently published and highlighted the feasibility and potential of the panels in civil 

engineering and construction specifically. It showed that the system has been successfully 

demonstrated in structural roofs (Keller et al., 2008), floors (Van Erp and Rogers, 2008), 

cladding walls (Sharaf and Fam, 2011), bridge decks (Keller et al., 2014), railway 

sleepers (Manalo et al., 2012), bridge beams (Van Erp and McKay, 2012), and floating 

and protective structures (Qiao et al., 2008). 
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Synthetic fibres typically have an associated high environmental impact. For 

example, carbon and glass fibres production is energy intensive, possessing an embodied 

energy of 355 MJ/kg and 31.7 MJ/kg, respectively (Cicala et al., 2010). A promising 

alternative is natural fibres, which exhibit a wide range of tensile strength and stiffness 

while maintaining a low embodied energy. For example, flax has a tensile strength (500-

1500 MPa) and tensile modulus (25.6 GPa) (Ku et al., 2011), while at the same time 

possessing an embodied energy of only 2.75 MJ/kg (Cicala et al., 2010).  Previous 

research has focused primarily on randomly-oriented fibre mats (e.g. O’Donell et al., 

2003). Limited research has been performed on unidirectional natural fibres, which are 

more suitable for structural applications. These flax fibres, which generally cost between 

$0.22 and $1.10/kg, have approximately 60% of the density of glass fibres, which 

typically cost $1.30 to $2.00/kg (Joshi et al., 2003). Mak et al. (2015) showed that 

sandwich panels comprised of three-layers of unidirectional flax fibre-reinforced polymer 

(FFRP) skins closely match the ultimate flexural capacity of identical sandwich panels 

with commercially available single-layer GFRP skins, for one specific PIR core. Bio-

based cores are also emerging in sandwich panel applications (Sadeghian et al., 2016). 

This study investigates the effect of PIR foam core density for panels tested in 

flexure and panels tested under axial compression.  All panels were fabricated using the 

wet lay-up setting in the laboratory.  Sandwich panels with skins comprised of either 

three layers of unidirectional FFRP or an equivalent single layer of GFRP are studied. 

The impact on strength, stiffness, and failure mode with changes in core density are 

examined. 
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2.2 Experimental Program 

2.2.1 Materials  

This section describes the properties of all materials used in fabrication of the test 

specimens.  

Flax Fibres: Unidirectional flax fibre fabric was used with a reported tensile strength and 

modulus of 500 MPa and 50 GPa respectively, and an ultimate elongation of 2.0%. The 

dry density of the fibres is 1.28 g/cm3 (Composites Evolution, 2012). Mak et al. (2015) 

conducted tension and compression tests on coupons made from unidirectional flax fibres 

with Tyfo S epoxy (discussed in later sections). Figure 2-1 shows the resulting stress-

strain curves.    

Glass Fibres: Unidirectional E-glass fibre fabric was used with a reported tensile strength 

and modulus of 3.24 GPa and 72.4 GPa respectively, and an ultimate elongation of 5%. 

The dry density of the fibres is 2.55 g/cm3 (Fyfe Co. LLC., 2012). Mak et al. (2015) 

conducted tension and compression tests on coupons made from unidirectional glass 

fibres with Tyfo S epoxy (discussed in later sections). Figure 2-1 shows the resulting 

stress-strain curves as compared to FFRP coupons. 

Epoxy: Tyfo S, a two-component high elongation epoxy was used as the saturating resin. 

The reported tensile strength and modulus are 72.4 MPa and 3.18 GPa respectively, the 

compressive strength and modulus are 86.2 MPa and 3.2 GPa respectively, and the 

maximum elongation is 5%. These properties are given for 72 hours post cure at 60°C 

(Fyfe Co. LLC., 2012). 
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Foam: Three separate rigid, unfaced, closed cell PIR foams were used: ELOFOAM 

P200, P400, and P600 with respective densities of 32, 64, and 96 kg/m3. The P200 

product has a reported parallel and perpendicular shear strength of 151 kPa and 110 kPa 

respectively, parallel and perpendicular shear modulus of 1.52 and 1.22 MPa 

respectively, and a R-value of 1.06 m2°C/W (Elliott Company, 2012). The reported 

density of the P200 foam is 32 kg/m3. The density of the foam used in this study was 

calculated to be 31.2 kg/m3.  The P400 foam has a reported parallel and perpendicular 

shear strength of 379 kPa and 344 kPa respectively, parallel and perpendicular shear 

modulus of 5.86 and 5.17 MPa respectively, and R-value of 1.04 m2°C/W (Elliott 

Company, 2012). The reported density of the P400 foam is 64 kg/m3. The density of the 

foam used in this study was calculated to be 62.4 kg/m3.  The P600 product has a 

reported parallel and perpendicular shear strength of 585 kPa and 489 kPa respectively, 

parallel and perpendicular shear modulus of 7.23 and 6.06 MPa respectively, and R-value 

of 0.97 m2°C/W (Elliott Company, 2012). The reported density of the P600 foam is 96 

kg/m3. The density of the foam used in this study was calculated to be 92.7 kg/m3. The 

variations between the nominal reported density and the calculated densities were 

considered acceptable for this study. 

 The authors conducted compression and tension tests on this foam.  Five coupons 

were tested for each foam density according to ASTM C365 (2011). Each coupon was 

cut into a 50×50×50 mm cube. The coupons were placed between two steel compression 

plates in an Instron 8802 testing machine. The compression tests were conducted at a rate 

of 1.0 mm/min until 80% strain was reached. A linear potentiometer (LP) was used to 
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measure the total displacement between the compression plates and related to the strain in 

the sample. For each density, the initial response of the PIR foam was linear until 

reaching a plastic plateau after initial crushing, followed by strain hardening. The 

response of each density can be seen in Table 2-1 and Figure 2-2 and test setup and 

failure in Figure 2-3 (left). Also five coupons were tested for each foam density 

according to ASTM C297 (2016). Each coupon was cut into a 50×50×50 mm cube. The 

coupons were bonded to steel T-sections using epoxy resin to be gripped using an Instron 

8802 testing machine. The tension tests were conducted at a rate of 0.5 mm/min until 

failure. For each density, the response of the PIR foam was linear until failure. Strain in 

the sample was related to the displacement between the steel grips. The response of each 

density can be seen in Table 2-1 and Figure 2-2 and test setup and failure in Figure 2-3 

(right).  

2.2.2 Test Specimens and Parameters 

A total of thirty-six sandwich panel test specimens were fabricated and tested, 

including eighteen 1000 mm long beams for flexural testing and eighteen 500 mm long 

stub columns for axial compression. The stub columns were designed with a low 

slenderness ratio of 22.5 in order to test axial capacity while minimizing slenderness 

effects. Each panel consisted of a 50 mm thick foam core and two symmetrical composite 

skins containing either flax or glass fibres. Skins made with FFRP contained three layers 

in each skin (total average thickness of 2.1 mm), while skins made with GFRP used a 

single layer (average thickness of 1.8 mm).  In a previous study (Mak et al., 2015) that 

focused primarily on skin thickness, it was shown that panels with three FFRP layered 
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skin showed equivalent strength and stiffness to panels with a single layer GFRP skin.  

Three repetitions of each specimen configurations were fabricated and tested. During 

testing, three repetitions gave relatively consistent results, and so it was concluded that 

three repetitions was sufficient.   

Table 2-2 shows the flexural test matrix while Table 2-3 shows the axial loading 

test matrix.  Each specimen was given a unique title to reflect the test type (C represents 

stub column and B represents bending); the fibre type (F represents flax and G represents 

glass); the density of the core (32 represents 32 kg/m3 for instance); and the repetition A, 

B and C. For example, C-F64B refers to the stub column (C) with flax skins (F) and a 64 

kg/m3 foam core, and indicates the second repetition (B). 

 

2.2.3 Fabrication of Test Specimens 

The sandwich panels were fabricated using the wet lay-up method. Rigid sheets of 

foam were set on plastic sheeting and dabbed with a damp towel to remove any particles 

that may impact the core-skin bond. The foam was evenly wetted with epoxy resin. A 

sheet of dry fibre was placed along the foam sheet and additional epoxy resin was added 

until the installed fibres were saturated. The process was repeated until the desired 

number of saturated layers were in place. A sheet of plastic was placed over the 

completed side and the panel was flipped over to expose the opposite side of the panel. 

The process was repeated on the opposite face of the panel until the desired number of 

layers was acquired. Finally, excess epoxy resin and air was squeezed out of the skin 

using a plastic spreader. A large plastic panel and two steel plates were placed on top of 
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the panel during the curing process to ensure a smooth skin of even thickness. Panels 

were manufactured for each density and fibre type, and then cut to the appropriate 

specimen sizes. 

 

2.2.4 Test Setups and Instrumentation 

Flexural Tests: specimens were tested using a Lab Integration universal testing machine 

in a simply supported four-point loading configuration at a rate of 2 mm/min, as shown in 

Figure 2-4. Four-point loading was selected to allow each specimen to experience regions 

of both combined maximum bending moments and shear stresses, and regions of high 

bending moments. The span of each specimen was 900 mm, including a 150 mm constant 

moment region. Two electrical resistance strain gauges were adhered to each skin at mid-

span in order to measure longitudinal strains. Linear potentiometers (LPs) were placed at 

mid-span to measure deflections.  

Axial Loading Tests: stub columns were setup in a pin-pin configuration to create an 

effective length factor, k, of 1.0 for axial loading (Figure 2-5). The frame consists of two 

steel channels with a steel cylinder welded symmetrically on the back of each to form a 

free-rotating hinge. These cylinders are set inside a grove in the steel bearing plates and 

are free to rotate at both ends. Thin rubber pads were placed within each channel to 

ensure uniform distribution of the applied load across the entire cross section. Aluminum 

shims were installed symmetrically between the skins and steel channel, to ensure each 

column was tightly seated despite variations in skin thickness among skin types. Loading 

was applied using a Riehle Electro-Mechanical Testing Machine at a rate of 1 mm/min. 
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Three LPs were placed horizontally at quarter-lengths, along one of the sandwich skins to 

capture the lateral displacement and curvature of the columns. Two additional LPs were 

placed against aluminum L-shaped extenders epoxied to the foam core just above the 

steel channel bracing. Axial displacement was measured by taking the difference between 

these two LPs to neglect the effects of the rubber seating within the channels. Two 

electrical resistance strain gauges were adhered to each skin at mid-height in order to 

measure longitudinal skin strains. 

 

2.3 Flexural Experimental Results 

This section outlines and discusses the results of the flexural experimental investigation.  

 

2.3.1 Flexural Behaviour 

A summary of the test results is shown in Table 2-2, in terms of maximum load, 

stiffness and failure mode. The load-deflection plots for each sample repetition for each 

foam core density and skin type are seen in Figure 2-6. The load-deflection curves of 

both the FFRP and GFRP skinned panels have two components: an initial linear response, 

followed by a non-linear region until failure. The FFRP panels generally show greater 

nonlinearity than the GFRP panels. Figure 2-7 shows the load-strain responses in both the 

compression and tension skins in the longitudinal direction (compressive strains taken as 

negative).   

