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Abstract 

A drastic increase in environmental awareness has increased demand for renewable materials, energy 

efficient design and low embodied energy. Two technologies that purport to address this demand 

are Compressed Earth Blocks (CEB) and Structural Insulated Panels (SIP).  

CEBs, a form of earthen masonry, can be a cost-effective, locally produced material that provides 

high thermal capacity with low environmental impact. There is increasing interest in using the blocks 

in cold climates. However, CEBs are limited by manufacturing controls and susceptibility to water 

damage. In this study, various combinations of cement and lime stabilizers were tested with 

metakaolin, a pozzolan, and Plasticure, a water repellent, to determine the compressive strength 

when CEBs are dry and fully saturated at unconditioned and freeze-thaw conditioned states. Results 

showed that the most beneficial additive for improving wet-state capacity was Plasticure. Blocks 

manufactured with 10% cement and Plasticure yielded the best performance, with a dry unconfined 

strength of 10.23±0.81 MPa and an 11.6% reduction in strength when wet. When exposed to freeze-

thaw cycling, Plasticure reduced variability in strength reduction from 90.9% to 23.5%, and 

increased strength retention by up to 74.7%.  

SIPs are becoming increasingly popular because of their light weight, ease and speed of installation, 

and high thermal insulation capabilities; however, conventional systems are unsustainable due to 

their reliance on synthetic fibres and petroleum-based resins. This study focused on the short- and 

long-term performances of Flax Fibre Reinforced Polymer (Flax-FRP) and compared it to Glass-

FRP. Then it assessed the replacement of conventional Glass-FRP skins with skins made of Flax-

FRP and a resin blend containing epoxidized pine oil. Results showed that Flax-FRP had a tensile 

strength and modulus of one third the values of Glass-FRP. Using the Arrhenius relationship, it was 

estimated that Flax-FRP would retain 60% of its tensile strength after 100 years of saltwater 
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exposure at an annual mean temperature of 10°C. Sandwich panels with three layers of flax fibres 

provided equivalent strength and stiffness, but better deformability, than panels with one layer of 

glass fibres. Epoxidized pine oil-based skins decreased strength by up to 23% compared to epoxy-

based skins.  
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Chapter 1: Introduction 

 

1.1 General 

Over the past decade, there has been a drastic increase in environmental awareness. Programs such 

as Leadership in Energy and Environmental Design (LEED) and Building Research Establishment 

Environmental Assessment Methodology (BREEAM) have brought sustainability to the forefront of 

construction design focusing on aspects such as renewable materials, energy efficient design and low 

embodied energy. Two technologies which purport address these demands are Compressed Earth 

Blocks (CEB) and Structural Insulated Panels (SIP) construction. 

CEBs, a form of earthen masonry construction, is a cost-effective, locally available material 

that provides high thermal mass with low environmental impact. These blocks are comprised of 

mechanically compacted earth with a natural clay binder. Two critical design characteristics of CEBs 

are compressive strength and water erosion resistance. Stabilizers are often added to the CEB 

mixture in small quantities to improve these properties, with cement and lime being the most 

common. Regardless of the use of stabilizers, compressive strengths of CEBs when fully saturated is 

typically accepted as being half that of CEBs tested dry.  Water repellents are a promising solution.  

SIPs are becoming an increasingly popular system because of their light weight, ease and 

speed of installation, and high thermal insulation capabilities. While SIPs are typically constructed of 

oriented strand board (OBS) and expanded polystyrene (EPS) foam, some applications require 

higher structural capacity panels and are constructed with fiber-reinforced polymer (FRP) skins. 

However, conventional Glass-FRP systems manufactured with epoxy are unsustainable. A 

promising alternative is the replacement of synthetic fibers with natural fibers, which exhibit a wide 

range of tensile strength and elastic moduli while maintaining a low embodied energy. Although 
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natural fibres have been criticized as having sub-optimal structural properties, previous research has 

predominantly focused on randomly-oriented fiber mats. Limited research has been performed on 

unidirectional natural fibers, which are more suitable for structural applications. 