 

2.3.2 Flexural Failure Modes  
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For both the FFRP and GFRP panels, the primary failure mode for all repetitions 

of the 32 and 64 kg/m3 density foam core samples was inward wrinkling of the 

compression skin in a shear span near a point of loading. This failure mode is a result of 

localized compression overcoming the effective bracing of the skin by the soft core 

material. Only one repetition of the B-G32 series suffered from foam core shear failure. 

The failure modes are shown in Figure 2-8. 

The 96 kg/m3 density panels saw a shift in the governing failure mode to core 

shear failures and debonding of the compression skin. One B-G96 repetition experienced 

debonding of the compression skin within the constant moment region. The remaining 

two B-G96 repetitions failed due to primary shear failure followed by debonding of the 

compression skin in the shear span. Two of the B-F96 repetitions also failed due to 

primary shear failure followed by debonding of the compression skin in the shear span. 

The third failed due to crushing of the compression skin in a shear span, followed by 

debonding of the shear span skin. The increased core density resulted in an increased 

shear transfer within the core, as well as more effective bracing of the skins. As a result, 

the shear capacity of the core material became the limiting factor in terms of ultimate 

strength for two of the three B-F96 repetitions, despite one of those repetitions reaching a 

higher ultimate load. This result is expected, given the greater shear modulus of higher 

density foam cores. The longitudinal skin strains match closely to the ultimate 

compressive strain of 1.53×103 for FFRP skins (Figure 2-1). The achieved skin crushing 

in one of the B-F96 samples matches closely with the skin’s expected ultimate 

compressive capacity. 



 

 

16 

 

2.3.3 Effect of Foam Core Density on Flexural Behaviour 

Figure 2-9 shows the average increase in flexural strength and initial stiffness 

observed by increasing the density of the foam core for both FFRP and GFRP skinned 

panels. The strength and stiffness increases match closely between the FFRP and GFRP 

skinned sandwich panels.  Taking the lowest core density as a baseline, doubling the 

foam core density from 32 kg/m3 to 64 kg/m3 resulted in increases of 82% and 65% for 

ultimate strength and initial stiffness, respectively, for the FFRP panels. A similar 

increase in ultimate strength of 90% and an initial stiffness increase of 72% was seen in 

the GFRP panels. Tripling the core density from 32 kg/m3 to 96 kg/m3 resulted in 

increases of 213% and 150% for ultimate strength and initial stiffness, respectively, for 

the FFRP panels. This trend was again seen in the GFRP panels, with increases of 232% 

and 164% in ultimate strength and initial stiffness, respectively.  

Increasing the foam core density also resulted in an increase in peak tensile and 

compressive longitudinal skin strains. For GFRP panels, the 64 and 96 kg/m3 density 

cores saw increases of 140% and 385% in peak strain over the 32 kg/m3 cores. Similar 

respective increases of 165% and 338% were seen in the FFRP panels.  The positive 

relationship between peak strain and core density is a result of the increased load 

capacity, which in turn is a result of the enhanced skin bracing and composite action.  

 

2.3.4 Effect of Skin Material on Flexural Behaviour 
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The peak loads reached by both the FFRP and GFRP skinned panels are 

reasonably comparable for each foam core density tested, with the differences in average 

peak load of 0.05, 0.20, and 0.40 kN for the 32, 64 and 96 kg/m3 cores, respectively. This 

is not surprising as the FFRP panels were designed to have three layers skins to be 

equivalent to a panel with one layer of GFRP skin.  This equivalency was reported for the 

64 kg/m3 core density only (Mak et al., 2015), but is proven here to be also true at the 

other two core densities.  The key difference between the fibre types tested is the degree 

of nonlinearity observed before failure, and the magnitude of peak strains reached in the 

skins as described above.   

 

2.4 Axial Experimental Results and Discussion 

This section outlines and discusses the results of the axial experimental investigation.  

 

2.4.1 Axial Behaviour 

A summary of the test results is shown in Table 2-3, in terms of the ultimate loads 

and failure modes. Figure 2-10 shows the axial load-axial deflection responses of both the 

GFRP and FFRP sandwich panel stub columns.  It can be seen that the curves are not 

quite smooth and consistent in trend, especially at the beginning. This is likely due to the 

column small settling within the end steel channel sections. Lateral deflections were 

measured with three LP’s, each at a quarter, mid, and three-quarter heights. However, the 

magnitude of lateral deflections seen were considered to be insignificant, confirming a 

‘short-column’ Behaviour at this slenderness ratio as initially intended.     
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Figure 2-11 shows the relationship between the applied load and longitudinal 

strains at mid-height in both skins, for each skin type and foam core density. The FFRP 

skinned panels show an initial linear response, followed by a non-linear response until 

failure, whereas the GFRP skinned panels show a fairly linear response until failure. Both 

skins in each panels showed comparable strains, which is consistent with a near-pure 

axial compression loading confirmed by the insignificant lateral deflection 

measurements. 

2.4.2 Axial Failure Modes 

Representative failure modes of all the tested sandwich panel stub columns can be 

seen in Figure 2-12. All the tested panels behaved as stub columns, as all the exhibited 

failure modes are associated with material failures and no evidence of global buckling 

was seen. Failure occurred at the peak axial load reached for each column. The most 

common primary failure mode was buckling of a single skin, which was seen in every 

specimen type. This failure mode involves single curvature skin debonding from the 

foam core with small localized diagonal core shear failures at the top and bottom channel 

seating. The C-G96 series saw one repetition with secondary core shear failure and 

tertiary partial debonding of the unbuckled skin.   

No significant trend was observed between those samples that failed by localized 

crushing and bending of the foam core and skins near the channel seating. Of the four 

repetitions that failed in this manner, the C-G96 repetition failed prematurely at 46% of 

the ultimate axial load reached by the other repetitions in its series, and was considered 

an outlier. Although the localized crushing of the C-F32 core and skin may be attributed 



 

 

19 

to the low density foam core, this failure mode was also seen in a single repetition of both 

the C-F96 and C-G96 series. As, such no trend can be drawn regarding this failure mode. 

In general, this failure mode is likely associated with stress concentrations and material 

instabilities at the channel seating.  

 

2.4.3 Effect of Foam Density on Axial Behaviour 

The foam core density had a significant impact on the ultimate axial capacity of 

both the FFRP and GFRP skinned stub columns. Figure 2-13 shows the average 

percentage increase in ultimate capacity when increasing the density of the PIR foam 

core from a 32 kg/m3 baseline density. Doubling the foam core density from 32 to 64 

kg/m3 and tripling the density from 32 to 96 kg/m3 resulted in increases in ultimate axial 

capacity of 85% and 196%, respectively, in the FFRP skinned panels. Similarly, doubling 

and tripling the foam core density in the GFRP skinned panels resulted in increases of 

48% and 148% in ultimate axial capacity, respectively. Unlike the flexural case, the 

effect of foam core density on axial capacity was lower for GFRP skinned panels than 

FFRP skinned counterparts.  

Increasing the foam core density lead to an increased peak compressive 

longitudinal skin strains, as a result of the increased axial strength. For GFRP skinned 

panels, the 64 and 96 kg/m3 density cores saw increases of 30% and 160% increases in 

peak strain over the 32 kg/m3 cores. Much larger respective increases of 120% and 410% 

were seen in the FFRP skinned panels. Comparing the two skin types with 64 and 96 

kg/m3 density cores, the ultimate strains reached in the FFRP skins are approximately 
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three times those reached in the GFRP skins. This is attributed to the lower modulus of 

FFRP, leading to higher strain under a similar load, compared to GFRP. 

 

2.4.4 Effect of Skin Material on Axial Behaviour 

Although the failure modes exhibited for each core density were similar for each 

skin type, the overall Behaviour of the stub columns did vary with skin fibre type. Both 

the C-F32 and C-G32 specimens reached statistically comparable ultimate loads, 

however, further increasing the foam core density yielded larger increases in ultimate 

axial capacity in FFRP skinned columns over GFRP. The average ultimate loads of the 

C-F64 and C-F96 series were 10% and 28% greater than the C-G64 and C-G96 series, 

respectively.  

The degree of nonlinearity seen in the longitudinal skin strains in Figure 2-11 was 

highly impacted by skin fibre type. The average peak strains reached in the C-F32, C-F64 

and C-F96 series were 46%, 89% and 60% greater than the C-G32, C-G64 and C-G96 

series, respectively. Comparing the mid-height longitudinal compression strains achieved 

in each column test with the material stress-strain relationships in Figure 2-3, all of the 

GFRP tested columns reached failure within 50% of the peak GFRP material maximum 

compression strains. This, as well as the observed mode of failure, indicates that skin 

failure was due to stability and delamination and not a material failure.  The C-F32 and 

C-F64 series also failed before approaching the maximum compressive strain of their 

skins. Of all the columns tested the most efficient system in term of approaching the full 

skin compressive capacity was the C-F96 series.  



 

 

21 

 

2.5 Summary 

 
This study investigates the effect of foam core density on the behaviour of 

sandwich panels with novel bio-composite unidirectional flax fibre-reinforced polymer 

(FFRP) skins, along with a comparison to panels of conventional glass-FRP (GFRP) 

skins. Eighteen 1000 mm long flexural specimens and eighteen 500 mm long stub 

column specimens were fabricated and tested. All specimens had a foam core of 100x50 

mm2 cross-section with symmetrical 100 mm wide skins. The study compares the effect 

of three separate polyisocyanurate (PIR) foam cores when used in conjunction with either 

three-layers of FFRP or a single GFRP layer for each skin. Flexural specimens were 

tested in four-point bending and stub columns were tested under axial compression with 

pin-pin end conditions. Doubling the core density from 32 to 64 kg/m3 and tripling the 

density to 96 kg/m3 led to flexural strength increases of 82 and 213%, respectively, for 

FFRP skinned panels, and comparable increases in GFRP skinned panels. Similarly, 

FFRP skinned columns showed similar increases in ultimate axial capacity of 85% and 

196% while GFRP skinned columns experienced lower increases when core density was 

varied.  The three-layers FFRP skin, only 17% thicker than the single layer GFRP skin, 

was shown to provide equivalent flexural and axial strengths at all three core densities, 

within -5 to +13%.    
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Table 2-1: PIR Foam core properties and test results 

Foam 
Type 

(nominal 
density) 

Calculated 
Density 
(kg/m3) 

Compressio
n 

Yield Stress 
(MPa) 

Compressio
n 

Elastic 
Modulus 

(MPa) 

Ultimate 
Tensile 

Strength 
(MPa) 

Tensile 
Elastic 

Modulus 
(MPa) 

32 31.2 0.209 ± 
0.008 4.9 ± 0.3 0.198 ± 

0.029 10.1 ± 1.5 

64 62.4 0.456 ± 
0.002 12.6 ± 0.1 0.317 ± 

0.079 20.0 ± 0.41 

96 92.7 0.869 ± 
0.005 35.1 ± 1.3 0.568 ± 

0.197 59.3 ± 3.2 
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Table 2-2: : Test matrix and results for flexural FFRP and GFRP sandwich panels. 
(W=inward skin wrinkling in a shear span, S+D=a primary core shear failure in a shear span 
followed by secondary debonding of both tension and compression skins, C=skin crushing in a 
shear span). 

ID 
Skin 

materi
al 

Foam 
densit

y 
(kg/m3

) 

 
Reps

. 

Ultimat
e load 
(kN) 

Standard 
deviation 

(kN) 

Stiffnes
s 

(kN/m) 

Standar
d 

deviatio
n (kN/m) 

Failure 
mode 

B-
F32 

3 layers 
FFRP 

31.4 3 1.41 0.04 62.17 0.95 W, W, 
W 

B-
F64 62.4 3 2.54 0.06 102.32 1.17 W, W, 

W 
B-

F96 92.7 3 4.34 0.37 155.38 8.65 S+D, 
S+D, C 

B-
G32 

1 layer 
GFRP 

31.4 3 1.46 0.01 70.33 3.26 W, W, 
S+D 

B-
G64 62.4 3 2.75 0.18 120.75 5.55 W, W, 

W 
B-

G96 92.7 3 4.78 0.61 185.34 19.11 D, S+D, 
S+D 
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Table 2-3: Test matrix and results for axially loaded FFRP and GFRP stub column sandwich 
panels. 

(SB=buckling of a single column skin, LC=localized crushing/bending of the foam core and skins 
in the direction of bending at a pin connection, S=secondary core shear failure, and D=tertiary 
debonding of a skin). 
 

Specimen 
ID 

Skin 
material 

Foam 
density 
(kg/m3) 

Reps. 
Ultimat
e load 
(kN) 

Standard 
deviation (kN) 

Failure 
mode 

C-F32 

3 layer 
FFRP 

31.4 3 10.6 1.3 SB, LC, 
LC 

C-F64 62.4 3 19.6 3.4 SB, SB, 
SB 

C-F96 92.7 3 31.4 1.3 SB, LC, 
SB 

C-G32 

1 layer 
GFRP 

31.4 3 12.0 0.5 SB, SB, 
SB 

C-G64 62.4 3 17.8 1.3 SB, SB, 
SB 

C-G96 92.7 2* 29.8 1.5 LC, SB, 
SB+S+D 

* One repetition that failed prematurely at much lower load was omitted 
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Figure 2-1: The material stress-strain relationship of four-layer uni-directional FFRP (FE-W in 

black) and single layer GFRP (GE-W in grey) as found by Mak et al. (2015). 
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Figure 2-2: Representative stress-strain response for the 32, 64 and 96 kg/m3 densities of PIR 
foam core in compression and tension. Compressive strains are shown here as negative, and 

tension positive. 
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Figure 2-3: Compression (left) and tension (right) tests of PIR foam core.  
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Figure 2-4: Four-point bending test setup and instrumentation.   
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Figure 2-5: Axial test setup and instrumentation. 
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Figure 2-6: Load-deflection plots for sandwich panels in flexure with three-layer FFRP skins (left 
column) and single layer GFRP skins (right column) and 32 core density (top), 64 (middle) and 

96 kg/m3 (bottom).  
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Figure 2-7: Load-strain plots for sandwich panels in flexure with three-layer FFRP skins (left 

column) and single layer GFRP skins (right column) and 32 core density (top), 64 (middle) and 
96 kg/m3 (bottom). Compressive strains are presented as negative and tension positive.  
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Figure 2-8: Sample failure modes exhibited for sandwich panels in flexure. 
Namely: (a) inward skin wrinkling in a shear span, (b) debonding of the compression skin in the 
constant moment region, (c) compression skin crushing in the shear span, and (d) primary foam 
core shear failure followed by secondary debonding of the compression and tension skins in a 

shear span. 
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Figure 2-9: The effect of PIR foam core density on ultimate flexural strength (top) and initial 

stiffness (bottom), with error bars representing standard deviation. 
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Figure 2-10: Axial load vs. axial deflection plots for each repetition (A, B and C) of FFRP panels 
(left column) and GFRP panels (right column) with 32 (top), 64 (middle), and 96 kg/m3 (bottom) 

cores. 
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Figure 2-11: Axial load vs. longitudinal strains for each repetition (A, B and C) of FFRP panels 

(left column) and GFRP panels (right column) with 32 (top), 64 (middle), and 96 kg/m3 (bottom) 
cores (both skins are shown). 
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Figure 2-12: Failure modes of FFRP and GFRP panels tested as columns.  
Failure modes include (a) localized crushing of the foam core and skins in the direction 

of bending, (b) single skin buckling, and (c) primary single skin buckling with secondary 
core shear and partial debonding of opposite skin. 
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Figure 2-13: The effect of foam core density on the ultimate axial capacity for both FFRP and 
GFRP skinned stub column sandwich panels with error bars representing standard deviation. 
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Chapter 3: The Effect of Foam Core Density at Various Slenderness 

Ratios on Axial Strength of Sandwich Panels with Glass-FRP Skins 

3.1 Introduction 

The applications of sandwich panels in civil engineering have broadened in scope in 

recent years with the rise in popularity of modular and rapid construction techniques. 

These composite systems, comprised of a low density insulating core material between 

two stiff skins, boast high strength-to-weight ratios making them highly transportable and 

useful as pre-fabricated wall, roof or deck elements. A variety of closed-form foams can 

be used as the core material due to their water impermeability and insulation properties, 

such as polyisocyanurate (PIR), polyvinylchloride (PVC) and polyurethane (PUR) 

(Carlsson, 2011). Among the many skin material alternatives, glass fibre reinforced 

polymer (GFRP) has been extensively researched due to its high specific strength and 

corrosion-resistance.  

Allen (1969) and Frostig (1997) have shown that the shear stiffness of 

concentrically loaded slender soft-core sandwich panels is significant in the 

determination of the critical buckling load for the section. A reduction in the typical Euler 

buckling capacity is seen due to reduced core shear stiffness. Additional deflections due 

to core shear deformations are also seen in the flexural Behaviour of sandwich panels, 

however, increasing the density of the core material has been found to reduce this effect. 

Sharaf et al. (2010) and CoDyre et al. (2016) varied the density of PUR and PIR foam 



 

 

43 

cores respectively in GFRP skinned flexural panels and observed significantly reduced 

shear deformations and increased ultimate capacity and stiffness. 

Mathieson and Fam (2014) conducted a study on the concentric axial loading of 

polyurethane foam core and GFRP skinned sandwich panels to determine the effects of 

slenderness on panel Behaviour. Core density was kept constant in this study. It was 

found that failure modes transitioned from local outward skin wrinkling to global 

buckling and subsequent foam shear failure with increases in slenderness ratios.  

This experimental study investigates axial strength of GFRP-skinned sandwich 

panels with a variety of PIR foam core densities, namely 32, 64, and 96 kg/m3.  Each core 

density was examined in a group of panels with various slenderness ratios, ranging from 

22 to 61.    

 

3.2 Material Specifications and Testing 

This section highlights the properties of all materials used in the fabrication of the test 

specimens.  

3.2.1 GFRP Skin  

Unidirectional E-glass fibre fabric was used with a reported tensile strength and modulus 

of 3.24 GPa and 72.4 GPa, respectively, and an ultimate elongation of 5%. The dry 

density of the fibres is 2.55 g/cm3 (Fyfe Co. LLC., 2012).  

Tyfo S, a two-component high elongation epoxy was used as the saturating resin. 

The reported tensile strength and modulus are 72.4 MPa and 3.18 GPa, respectively, the 

compressive strength and modulus are 86.2 MPa and 3.2 GPa, respectively, and the 
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maximum elongation is 5%. These reported material properties are given for 72 hours 

post cure at 60°C (Fyfe Co. LLC., 2012).  

The GFRP material stress-strain curves in both compression and tension were 

previously tested (Mak and Fam 2015) and can be seen in Figure 3-1. 

3.2.2 Foam Core 

Three separate rigid, unfaced, closed cell PIR foams were used: ELOFOAM P200, P400, 

and P600 with respective densities of 32, 64, and 96 kg/m3. The P200 product has a 

reported parallel and perpendicular shear strength of 151 kPa and 110 kPa respectively, 

parallel and perpendicular shear modulus of 1.52 and 1.22 MPa respectively, and a R-

value of 1.06 m2°C/W (Elliott Company, 2012). The reported density of the P200 foam is 

32 kg/m3. The density of the foam used in this study was calculated to be 31.2 kg/m3.  

The P400 foam has a reported parallel and perpendicular shear strength of 379 kPa and 

344 kPa respectively, parallel and perpendicular shear modulus of 5.86 and 5.17 MPa 

respectively, and R-value of 1.04 m2°C/W (Elliott Company, 2012). The reported density 

of the P400 foam is 64 kg/m3. The density of the foam used in this study was calculated 

to be 62.4 kg/m3.  The P600 product has a reported parallel and perpendicular shear 

strength of 585 kPa and 489 kPa respectively, parallel and perpendicular shear modulus 

of 7.23 and 6.06 MPa respectively, and R-value of 0.97 m2°C/W (Elliott Company, 

2012). The reported density of the P600 foam is 96 kg/m3. The density of the foam used 

in this study was calculated to be 92.7 kg/m3. The variations between the nominal 

reported density and the calculated densities were considered acceptable for this study. 
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 The compressive Behaviour of each PIR foam density was tested according to 

ASTM C365 (ASTM 2011). Five coupons of each density were cut into 50×50×50 mm 

cubes and tested using an Instron 8802 testing machine. Each cube was placed between 

two steel plates and compressed at a rate of 1.0 mm/min until 80% strain was reached. 

The total displacement between the two plates was measured by a linear potentiometer 

(LP) which used to determine the strain in each sample. The initial Behaviour of the PIR 

foams were linear until reaching a plastic plateau after initial crushing, followed by strain 

hardening. The response of each density can be seen in Table 3-1 and Figure 3-2.  

The Behaviour of each PIR foam density in tension was tested according to ASTM C297 

(ASTM 2016). Five coupons of each density were cut into 50×50×50 mm cubes and 

tested using an Instron 8802 testing machine. Each cube was bonded on opposite sides to 

two steel T-sections using an epoxy resin. After curing, each steel T-section was gripped 

in the testing frame and loaded at a rate of 0.5 mm/min until failure. Strain in the sample 

was related to the displacement between the steel grips. The response of each density was 

linear until failure. The response of each density can be seen in Table 3-1 and Figure 3-2. 

 

3.3 Sandwich Panel Tests 

3.3.1 Test Parameters 

A total of 36 test specimens were fabricated and tested, including 12 columns for each 

foam core density, with four distinct slenderness ratios, as shown in Table 3-2. Each 

panel was comprised of a 50 mm thick and 100 mm wide foam core between two 

symmetrical composite skins, each comprised of one 1.8 mm thick GFRP layer. Three 
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repetitions were fabricated for each combination of foam core density and slenderness 

ratio. A unique identification was given to each set of three repetitions (Table 3-2). Series 

A1-A4 had a nominal foam core density of 32 kg/m3, while series B1-B4 and C1-C4 had 

nominal foam core densities of 64 and 96 kg/m3, respectively. The number in each series 

title corresponds to the height of the columns (e.g. A1, A2, A3 and A4 refer to 750, 1000, 

1250 and 1500 mm, respectively). 