An understanding of the short- and long-term mechanical performance of these materials is 

essential to its effective application. Short-term performance of CEBs can be gauged by the 

compressive performance in a dry and fully saturated state, while the long-term performance 

depends on the environment. The use of stabilizers in CEBs in conjunction with building design 

reduces its susceptibility to water in warm climates; however, this is not effective in colder climates, 

where water ingress can lead to increased pore pressures and eventual cracking and spalling of the 

material. CEBs have garnered interest for use in cold climate construction due to the availability of 

the material; and as such, it is essential to determine the freeze-thaw resistance of CEBs with 

different additives.  

Flax-FRP performance can be determined through tensile testing at ambient conditions; 

however, due to the susceptibility of natural fibres to the environment, an ambient condition test 

may only represent an ideal situation. The onset of moisture and age degradation may begin early, 

resulting in an even greater necessity to determine the long-term performance of the material. 

Conventional methods for projecting long-term performance of FRPs, such as accelerated aging in 

aqueous solutions, can be used to determine the property retention of FRPs throughout their service 

life.  

This thesis focuses on the short- and long-term mechanical properties of compressed earth 

blocks and sandwich panels with natural skins. 
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1.2 Objectives 

The objectives of this thesis are as follows: 

1. To determine the compressive strength on-site manufactured CEBs with different stabilizers 

and water repellent; 

2. To determine the freeze-thaw resistance of CEBs with different stabilizers and water 

repellent; 

3. To compare Flax FRP to Glass FRP in terms of material properties and as a structural 

insulated sandwich panel skin, with different manufacturing methods; 

4. To examine the effect of saltwater baths at different temperatures on Flax FRP; 

5. To predict the property retention of Flax FRP over its service life; 

6. To determine the optimum skin configuration for sandwich panels manufactured with flax 

fibres and partial replacement of epoxy with epoxidized pine oil. 

1.3 Scope 

The scope of this experimental investigation is to determine the short- and long-term performance 

of compressed earth blocks and sandwich panels with natural skins. This thesis is divided into four 

phases: 

Phase 1 assesses the short-term performance of compressed earth blocks. One hundred and six 

prisms were tested to assess the on-site manufacturing variability, the effect of h/t, the effect of 

different additives and the effect of a water repellent. Performance was measured by compressive 

testing of CEB prisms in a dry state and in a fully saturated state.  

Phase 2 assesses the long-term performance of compressed earth blocks through freeze-thaw 

cycling. Two hundred and twenty two prisms were tested to assess impact of the number of freeze-
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thaw cycles, the effect of different additives and the effect of a water repellent. Performance was 

measured by compressive testing of CEB prisms in a dry state and in a fully saturated state.  

Phase 3 assesses the short-term and long-term performance of Flax FRP coupons. One hundred and 

sixty coupons were manufactured for this phase. Short-term performance addressed the impact of 

manufacturing method, provided a comparison to Glass FRP and assessed the effect of layers of flax 

fabric. Long-term performance addressed the effect of age, temperature and manufacturing method 

through accelerated aging of FRP at 23°C, 40°C and 55°C for up to 365 days. Performance was 

measured through tensile testing of FRP coupons. 

Phase 4 assesses the short-term performance of sandwich panels manufactured with natural skins. 

Seventy coupons were manufactured and tested to determine the tensile and compressive 

performance of the constituents. Thirty six sandwich panels were manufactured to a nominal 

dimension of 1000 mm x 150 mm x 75 mm to assess the impact of manufacturing method, the 

effect of replacing a percentage of bisphenol A/F-based epoxy with epoxidized pine oil, the effect 

of the number of flax fabric layers and a comparison of glass and flax as a sandwich panel skin. 

1.4 Thesis outline 

This thesis has been composed in a manuscript format. A brief outline of each chapter is as follows:  

Chapter 2: This manuscript presents an experimental investigation into the short-term performance 

of compressed earth blocks, which are manufactured using different additives. 

Chapter 3: This manuscript presents an experimental investigation into the freeze-thaw durability of 

compressed earth blocks. 
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Chapter 4: This manuscript presents an experimental investigation into the short-term mechanical 

properties and the long-term performance of unidirectional flax fiber-reinforced polymers through 

environmental aging.  

Chapter 5: This manuscript presents an experimental investigation into the flexural performance of 

polyisocyanurate foam sandwich panels manufactured with unidirectional flax fibers and different 

resin systems including a comprehensive material testing program.  

Chapter 6: This chapter presents conclusions drawn from the results of previous chapters and 

provides suggestions on the direction of future research. 