As all the columns were of identical cross-section, the slenderness ratio (kLe/r) 

was varied only by changing the column height from 750 to 1500 mm. For this 

experimental study, (k) was taken as unity for the established freely rotating pinned-

pinned connections in the testing frame. The effective length (Le) was calculated as the 

distance between the centre of each pin, equating to the length of each specimen plus 90 

mm. The radius of gyration (r) was calculated as (I/A)0.5, where (I) is the moment of 

inertia and (A) is the area of the cross section of GFRP skins and transformed foam core, 

based on the modular ratio of foam and GFRP. Because the foam modulus is 

considerably lower than GFRP, the resulting (kLe/r) values did not vary much with core 

density and the nominal values for the four heights were 25.3, 41.6, 51.3 and 60.7, 

respectively. 

 

3.3.2 Fabrication of Test Specimens 

The panels were fabricated using the wet lay-up method for manufacturing composite 

materials. Rigid sheets of foam were set on plastic sheeting and dabbed with a damp 

towel to remove any loose particles that may impact the core-skin bond. The foam was 
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evenly wetted with epoxy resin. A sheet of dry fibre was placed along the foam sheet and 

additional epoxy resin was added until the installed fibres were saturated. The excess 

epoxy resin and air was worked out of the skin. A sheet of plastic was placed over the 

completed side and the panel was flipped over to expose the opposite side of the panel. 

The process was repeated on the opposite face of the panel. Finally, a large plastic panel 

and two steel plates were placed on top of the panel during the curing process to ensure a 

smooth skin of even thickness. Panels were manufactured for each foam core density and 

length, and then cut into three repetitions of 100 mm equal width. It was observed that 

three repetitions were sufficient to provide accurate results. 

 

3.3.3 Out-of-Straightness Analysis 

An out-of-straightness (OOS) analysis of each test specimen was conducted in order to 

ensure that the experimental results were not affected by any eccentricities related to 

material or manufacturing imperfections. Due to the high sensitivity of axially 

compressed members to eccentricities, the OOS analysis was conducted with a high 

degree of precision. The profile of each skin along the length of each sample was 

measured with an error of 0.1 mm and compared to a perfectly straight reference line 

between the corners of each skin. Lateral variations were measured at ten equal points 

along the reference line to develop an OOS profile. The average OOS profile of both 

skins was taken as representative of the sample and then normalized by the sample 

length. The acceptable milling tolerance for steel columns, length (L)/1000 (Galambos, 

1998), was taken as a rigorous reference to determine to compare to the fabricated 
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specimens. The normalized OOS profiles for each sample in comparison to the 

acceptable tolerance is shown in Figure 3-3. Generally, the manufactured specimens’ 

profiles were within the strict tolerance.  

 

3.3.4 Test Setup and Instrumentation 

Stub columns were setup in a pin-pin concentric axial loading configuration (Figure 3-4). 

The frame consists of two steel channels with a steel cylinder welded symmetrically on 

the back of each, to form a free-rotating hinge around the weak axis of the sandwich 

panel. These cylinders are set inside the steel channels forming the top and bottom end 

connections. The top bearing plate was secured to the loading head of the test frame, 

while the bottom remained static throughout testing. Thin (3 mm thick) rubber pads were 

placed within each channel to ensure uniform distribution of the applied load across the 

entire cross section. Thin aluminum shims were installed symmetrically between the 

skins and steel channel, to ensure each column was tightly seated.  

Loading was applied using a Riehle Electro-Mechanical Testing Machine at a rate 

of 1 mm/min. Three linear potentiometers (LPs) were placed at quarter-lengths, along one 

of the sandwich skins to capture the lateral displacement of the columns. For axial 

displacement measurements, two additional LPs were placed against aluminum L-shaped 

extenders epoxied to the foam core just above the steel channel bracing. Axial 

displacement was measured by taking the difference between these two LPs to eliminate 

the effects of the rubber seating within the channels. Two electrical resistance strain 



 

 

49 

gauges were adhered to each skin at mid-height in order to measure longitudinal skin 

strains. 

3.4 Experimental Results and Discussion 

Table 3-3 provides a summary of test results, namely the maximum loads, axial and 

lateral deflections at maximum loads, strains at maximum loads, and failure modes. The 

following sections discuss in detail the test results: 

 

3.4.1 Load-Lateral Deflection Response 

The load-lateral deflection response of each test repetition is shown in Figure 3-5. The 

lateral deflections reported are measured at mid-height of each column, and were the 

maximum values along the height. Initially, very little lateral deflection is seen, then, the 

rate increases rapidly as the specimen approaches failure. Figure 3-5 shows the trends for 

each series of density (A, B and C) (columns left to right) and for increasing slenderness 

ratio (1 to 4) (rows top to bottom). For all foam densities, there was a positive 

relationship between slenderness ratio and lateral deflection. The relative lateral 

deflections reached at the peak loads are significantly lower for series A1, B1 and C1 

than the remaining slenderness ratios. It is also noticed that at a given load level, the 

lateral deflection reduces as core density increases from group A to C, for a given 

slenderness ratio.  

 

3.4.2 Load-Axial Displacement Response 
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The load-axial deflection response of each test specimen is illustrated in Figure 3-6, 

showing the trends for each series of density (A, B and C) (columns left to right) and for 

increasing slenderness ratio (1 to 4) (rows top to bottom). The load-axial deflection curve 

consists of two distinct regions: (a) an initial low stiffness attributed to the initial 

compression of the core by the thin layer of rubber used at the end, which is actually 

stiffer than the foam, leading to some axial deformation of the core at low load levels 

prior to fully engaging the skins, and (b) a stiffer response until failure once the rubber is 

compressed and GFRP skins are fully engaged. The axial displacement appears to be 

insensitive to slenderness ratio or core density, when comparing specimens at a given 

load level. At maximum load, the axial displacement increased with the density, simply 

due to the increase in maximum load. 

 

3.4.3 Load-Strain Response 

The relationship between load and longitudinal skin strains at mid-height are shown in 

Figures 3-7 and 3-8, for the concave and convex sides, respectively. Both skins behave 

similarly initially, under compressive strains, until rapidly diverging before failure where 

the concave skin reaches higher compressive strain while the convex skin curve reduces 

and in some cases reverses direction.  Nonetheless, both skins remained in compression 

at maximum loads, even at high slenderness that were governed by global buckling.  The 

degree of divergence in strains between both skins was dependent on both foam core 

density and column slenderness. The 32 kg/m3 density specimens generally showed less 

divergence between skins than higher density specimens. Shorter specimens showed little 
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distinction between skin Behaviour while slenderer ones demonstrated greater 

differentiation between the two skins’ strains. In general, the highest compressive strain 

achieved in the entire group was quite lower than the crushing strain based on coupon 

tests (Figure 3-1). 

 

3.4.4 Failure Modes 

A number of failure modes were observed across the range of slenderness ratios tested. A 

sample of each failure mode is presented in Figure 3-9. Series A1, B1 and C1 (the 

shortest) experienced localized stability failures, the most common being outward 

buckling of the convex side skin, followed by secondary buckling of the entire column. In 

contrast, series A4, B4 and C4 (the tallest) experienced global buckling followed by 

secondary core shear failure and tertiary skin debonding. The two intermediate series (2 

and 3) saw a combination of local and global stability failures, distinguishing slenderness 

ratios of 40-50 as an approximate transition range. Three repetitions failed due to 

localized inward skin wrinkling and foam crushing, however, each failure occurred at 

different foam core densities and slenderness ratios.  

Secondary core shear failures were only seen in columns with slenderness ratios 

of 51-61, and were more frequent in the B and C series than A, due to the higher achieved 

loads associated with higher core densities. One repetition in C3 and C4 saw a single 

horizontal flexure crack in the core material at mid-height following global buckling.  
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3.4.5 Effect of Foam Density on Axial Behaviour 

Figure 3-10 shows the variation of maximum loads with foam core density, for various 

slenderness ratios tested in this study (series 1 to 4). Additional series 5 show the results 

of another set of axially loaded specimens tested by CoDyre et al. (2016). This series 

involved specimens of identical cross-sectional properties, made of the same three core 

densities and GFRP skins as in this study, but were only 500 mm tall, which provides a 

(kLe/r) ratio of 22.   There is a strong near-linear relationship between foam core density 

and peak load. This relationship is not significantly affected by slenderness ratio, 

statistically. Taking the lowest (32 kg/m3) density as a baseline (series A), increasing the 

foam core density to 64 and 96 kg/m3 results in average increases in peak load, for all 

slenderness ratios, of 71% and 170%, respectively.  

The increase in axial strength with foam density is quite remarkable, especially 

when its mechanical properties (Figure 3-2) are significantly lower than the skins (Figure 

3-1). The reason being axial strength is governed, either by local skin wrinkling or global 

buckling, and not skin crushing. Higher core density affects both types of stability 

failures, by providing higher foam peeling (tensile) strength, which is associated with 

outward skin buckling, and higher composite action as a result of the higher shear 

modulus, which is associated with global buckling. 

 

3.4.6 Effect of Slenderness on Axial Behaviour 

Figure 3-11 shows the effect of slenderness ratio on peak load, for each core density. 

Results at (kLe/r) ratio of 22 from CoDyre et al. (2016) are also included. Excluding the 
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outlying C3 series at (kLe/r) ratio of 51, no significant variation in peak load can be seen 

across all slenderness ratios tested. Variances in average peak load are between 1.9 and 

2.5 kN, representing 19, 15, and 8% of the total peak loads for the 32, 64 and 96 kg/m3 

samples, respectively.  C3 series is clearly an outlier, showing unjustifiably lower than 

expected strength.  As this reduction in peak strength is seen in each C3 repetition, it is 

likely attributed to a manufacturing defect as all three repetitions were fabricated from 

the same batch.  

 

3.5 Summary 

In this study, the effect of the density of a polyisocyanurate (PIR) foam core on the 

behaviour of axially loaded sandwich panels with glass fibre reinforced polymer (GFRP) 

skins are examined, for different panel heights. Thirty-six test specimens with a cross-

sectional foam core area of 100×50 mm and 100 mm wide GFRP skins of equal 

thickness were fabricated with heights of 750, 1000, 1250, and 1500 mm to examine 

various slenderness ratios (kLe/r). Three PIR foam core materials with densities of 32, 64 

and 96 kg/m3 were used. An out-of-straightness assessment was first conducted to ensure 

that eccentricities were within acceptable limits. All samples were tested to failure in 

axial compression with pinned end conditions. It was shown that doubling and tripling 

the core density led to increases in peak load of 71 and 170%, respectively, due to the 

enhanced composite action and reduced shear deformations. On the other hand, 

slenderness had a significant impact on peak loads as one would expect from Euler’s 

theory. The reason being the variety of governing failure modes. Columns with low 
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(kLe/r) of 22-25 failed largely due to localized single skin buckling, while those with high 

(kLe/r) of 51-61 failed primarily by global buckling followed by secondary core shear 

failure with skin debonding. Columns with intermediate (kLe/r) experienced a 

combination of localized and global failure modes. 
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Table 3-1: PIR Foam core properties and test results 
 

Foam 
Type 

(nominal 
density) 

Calculated 
Density 
(kg/m3) 

Compression 
Yield Stress 

(MPa) 

Compression 
Elastic 

Modulus 
(MPa) 

Ultimate 
Tensile 

Strength 
(MPa) 

Tensile 
Elastic 

Modulus 
(MPa) 

32 31.2 0.209 ± 0.008 4.9 ± 0.3 0.198 ± 0.029 10.1 ± 1.5 

64 62.4 0.456 ± 0.002 12.6 ± 0.1 0.317 ± 0.079 20.0 ± 0.41 

96 92.7 0.869 ± 0.005 35.1 ± 1.3 0.568 ± 0.197 59.3 ± 3.2 
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Table 3-2: Test matrix 

Specimen 
ID 

Nominal 
Core 

Density 
(kg/m3) 

Repetitions Length (mm) Slenderness 
Ratio 

A1 

32 

3 750 25.2 

A2 3 1000 41.3 

A3 3 1250 51.0 

A4 3 1500 60.3 

B1 

64 

3 750 25.4 

B2 3 1000 41.7 

B3 3 1250 51.4 

B4 3 1500 60.8 

C1 

96 

3 750 25.3 

C2 3 1000 41.9 

C3 3 1250 51.4 

C4 3 1500 61.0 
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Table 3-3: Summary of test results.  

ID 

Max. load 
(Pu)  
(kN) 

 
Axial  

deflection @ 
Pu (mm) 

 

 
Lateral 

deflection 
@ Pu (mm) 

 

Longitudinal skin 
strain (micro) 

 
Failure Mode  

(primary + secondary)  

Avg. S.D. Avg. S.D. Avg. S.D. Concave Convex  

A1 9.08 1.23 0.387 0.168 2.09 0.449 -1457 -1085 SB, SB, SB 

A2 10.7 0.502 0.867 0.638 2.43 1.33 -1368 -750 SB, SB, LC 

A3 10.5 0.472 4.58 2.83 2.53 0.165 -1743 -1073 GB+SB, SB, SB 

A4 8.53 2.26 2.46 3.11 2.45 0.914 -1488 -964 GB+SB, GB+SB, SB+S 

B1 16.3 2.06 0.437 0.461 2.74 0.543 -2699 -1973 SB, SB, SB 

B2 16.2 0.935 2.35 0.841 2.91 0.092 -2605 -1973 SB+S+D, SB, GB+SB 

B3 15.5 2.29 1.47 0.884 3.19 1.27 -2453 -1756 GB+SB, SB, GB+SB+S+D 

B4 19.5 2.69 7.45 3.72 3.74 0.694 -3614 -1915 LC, GB+S+D, GB+S+D 

C1 30.4 3.54 0.273 0.395 3.76 0.457 -4572 -3610 LC, SB+SB, S+D 

C2 29.3 0.418 2.48 0.926 3.86 0.120 -4784 -3519 SB, SB, GB+SB+D 

C3 18.9 1.62 2.36 2.31 2.42 2.13 -3224 -1987 SB, GB+S+D, GB+FC+D 

C4 26.9 1.07 2.96 0.872 4.92 0.230 -8697 -1565 GB+ SB, GB+S+D, GB+FC+D 

SB = local buckling of a single skin, LC = localized crushing / bending of the foam core and skins near a 
pin connection, GB = global buckling, S = core shear failure, FC = flexural cracking of foam core, and D = 
debonding of a skin. 
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Figure 3-1: Stress-strain plots for GFRP skins (Mak and Fam 2015). Compression is shown as 

negative and tension positive. 
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Figure 3-2: Stress-strain plots for PIR foam cores. Compression is shown as negative and tension 

positive. 
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Figure 3-3: Out-of-Straightness profiles for all tested columns. The 0.001 limits represent typical 
milling tolerances of steel. All specimens measured were considered acceptable for testing.   
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Figure 3-4: Sandwich panel column axial compression test setup.  
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Figure 3-5: Load-lateral displacement plots for each core foam density and slenderness ratio. 
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Figure 3-6: Load-axial displacement plots for each core foam density and slenderness ratio. 
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Figure 3-7: Load-longitudinal strain plots of the concave skin for each core foam density and 
slenderness ratio. 
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Figure 3-8: Load-longitudinal strain plots of the convex skin for each core foam density and 

slenderness ratio. 
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Figure 3-9: GFRP column failure modes.  

(a) Single skin buckling, (b and c) primary single skin buckling with secondary core shear and 
partial debonding of opposite skin, (d) global buckling followed by secondary core shear and skin 

debonding, (e) global buckling with core flexural cracks at mid-span, (f) and localized end 
crushing of foam core and skins. 
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Figure 3-10: Effect of foam core density on peak load for varying slenderness ratios  

(slenderness # 5 is 22, from CoDyre et al (2016)). Standard deviation represented by vertical error 
bars. 
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Figure 3-11: Effect of slenderness on peak load for varying foam core densities 

(load values at slenderness 22 are from CoDyre et al (2016)). Standard deviation represented by 
vertical error bars. 
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Chapter 4: Axial Strength of Sandwich Panels with Natural Flax Fibre 

Composite Skins and Different Foam Core Densities at Various 

Slenderness Ratios 

4.1 Introduction 

There is a growing interest in alternative and natural building materials and 

energy conscious construction methods to develop highly efficient structures in an 

increasingly sustainability-focused building industry. The structural insulated sandwich 

panel (SIP) system represents a highly optimizable technology that can be fabricated with 

a variety of materials and can be easily used in rapid modular light-weight construction 

(Manalo et al, 2016).   The system is suited for cladding or decking due to their high 

strength-to-weight ratios.  

Closed-form foams are a popular core material used in SIPs, as they are light 

weight, provide favourable insulation properties and are water impermeable. Established 

foams for this application are polyisocyanurate (PIR), polyvinylchloride (PVC) and 

polyurethane (PUR) (Carlsson, 2011), however, bio-based core alternatives are also being 

investigated for sandwich panel applications (Sadeghian et al, 2016).  

Recently research has been done investigating the application of natural materials 

in SIPs. With GFRP skins already extensively researched in sandwich panel applications 

in flexure (Shawkat et al., 2008) and under axial loads (Mathieson and Fam, 2014), the 

use of alternative bio-fibres in FRP skins has been investigated. Research has shown that 

bio-fibres can offer similar mechanical properties to manufactured glass fibres, but can 
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also provide lower densities, lower embodied energy, and greater sustainability. These 

flax fibres, which generally cost between $0.22 and $1.10/kg, have approximately 60% of 

the density of glass fibres, which typically cost $1.30 to $2.00/kg (Joshi et al., 2003).  

Mak et al. (2015) showed that sandwich panel beams with flax-FRP (FFRP) skins 

containing three layers of flax fibre have similar ultimate flexural capacity to sandwich 

beams made with GFRP skins. Sadeghian et al. (2016) has shown that sandwich panels 

with FFRP skins and cork cores have comparable capacities to panels comprised of 

GFRP skins and synthetic honeycomb cores.  

This experimental study is the first to explore axial strength of sandwich panels 

with natural-fibre (FFRP) skins in the context of structural engineering applications as 

load-bearing walls.  Critical parameters affecting structural performance, namely 

slenderness ratio, core density, and relative skin-to-core thickness, have been explored 

and the full range of failure modes has been identified.  A comparison is also made to 

conventional GFRP-skinned panels.   

 

4.2 Materials, Fabrication and Testing 

4.2.1 Material Properties  

Flax Fibres: Unidirectional flax fibre fabric was used with a reported tensile 

strength and modulus of 500 MPa and 50 GPa respectively, and an ultimate elongation of 

2%. The dry density of the fibres is 1.28 g/cm3 (Composites Evolution Ltd., 2012). Mak 

et al. (2015) conducted tension and compression tests on coupons made from 
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unidirectional flax fibres with a Tyfo S epoxy (described next). Figure 4-1(a) shows the 

resulting stress-strain curves based on four layers coupons.    

Epoxy: Tyfo S, a two-component high elongation epoxy was used as the saturating resin. 

The reported tensile strength and modulus are 72.4 MPa and 3.18 GPa respectively, the 

compressive strength and modulus are 86.2 MPa and 3.2 GPa, respectively, and the 

maximum elongation is 5%. These reported properties are given for 72 hours post cure at 

60°C (Fyfe Co. LLC., 2012).  

Foam: Three separate rigid, unfaced, closed cell PIR foams were used: ELOFOAM 

P200, P400, and P600 with respective densities of 32, 64, and 96 kg/m3. The P200 

product has a reported parallel and perpendicular shear strength of 151 kPa and 110 kPa 

respectively, parallel and perpendicular shear modulus of 1.52 and 1.22 MPa 

respectively, and a R-value of 1.06 m2°C/W (Elliott Company, 2012). The reported 

density of the P200 foam is 32 kg/m3. The density of the foam used in this study was 

calculated to be 31.2 kg/m3.  The P400 foam has a reported parallel and perpendicular 

shear strength of 379 kPa and 344 kPa respectively, parallel and perpendicular shear 

modulus of 5.86 and 5.17 MPa respectively, and R-value of 1.04 m2°C/W (Elliott 

Company, 2012). The reported density of the P400 foam is 64 kg/m3. The density of the 

foam used in this study was calculated to be 62.4 kg/m3.  The P600 product has a 

reported parallel and perpendicular shear strength of 585 kPa and 489 kPa respectively, 

parallel and perpendicular shear modulus of 7.23 and 6.06 MPa respectively, and R-value 

of 0.97 m2°C/W (Elliott Company, 2012). The reported density of the P600 foam is 96 

kg/m3. The density of the foam used in this study was calculated to be 92.7 kg/m3.The 
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variations between the nominal reported density and the calculated densities were 

considered acceptable for this study. 

The compressive Behaviour of each PIR foam density was tested according to 

ASTM C365 (ASTM 2011). Five coupons of each density were cut into 50×50×50 mm 

cubes and tested using an Instron 8802 testing machine. Each cube was placed between 

two steel plates and compressed at a rate of 1.0 mm/min until 80% strain was reached. 

The total displacement between the two plates was measured by a linear potentiometer 

(LP) and used to determine the strain in each sample. The initial Behaviour of the PIR 

foams were linear until reaching a plastic plateau after initial crushing, followed by strain 

hardening. The response of each density can be seen in Table 4-1 and Figure 4-2(b).  

The Behaviour of each PIR foam density in tension was tested according to 

ASTM C297 (ASTM 2016). Five coupons of each density were cut into 50×50×50 mm 

cubes and tested using an Instron 8802 testing machine. Each cube was bonded on 

opposite sides to two steel T-sections using an epoxy resin. After curing, each steel T-

section was gripped in the testing frame and loaded at a rate of 0.5 mm/min until failure. 

Strain in the sample was related to the displacement between the steel grips. The response 

of each density was linear until failure. The response of each density can be seen in Table 

4-1 and Figure 4-2(b). 