References: References are included within each chapter with reference styles varying based on 

journal specific requirements. 
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Chapter 2: Mechanical Characteristics of On-Site Manufactured 

Compressed Earth Blocks: Effect of Water Repellent and Other 

Additives1 

2.1 Introduction 

Earth is an ancient building material that has been used for thousands of years. Even with 

advancements in technology, it still continues to be a prominent building material in many countries. 

Dethier (1986) estimated that at least fifty percent of the world still live in earth houses, while 

Houben and Guillard (1994) and Morton (2008) estimated that a third of the world still live in some 

form of earthen buildings.  

While earthen construction has decreased over the years, earth has garnered more attention 

over the past decade due to an increased environmental awareness. Earth is a natural material that 

can be locally sourced throughout the world. It requires little processing to be used as a building 

material, unlike materials such as concrete, limiting the cost and the amount of energy required for 

production. Additionally, the high thermal mass of earthen walls aids in the passive heating and 

cooling of buildings.  

Compressed earth blocks (CEB) is a form of masonry unit comprised of mechanically 

compacted earth with a natural clay binder.  Construction is similar to masonry and can be easily 

installed by those who are not familiar with earthen construction. Building codes for earth block 

construction have been adopted in Australia (Walker and SAI 2006), New Mexico (NMCPR 2009) and 

                                                           
 

1 Submitted manuscript: Mak, K., MacDougall, C., and Fam, A. “Mechanical Characteristics of On-Site Manufactured 
Compressed Earth Blocks: Effect of Water Repellent and Other Additives.” Construction and Building Materials, submitted. 



7 

 
 

India (Venkatarama et al. 2003). Standards for design have also been developed by international 

organizations, such as CRATerre (Boubekeur and Houben 1998), ASTM E2392 (2010), International 

Building Code (ICC 2006) and UNESCO Project (Adam and Agib 2001). 

Two critical design characteristics of CEBs are compressive strength and water erosion 

resistance. When exposed to water, non-stabilized earth blocks erode immediately, whereas 

stabilized earth blocks experience a drastic decrease in compressive capacity (Walker 2004). A 50% 

reduction in compressive strength is typically accepted when blocks are fully saturated. To improve 

these two characteristics, control of CEB manufacturing and additional stabilization are essential. 

Manufacturing controls can impact the quality of the CEB and the variability of the 

properties. Previous studies have tested CEBs manufactured under laboratory conditions (Walker 

2004; Guettala et al. 2006; Obonyo et al. 2010). However, CEBs are often manufactured on-site 

using a hydraulic press because on-site production provides many benefits, such as reduced 

transportation costs and the use of local materials. However, there is potential for increased 

variability in the CEB properties due to variable clay content, gradation of aggregate and water 

content. Limited research has been done on the on-site manufactured CEBs to investigate this 

variability. 

Portland cement and hydrated lime are most commonly used as compressed earth block 

stabilizers; however, the use and benefit of these stabilizers depend on the soil plasticity. For 

example, cement stabilization is more suitable for soil that has a plasticity index below 15, whereas 

lime stabilization is more suitable for soil with higher plasticity indices (Guettala et al. 2002; Osula 

1996). For cement-appropriate soil, increased cement contents improve compressive strength, 

drying shrinkage and durability (Walker and Stace 1997), whereas high clay contents impair the same 

three properties.  
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Two potential alternatives to cement and lime stabilization are pozzolans and water 

repellents. Pozzolans are used as replacements to cement in concrete and often provide additional 

benefits, such as improved strength and durability. Water repellents are used to reduce water ingress 

and improve water resistance, which results in less erosion and less strength reduction due to high 

moisture contents.  

This paper investigates the performance of on-site manufactured CEBs when exposed to dry 

and wet conditions. The study consists of a verification of the test protocol and assessment of on-

site construction quality, followed by compressive testing of compressed earth block stabilized using 

combinations of cement, lime, metakaolin and plasticure.  

2.2 Experimental Program 

An experimental investigation was performed on the on-site manufactured CEBs. This section 

details the test specimens and parameters; materials; fabrication and test specimens; test conditions; 

and test setup and instrumentation.  

2.2.1 Test Specimens and Parameters 

Eleven different types of compressed earth block were tested in this study. Individual block type 

properties are outlined in Table 2-1.  