 

4.2.2 Sandwich Panels and Parameters 

A total of 78 new specimens were fabricated and tested as summarized in Table 4-

2. Each of the three foam materials was used as a core between one, three or five layers 
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of flax fibres to comprise the symmetrical FFRP skins. The measured average single skin 

thickness based on one, three and five FFRP layers was 0.78, 2.10 and 3.39 mm, 

respectively.  Each combination of core material and skin thickness was constructed over 

a range of separate column heights to provide a range of slenderness ratios. For each 

combination of parameters, three test repetitions were conducted on three specimens. 

The selected column heights were 500, 750, 1000, 1250 and 1500 mm, 

corresponding to slenderness ratios (kLe/r) of 25.2, 41.3, 51.0 and 60.3, respectively, as 

shown in Table 4-2, where k was taken as unity for the pin-end connections used in the 

testing frame. The effective length, Le, was calculated as the distance between the centre 

of each pin, equating to the length of each specimen plus 90 mm. The radius of gyration, 

r, was calculated as (I/A)0.5, where I is the moment of inertia and A is the area of the 

transformed cross section. The slenderness ratio was significantly affected by specimen 

length and to a certain extent by FFRP skin thickness, however, the core density had a 

negligible effect on slenderness due to the considerably smaller modulus of foam core 

compared to FFRP skins. 

An identifying title was assigned to each series of repetitions (Table 4-2). The first 

number in each title corresponds to the nominal core density, while the second 

corresponds to the nominal height of the specimen. The final digit of the specimen height 

indicates the number of FFRP skin layers. For example: 96-1505 represents the 1500 mm 

tall sandwich panel with a nominal 96 kg/m3 foam core and FFRP skins comprised of 

five layers of flax fibres.   
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 In addition to the newly fabricated and tested 78 specimens in this study, 

additional nine specimens (groups 32-503, 64-503 and 96-503 in Table 4-2) were 

referenced from another study by the authors (CoDyre and Fam 2016) to cover the 500 

mm height with three FFRP layers for the three core densities. 

 

4.2.3 Fabrication of Sandwich Panels 

The composite material wet-layup fabrication method was used for all of the 

tested samples. The rigid foam core sheets were cut to the selected lengths and prepared 

by dabbing with a damp cloth to remove any surface debris and dust that might affect the 

bond at the core-skin interface. The foam was placed on plastic sheeting and uniformly 

wetted with the epoxy resin. A pre-cut sheet of dry flax fibre was placed along the foam 

sheet and additional epoxy resin was added until the fibres were saturated. This process 

was repeated until the desired number of saturated flax layers were in place. The 

completed side was covered with plastic sheeting and the panel was flipped over to repeat 

the process on the opposite side. Once complete, the excess epoxy resin and air within the 

skins was worked out of each side. A large flat and smooth plastic panel and two steel 

plates were placed on top of the completed panel during the curing process to ensure a 

smooth skin of even thickness. Once cured, the constructed sandwich panel was 

dimensioned and cut into three test repetitions. It was observed that three repetitions 

provided an acceptable level of accuracy when reporting the test results.   
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4.2.4 Out-of-Straightness Analysis 

In order to verify that the results of the axial testing were not directly affected by 

any eccentricities arising from out-of-straightness (OOS) in the test specimens as a result 

of fabrication, all specimens were carefully evaluated.  This analysis was conducted with 

a high degree of precision since axial behaviour of slender columns is quite sensitive to 

eccentricities.  Using a straight line as a point of reference, the profiles of each skin were 

measured at ten equal points along the length of every specimen with an error of 0.1 mm.  

The lateral variations between the skin profiles from the reference line were measured to 

develop an OOS profile. The average OOS profile of both skins was taken as 

representative of the sample and then normalized by the sample length as shown in Fig. 

2. To quantify adequacy, the OOS profiles were then compared to the acceptable milling 

tolerance for steel (L/1000) as a guide (Galambos, 1998). Only five of the 78 repetitions 

very slightly exceed the steel milling tolerance, therefore, the fabrication method and the 

constructed samples were deemed to be acceptable for testing.  

 

4.2.5 Test Setup and Instrumentation 

Figure 4-3 shows the test setup for concentric axial loading of the panels, using a 

Riehle Electro-Mechanical Testing Machine. The end connections consisted of a steel 

channel section to fit around the specimen ends, welded symmetrically to a cylindrical 

pin. The steel cylinders were set inside the steel channels of the bearing plates which 

were securely anchored to the top and bottom of the loading frame, forming a free-
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rotating hinge at both ends (effective length factor, k, of 1.0). Rubber pads, 3 mm thick, 

were placed within each channel to ensure uniform distribution of the applied load across 

the entire cross section. Given the small variation in panel thickness because of the 

different number of skin layers, thin aluminum shims were placed symmetrically between 

the skins and steel channel as needed, to ensure each column was tightly seated 

symmetrically with respect to the pin.  

Loading was applied at a rate of 1 mm/min. The lateral deflections and axial 

displacements were captured using linear potentiometers (LPs). Two LP’s, one at the top 

and one at the bottom of each column, were placed parallel to the column. Each LP 

measured against aluminum L-shaped extenders adhered to the exposed foam core. Axial 

displacement was calculated as the difference between the top and bottom LPs to avoid 

capturing the effects of the rubber seating in the channel. Three LP’s were placed at 

quarter-lengths along one of the sandwich skins to measure the lateral displacement along 

the height of each column. Two electrical resistance strain gauges were adhered to each 

skin at mid-height in order to measure longitudinal skin strains. 

 

4.3 Experimental Results and Discussion 

Table 4-3 shows a summary of key test results, including peak loads, axial and 

mid-height lateral displacements at peak loads, and mid-height longitudinal skin strains at 

peak loads. Average values for the three repetitions along with standard deviations are 

shown for all specimens.  The following sections discuss the detailed Behaviour along 

with the effects of key parameters, namely core density, skin layers and height, on axial 
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strength and failure modes. 

 

4.3.1 Load-Axial Displacement Response 

The load-axial displacement responses for all test specimens with one, three and 

five FFRP layers are shown in Figures 4-4, 4-5 and 4-6, respectively. For each figure, the 

trends are shown for the three repetitions, for three core densities (columns left to right) 

and various lengths (rows top to bottom) can be seen. For columns with single-layer 

FFRP skins, there is an approximately linear relationship between load and axial 

displacement. This is maintained until failure for those samples which suffered localized 

failures. For those samples which failed globally (see failure modes later), after reaching 

the peak load, a plateau of increased axial displacement is observed until failure. Samples 

with three- and five-layered skins behaves similarly, with the addition of an initial linear 

response transitioning into a second linear response with increased stiffness. The initial 

low stiffness is attributed to the initial compression of the core by the thin layer of rubber 

used at the end, which is actually stiffer than the foam core, leading to some axial 

deformation of the core at low load levels prior to fully engaging the skins. The 

subsequent stiffer response occurs once the rubber is compressed and the thicker FFRP 

skins (three and five layers) are fully engaged. The single layer skins were too flexible 

and did not show this Behaviour consistently.  The total axial displacement seen was 

affected by foam core density, with the 64 and 96 kg/m3 density cores reaching 32% and 

45% higher axial displacements than those with 32 kg/m3 cores. No significant 

relationship between axial displacement and the number of layers or column slenderness 
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were observed.   

 

4.3.2 Load-Lateral Deflection Response 

The load-lateral displacement responses for all test specimens with one, three and 

five FFRP layers are shown in Figures 4-7, 4-8 and 4-9, respectively. The lateral 

deflections shown are the maximum deflections at mid-height of each column. For each 

figure, the trends observed by increasing foam density (columns left to right) or 

slenderness (rows top to bottom) can be seen. Initially, very little lateral deflection is seen 

until rapidly increasing while approaching failure. At high slenderness ratios, a large 

plateau is maintained until failure after reaching the peak load. The strong positive 

relationship between the magnitude of lateral deflection and slenderness can be seen 

across all foam densities and number of skin layers. At peak load, columns with a 

slenderness ratio of 62 saw a 700% increase in lateral deflection than columns with a 

slenderness ratio of 22. There is also a generally positive relationship between the 

number of FFRP layers and the magnitude of lateral deflection at peak load. Foam core 

density did not have a significant impact on the change in lateral deflection at peak load 

across the examined slenderness ratios. 

 

4.3.3 Load-Strain Response 

Curves illustrating the relationship between load and the mid-height longitudinal 

strains in the concave-side skin for each test specimen with one, three and five layer FRP 
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skins are shown in Figures 4-10, 4-11 and 4-12, respectively. Also, similar relationships 

for the observed strains in the convex-side skin are shown in Figures 4-13 to 4-15. 

Compressive strains are shown as negative. For specimens with low slenderness ratios, 

and those that saw localized failure, strains in both skins increased in compression with 

similar values until failure. At high slenderness ratios, concave-side skins saw a plateau 

of rapid compressive strain increase after achieving peak load, while convex-side skins 

saw a rapid decrease in compressive strain at peak loads and a transition into tensile 

strains. Intermediate slenderness ratios showed a combination of both Behaviours with 

convex-side skins achieving lower compressive strains than the concave-side while 

approaching peak loads. The difference in strain between the two skins was also affected 

by the foam core density, with low foam core densities showing smaller differences 

between strains in opposite skins than higher density foams.   

 

4.3.4 Failure Modes 

A range of failure modes were observed across each range of parameters, as 

shown in Table 4-4 and Figure 4-16. Samples with single-layer FFRP skins primarily 

failed due to localized skin buckling. This is attributed to instabilities in the very thin 

skins overcoming the skin-core bond. Series 96-1501, with high slenderness and high 

foam core density, predominantly failed due to localized crushing of the compression 

skin, following global buckling failure, due to the significantly large compressive strains 

achieved of approximately -0.015. This is expected when comparing this strain with the 

maximum compressive strain of the FFRP skin material (Fig. 4-1(a)).  Samples with 
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three-layered FFRP skins failed primarily due to buckling of the compression skin. At 

slenderness ratios of 42 and 62, secondary foam shear failure was also observed, likely 

due to the greater magnitude of shear stresses transferred through the core materials. The 

primary failure mechanism of series 96-1003 was compression skin crushing at similar 

longitudinal strains of -0.0143. Similar failure modes were also seen across the foam 

densities and slenderness ratios of the five-layer FFRP skinned columns, however, no 

skin crushing was observed. In addition, primary debonding of the concave-side skin was 

seen at lower foam core densities, likely due to the transfer of larger stresses in the more 

stable thicker skins, overcoming the bond strength with the low density foam.   

 A transition region between localized and global failure modes can be observed 

across the slenderness ratios tested in this study.  Samples with slenderness ratios of 50.8 

and above experience global column failures, while those with slenderness ratios below 

31.7 experienced only localized failures. The repetitions at slenderness ratio of 41.0 saw a 

combination of local and global failures, which are within the assumed intermediate 

range of 31.7 and 50.8.    

A number of repetitions failed due to localized inward skin wrinkling and foam 

crushing at the channel seating. No significant trend between core density, slenderness, or 

skin type can be drawn, and as such this failure is likely due to stress concentrations 

overcoming material instabilities at the channel connection.   

 

4.3.5 Effect of Foam Density on Axial Behaviour 

Figure 4-17(a) shows the effects of foam core density on peak loads for panels 
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with one, three and five FFRP skin layers, at different panel heights. Generally, 

increasing core density leads to higher loads.  This effect becomes more pronounced as 

the skin becomes thicker, as evident by the increase of the slope of the curves in Fig. 4-

17(a) as the number of FFRP layers increase from one to five layers.  Increasing the core 

density from 32 to 64 kg/m3 resulted in average peak load increases across all slenderness 

ratios of 73, 56 and 72% for one, three and five skin layers, respectively. Increasing the 

core density from 32 to 96 kg/m3 similarly resulted in respective average increases of 

116, 130 and 176%.  

The strains at peak load do not considerably vary across slenderness ratios for 

each foam and skin combination, however, the strains at failure increase significantly if a 

global buckling failure mode occurs. A higher density foam has a higher shear modulus, 

which results in greater composite action, and therefore facilitates larger post-peak skin 

strains and deflections. 

 

4.3.6 Effect of Slenderness on Axial Behaviour 

Figure 4-17(b) shows the effects of slenderness ratio on peak loads for panels 

with 32, 64 and 96 kg/m3 densities, at different numbers of FFRP skin layers.  Generally, 

loads reduce as slenderness increases. However, this effect becomes much more 

pronounced as core density increases and global buckling governs, as evident by the 

increase in slope of the curves in Fig. 17(b) when the core density increases from 32 to 96 

kg/m3.  At the 96 kg/m3 density, a consistent average decrease in peak load of about 20% 

is observed over each increase in slenderness ratios (i.e. from 22 to 42 and from 42 to 
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62), with a total decrease of 40%. The 32 and 64 kg/m3 series columns saw more variable 

average decreases in peak load over the range of slenderness ratios, however, for both 

densities the overall decrease between slenderness ratios of 22 and 62 was approximately 

20%.  The reason for the differences in rate of reduction of peak loads with slenderness 

ratio, among different core densities and different skin layers, is attributed to the 

remarkable diversity of failure modes observed as discussed earlier. 

 

4.3.7 Comparison with Glass-FRP Skinned Panels 

CoDyre and Fam (2016) tested identical panels, but with single unidirectional 

layer skins of glass-FRP (GFRP), over the same range of slenderness, for the same three 

PIR foam core densities.  The thickness of the single GFRP layer was 1.8 mm.  The 

variation of peak loads with slenderness for those tests are also shown in Fig. 17(b), 

compared with the FFRP panels, for the three core densities.  It can be concluded that 

panels with the single GFRP skin layer (1.8 mm thick) showed equivalent strength to 

those with three FFRP skin layers (2.1 mm total thickness), at all three densities, more or 

less over the full range of slenderness studied.  

 It can also be seen that unlike FFRP, panels with GFRP skins do not show a clear 

load descending trend with slenderness. This was also confirmed by another study 

(Mathieson and Fam 2012). This is likely due to the relatively greater ductility and lower 

stiffness of FFRP skins, resulting in enhanced composite action when transitioning from 

local to global failure. The FFRP-specimens showed significantly greater compressive 

and tensile skin strains and lateral deflections than the GFRP-specimens at similar peak 
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loads. 

4.4 Summary 

This study examines the axial strength at different slenderness ratios (kLe/r) of 

sandwich panels with flax fibre reinforced polymer (FFRP) skins of different thicknesses, 

as an alternative to glass-FRP (GFRP) skins. The panels incorporate polyisocyanurate 

(PIR) foam cores of different densities; 32, 64 and 96 kg/m3. A total of 78 column 

specimens with a 100×50 mm core cross-section were fabricated from the three PIR 

foam cores.  FFRP skin layers ranged from one to five, giving a core-to-skin thickness 

(c/t) ratio of 15 to 64.  The heights of the specimens ranged from 500 to 1500 mm, 

resulting in (kLe/r) of 22 to 62.  Specimens were tested under concentric axial 

compression using pinned-end conditions. Panels with three FFRP layers showed 

equivalent axial strength to those with a single GFRP layer of 85% the total FFRP skin 

thickness.  This was the case across all slenderness ratios studied and across all core 

densities. Doubling core density resulted in peak load increases, across all slenderness 

ratios, of 73, 56 and 72% for skins with one, three and five FFRP layers, respectively, 

while tripling the density resulted in respective increases of 116, 130 and 176%.  As the 

slenderness ratio increases from 22 to 62, axial strength reduced by 40% for the 96 kg/m3 

panels but only by 20% for the 32 and 64 kg/m3 panels. Panels with slenderness ratios 

higher than 50 experience global buckling at peak loads, while those below 32 

experienced localized failures. The intermediate range saw mixed failure modes.  
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Table 4-1: PIR Foam core properties and test results 

Foam 
Type 

(nominal 
density) 

Density 
(kg/m3) 

Compression 
Yield Stress 

(MPa) 

Compression 
Elastic 

Modulus 
(MPa) 

Ultimate 
Tensile 

Strength 
(MPa) 

Tensile 
Elastic 

Modulus 
(MPa) 

32 31.2 0.209 ± 0.008 4.9 ± 0.3 0.198 ± 
0.029 10.1 ± 1.5 

64 62.4 0.456 ± 0.002 12.6 ± 0.1 0.317 ± 
0.079 

20.0 ± 
0.41 

96 92.7 0.869 ± 0.005 35.1 ± 1.3 0.568 ± 
0.197 59.3 ± 3.2 
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Table 4-2: Sandwich panel test matrix 

Specime
n	ID	

Core	
density	
(kg/m3

)	

Number	
of	FFRP	
skin	
layers	

Repetition
s	

Lengt
h	

(mm)	

Slendernes
s	ratio	

32-501	

31.2	

	
1	

3	 500	 22.9	
32-1001	 3	 1000	 42.1	
32-1501	 3	 1500	 61.6	
32-503	a	 	

3	
3	 500	 22.3	

32-1003	 3	 1000	 41.0	
32-1503	 3	 1500	 60.3	
32-505	 	

5	
3	 500	 21.9	

32-1005	 3	 1000	 40.1	
32-1505	 3	 1500	 58.7	
64-501	

62.4	

	
1	

3	 500	 22.9	
64-1001	 3	 1000	 42.3	
64-1501	 3	 1500	 61.6	
64-503	a	 	

	
3	

3	 500	 22.3	
64-753	 3	 750	 31.7	
64-1003	 3	 1000	 41.2	
64-1253	 3	 1250	 50.8	
64-1503	 3	 1500	 60.1	
64-505	 	

5	
3	 500	 21.7	

64-1005	 3	 1000	 40.2	
64-1505	 3	 1500	 58.6	
96-501	

92.7	

	
1	

3	 500	 22.9	
96-1001	 3	 1000	 42.3	
96-1501	 3	 1500	 61.7	
96-503	a	 	

3	
3	 500	 22.3	

96-1003	 3	 1000	 41.2	
96-1503	 3	 1500	 60.1	
96-505	 	

5	
3	 500	 21.7	

96-1005	 3	 1000	 40.2	
96-1505	 3	 1500	 58.6	

a	503	series	data	from	CoDyre	and	Fam	(2016).	
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Table 4-3: Summary of test results. 

ID	

Peak	load	(Pu)	
(kN)	

Axial	deflection	at	
Pu	(mm)	

Lateral	
deflection	at	Pu	

(mm)	

Longitudinal	skin	
strain	at	failure	

Avg.	 Stand.	
Dev.	 Avg.	 Stand.	

Dev.	 Avg.	 Stand.	
Dev.	 Concave	 Convex	

32-501	 4.08	 0.420	 0.138	 0.077	 2.84	 0.580	 -2552	 -2014	
32-1001	 3.74	 0.434	 0.744	 0.672	 2.88	 0.404	 -2415	 -1653	
32-1501	 2.69	 1.22	 1.13	 1.62	 2.91	 1.30	 -1784	 -1018	
32-503	a	 10.6	 1.25	 2.16	 1.36	 4.17	 1.27	 -2647	 -1812	
32-1003	 12.3	 0.282	 6.20	 1.97	 3.51	 0.129	 -3334	 -1856	
32-1503	 9.95	 0.738	 11.6	 1.96	 3.80	 0.404	 -4668	 82	
32-505	 12.7	 0.924	 1.12	 1.79	 2.69	 0.662	 -1712	 -1285	
32-1005	 13.4	 0.947	 4.84	 1.39	 3.10	 0.580	 -1574	 -676	
32-1505	 10.2	 0.164	 15.1	 3.73	 2.96	 0.404	 -2321	 -23	
64-501	 6.51	 0.476	 0.135	 0.080	 2.94	 0.516	 -4312	 -3777	
64-1001	 6.30	 0.107	 1.47	 1.17	 4.07	 0.682	 -4332	 -3468	
64-1501	 5.36	 0.306	 5.63	 6.13	 5.61	 0.427	 -6725	 1211	
64-503	a	 19.6	 3.42	 2.07	 1.29	 3.69	 1.12	 -6025	 -3818	
64-753	 16.8	 3.52	 1.43	 1.12	 4.08	 0.977	 -5368	 -3355	
64-1003	 17.1	 2.60	 3.53	 1.95	 4.18	 0.952	 -4985	 -3248	
64-1253	 16.6	 2.19	 11.1	 1.88	 6.27	 0.683	 -9393	 771	
64-1503	 14.6	 1.50	 8.01	 5.50	 4.75	 0.511	 -9077	 1622	
64-505	b	 23.3	 2.18	 1.63	 2.19	 3.05	 0.039	 -3700	 -3166	
64-1005	 20.5	 3.58	 6.65	 5.81	 4.13	 1.03	 -3849	 -1456	
64-1505	 20.4	 1.37	 10.5	 2.24	 4.07	 0.969	 -5283	 1260	
96-501	 10.2	 1.73	 0.135	 0.080	 2.94	 0.516	 -8697	 -5950	
96-1001	 7.02	 0.600	 0.823	 0.487	 4.05	 0.427	 -4738	 -3961	
96-1501	 5.50	 0.100	 15.0	 4.56	 5.12	 0.919	 -11501	 4116	
96-503	a	 31.4	 1.31	 2.07	 1.29	 3.69	 1.12	 -12727	 -9930	
96-1003	 26.0	 1.83	 6.65	 3.82	 6.75	 1.22	 -9223	 -3143	
96-1503	 18.4	 0.596	 11.1	 1.20	 5.64	 0.618	 -14274	 4674	
96-505	 40.2	 3.76	 2.15	 1.79	 2.67	 0.646	 -8214	 -6612	
96-1005	 33.5	 2.31	 9.32	 7.29	 5.48	 0.314	 -8250	 -3005	
96-1505	 26.6	 4.53	 12.2	 1.34	 5.57	 1.51	 -13172	 3813	
a503	series	data	from	CoDyre	and	Fam	(2016).	
b	one	of	three	repetitions	failed	prematurely	and	omitted	from	average	peak	load	
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Table 4-4: Flax-FR Column Failure modes: primary, followed by consecutive secondary failures  
(SB=buckling of concave skin, LC=localized crushing/bending of foam core and skins at one end, 
GB= global buckling, S=core shear failure, SC=concave skin crushing, and D=skin debonding). 

ID	 Failure	Mode	
32-501	 LC,	SB,	SB	
32-1001	 SB,	SB,	SB	
32-1501	 SB,	SB,	SB	
32-503	 SB,	LC,	LC	
32-1003	 LC,	SB,	SB+S+D	
32-1503	 GB+S+D,	GB+SB+S,	GB+SB	
32-505	 LC,	SB,	SB	
32-1005	 D,	GB+SB,	LC	
32-1505	 D,	GB+SB+S,	D	
64-501	 LC,	SB,	LC	
64-1001	 SB,	SB,	SB	
64-1501	 GB+SC,	GB+SC,	GB+SC	
64-503	 SB,	SB,	SB	
64-753	 LC,	LC,	SB	
64-1003	 SB,	GB+SB,	GB+SB+D	
64-1253	 GB+SB,	GB+SB,	GB+SB	
64-1503	 GB+SB,	GB+SB,	GB+LC	
64-505	 SB,	SB,	SB	
64-1005	 GB+SB,	SB+S,	D	

64-1505	 	GB+SB+S,	GB+SB+S,	
GB+SB+S	

96-501	 LC,	LC,	LC	
96-1001	 SB,	SB,	SB	
96-1501	 	GB+SB,	GB+SC,	GB+SC	
96-503	 SB,	LC,	SB	

96-1003	 GB+SB+S+D,	GB+LC,	
GB+SB+S+D	

96-1503	 GB+SC+SB,	GB+SC,	GB+SC	
96-505	 LC,	SB,	SB	
96-1005	 GB+SB+S,	SB+S,	S+D	
96-1505	 GB+SB,	GB+SB,	GB+SB+S	
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(a) 

    
         (b) 

Figure 4-1: Stress-strain plots for (a) FFRP skins (Mak et al 2015) and (b) PIR foam core of three 
densities. 
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Figure 4-2: Normalized Out-of-Straightness profiles for all tested columns. The 0.001 limits 
represent typical milling tolerances of steel for reference. All specimens measured were 

considered acceptable for testing. 
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Figure 4-3: Axial compression test setup and instrumentation. 
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Figure 4-4: Load-axial displacement plots for specimens with single-layer FFRP skins  

(from left column: 32, 64 then 96 core density, from top row: 500, 1000, then 1500 mm length)  



 

 

96 

 
Figure 4-5: Load-axial displacement plots for specimens with three-layer FFRP skins  

(from left column: 32, 64 then 96 core density, from top row: 500, 750, 1000, 1250 then 1500 
mm length, top row (503 series) from CoDyre and Fam 2016). 
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Figure 4-6: Load-axial displacement plots for specimens with five-layer FFRP skins  

(from left column: 32, 64 then 96 core density, from top row: 500, 1000, then 1500 mm length).  
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Figure 4-7: Load-lateral displacement plots for specimens with single-layer FFRP skins 

 (from left column: 32, 64 then 96 core density, from top row: 500, 1000, then 1500 mm length) 
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Figure 4-8: Load-lateral displacement plots for specimens with three-layer FFRP skins 

(from left column: 32, 64 then 96 core density, from top row: 500, 750, 1000, 1250 then 1500 
mm length, top row (503 series) from CoDyre and Fam 2016). 
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Figure 4-9: Load-lateral displacement plots for specimens with five-layer FFRP skins  

(from left column: 32, 64 then 96 core density, from top row: 500, 1000, then 1500 mm length). 
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Figure 4-10: Load-longitudinal skin strain plots at mid-height of concave side of specimens with 

a single layer FFRP. 
(from left column: 32, 64 then 96 core density, from top row: 500, 1000, then 1500 mm length). 
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Figure 4-11: Load-longitudinal skin strain plots at mid-height of concave side of specimens with 

three-layer FFRP. 
(from left column: 32, 64 then 96 core density, from top row: 500, 750, 1000, 1250 then 1500 

mm length, top row (503 series) from CoDyre and Fam 2016).  
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Figure 4-12: Load-longitudinal skin strain plots at mid-height of concave side of specimens with 

five-layer FFRP. 
(from left column: 32, 64 then 96 core density, from top row: 500, 1000, then 1500 mm length). 
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Figure 4-13: Load-longitudinal skin strain plots at mid-height of convex side of specimens with a 
single layer FFR. 

(from left column: 32, 64 then 96 core density, from top row: 500, 1000, then 1500 mm length). 
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Figure 4-14: Load-longitudinal skin strain plots at mid-height of convex side of specimens with 

three-layer FFRP  
(from left column: 32, 64 then 96 core density, from top row: 500, 750, 1000, 1250 then 1500 

mm length, top row (503 series) from CoDyre and Fam 2016). 
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Figure 4-15: Load-longitudinal skin strain plots at mid-height of convex side of specimens with 
five-layer FFRP. 

 (from left column: 32, 64 then 96 core density, from top row: 500, 1000, then 1500 mm length). 
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Figure 4-16: FFRP column failure modes. 
 (a) localized crushing of foam core and skins, (b) skin outwards buckling, (c) skin outwards local 
buckling, (d) primary core shear failure followed by skin debonding, (e) primary single skin 
buckling with secondary core shear and partial debonding of opposite skin, and (f) skin crushing. 
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     (a)       (b) 
 

Figure 4-17: The effects of (a) foam core density, and (b) slenderness ratio, on peak loads for 
different number of FFRP layers. Vertical error bars represent standard deviation.  
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Chapter 5: Summary and Conclusions 

5.1 Flexural and Axial Behaviour of Sandwich Panels with Bio-Based Flax-FRP 

Skins and Various Foam Core Densities 

 
This study examined the effects of PIR foam core density on strength and stiffness of 

sandwich panels with flax-(F)FRP and glass-(G)FRP skins, tested in four-point bending 

and as stub columns in axial compression. The following conclusions were drawn from 

this experimental study: 

1. A three layers FFRP skin, only 17% thicker than a single layer GFRP skin, was 

shown to provide equivalent flexural and axial strengths within -5 to +13%, for all 

three core densities examined, in panels with core-to-skin thickness ratio of 28.    

2. Increasing the density of the PIR foam core resulted in significant increases in 

ultimate flexural capacity. For FFRP skinned panels, doubling the density from 32 

to 64 kg/m3 and tripling the density from 32 to 96 kg/m3 resulted in increases in 

strength of 82 and 213%, respectively. GFRP skinned panels showed similar 

increases of 90 and 232%, respectively.  

3. Increasing the density of the PIR foam core also resulted in significant increases 

in flexural stiffness. For FFRP skinned panels, doubling and tripling the density 

resulted in increases in stiffness of 65 and 150%, respectively. GFRP skinned 

panels showed similar increases of 72 and 164%, respectively. 
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4. The primary flexural failure mode for sandwich panels with PIR foam of 32 and 

64 kg/m3 densities was inward skin wrinkling in the shear span, whereas the 96 

kg/m3 PIR foam core panels failed primarily by core shear. 

5. Increasing the PIR foam core density by double and triple greatly increased the 

axial strength of the panels. FFRP skinned panels showed increases of 85 and 

196%, which are quite close to the increases in flexural strength.  On the other 

hand, GFRP skinned panels showed lower increases of 48 and 148%. 

6. The primary failure mode of both axially loaded FFRP and GFRP skinned panels 

was buckling of a single sandwich skin for all tested densities. No slenderness 

effects were observed. 

 

5.2 The Effect of Foam Core Density at Various Slenderness Ratios on Axial 

Strength of Sandwich Panels with Glass-FRP Skins 

 

In this study, the effects of PIR foam core density and slenderness on the axial strength 

and behaviour of sandwich panels with GFRP skins, were examined. The following 

conclusions were drawn from this experimental study: 

1. Increasing the density of the PIR foam core resulted in significant increases in the 

peak compressive load, for all slenderness ratios (kLe/r) tested. Doubling and 

tripling the density to 64 and 96 kg/m3 resulted in average increases in peak load 

of 71 and 170%, respectively. 

2. For each core density, the peak loads achieved were insensitive to (kLe/r), unlike 

the expected reducing trend of conventional Euler’s theory. The maximum 
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variance in peak loads seen across all (kLe/r) ratios were only 19, 15, and 8% for 

the 32, 64 and 96 kg/m3 foam cores, respectively. 

3. Failure mode of axially loaded GFRP-skinned PIR foam core sandwich panels 

column is governed by (kLe/r) ratio. For all PIR foam core densities, specimens 

with low (kLe/r) of 22-25 experienced localized failures due to single skin 

buckling. Specimens with high (kLe/r) of 51-61 failed primarily due to global 

buckling followed by secondary core shear failure with skin debonding. 

Specimens of intermediate (kLe/r) of 41-51 experienced a combination of 

localized and global failure modes.  

4. At failure, GFRP skin strains did not approach material compressive failure strain 

at any (kLe/r) ratio or core density, as local or global buckling always governed.   

5. Lateral deflections reduced with core density, at a given load.  This suggests an 

enhanced composite action as density increases due to the increased shear 

modulus and reduced shear deformations. 

 
 

5.3 Axial Strength of Sandwich Panels with Natural Flax Fibre Composite Skins and 

Different Foam Core Densities at Various Slenderness 

 
In this study, sandwich panels with flax-FRP (FFRP) skins of varying numbers of layers 

were tested as columns under concentric axial compression at various heights 

(slenderness ratios), using PIR foam cores of three different densities.  The following 

conclusions were drawn from this experimental study: 

1. Panels with three FFRP skin layers showed equivalent axial strength to those with 
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a single glass-FRP (GFRP) skin layer of a thickness 85% of the FFRP skin.  This 

was the case across the full range of slenderness studied and also across the three 

core densities. 

2. Doubling the foam core density (32 to 64 kg/m3) resulted in average peak load 

increases, across all slenderness ratios, of 73, 56 and 72% for skins with one, 

three and five FFRP layers, respectively. Tripling the density (32 to 96 kg/m3) 

resulted in respective increases of 116, 130 and 176%. 

3. The traditional descending trend of peak load with slenderness (Euler buckling 

effect) is demonstrated more clearly at high core densities, and in FFRP-, not 

GFRP-skinned panels. As slenderness ratio increases from 22 to 62, axial load 

reduced by 40% for the 96 kg/m3 panels but only 20% for the 32 and 64 kg/m3 

panels. 

4. Failure mode of FFRP panels is heavily governed by slenderness. Panels with 

slenderness ratios of 51 and above experience global buckling at peak loads, 

while those with slenderness ratios below 32 experienced localized failures. The 

intermediate range saw a combination of global and local failure modes.  

5. The most common secondary failure mode of panels failing primarily by global 

buckling is skin buckling on the concave side, especially for thicker skins. 

Thinner skins mostly crushed after global buckling. In some cases, both 

secondary failures were associated with a core shear failure, especially at high 

density cores. 

6. The primary local failure was outward skin buckling.  This was followed by core 
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shear failure associated with convex side skin debonding. 

7. Higher core densities not only lead to higher peak loads but also enable the 

specimens to reach higher post-peak strains before secondary failure occurs, 

leading to higher lateral deflection. 

 
 