Table 2-2 outlines the test matrix for the different CEB prisms. Impact of mortar, aspect 

ratio, manufacturing batch, cure potential, additive and water repellency were tested. Three 

repetitions were done for each prism stack unless otherwise stated.  

2.2.2 Materials 

Compressed earth blocks were manufactured using the following materials:  
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Soil: Site soil from Coburg, Ontario, Canada was used for the compressed earth blocks. Tests by a 

commercial testing lab (Hamilton 2005), including x-ray diffraction and x-ray fluorescence analysis, 

indicate that the soil contains 23.3% clay by mass, which is mostly composed of calcium carbonate. 

Cement: Type I Portland cement is a commonly used stabilizer for CEBs. 

Lime: Hydrated dolomite lime is also commonly used to stabilize CEBs (Graymont Dolime (OH) 

Inc.). 

Metakaolin: Metakaolin is a highly reactive aluminosilicate pozzolan, which is a byproduct of a 

commercial expanded glass granule, for cement- and lime-based binders. It is purported to improve 

strength and durability, as well as reduce permeability and shrinkage (Poraver North America Inc. 

2014). 

Plasticure: Plasticure is a water-repellent admixture designed for pressed stabilized earth products – 

specifically those containing cement without aeration. It is purported to reduce water absorption and 

efflorescence (Tech-Dry 2012). 

2.2.3 Fabrication of Test Specimens 

All blocks were manufactured on-site by an experienced builder in Cobourg, Ontario, Canada. Site 

soil was used as the primary ingredient with additives as outlined in Table 2-1. 

A mechanical mixer was used to combine soil and additives. Water was then added until the 

desired consistency was reached. All blocks were compressed with an average compressive pressure 

of 10.7 MPa using an AECT 3500 Compressed Earth Block Machine. Density of all blocks were 

relatively consistent as shown in Table 2-1. Blocks were cross-stacked in single stacks on the floor 

immediately after production. All blocks were then left outside uncovered to cure for a minimum of 

30 days prior to transportation to the lab.  
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A set of tests was performed with mortar joints. The surface of two blocks were wetted. 

Mortar comprised of a sand-to-cement-to-lime ratio of 6:1:1 was applied up to a thickness of 11 mm 

on one surface, followed by the placement of the second block. The wetted surfaces faced inward 

toward the mortar. Specimens were covered with burlap and plastic for 28 days prior to removal. 

2.2.4 Test Conditions 

CEBs were tested under four different conditions: dry, wet, cured and saturated. 

Dry: Specimens were dried in ambient conditions. Blocks were column-stacked on a palette with two 

19 mm thick 150x50 mm pieces of wood in between layers. This allowed for airflow between 

specimens. Specimens were dried in the lab using this configuration for a minimum of 30 days. The 

chosen duration allowed the water content of fully saturated specimens to reach equilibrium in 

ambient conditions. The required duration was determined through tests. Fig. 2-1(a) shows dry 

conditioning. 

Wet: Specimens were submerged in a tank of water for 24 hours immediately before testing. There 

was a minimum spacing of 25 mm between the specimen, and a minimum water level of 25 mm 

above the highest specimen. The chosen duration allowed CEBs to reach equilibrium in water. The 

required duration was determined through tests. Fig. 2-1(b) shows wet conditioning. 

Cured: Specimens were submerged in a tank of water for 24 hours, mimicking wet conditioned 

specimens. Thereafter, the blocks were removed from the tank, and covered with wet burlap and 

plastic. The burlap was maintained in a saturated state for 28 days. Specimens were then dried to 

ambient condition, mimicking the dry specimen conditioning. 
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Saturated: Specimens were submerged in a tank of water for up to 40 days. Spacing and water level 

were the same as wet conditioned specimens. Blocks were removed periodically for mass 

measurements, and underwent compressive testing after 40 days, while still wet and saturated. 

2.2.5 Test Setup and Instrumentation 

Compressed earth blocks are commonly tested with the same standards as concrete and fire clayed 

brick masonry. In this study, CEB prisms of varying heights were tested under uniaxial compression 

in accordance with ASTM C140 (2012) and ASTM C1314 (2012) using a Forney testing machine 

with a capacity of 2,224 kN as shown in Fig. 2-1(c). 

Dimensions and mass of every block were measured and recorded prior to conditioning as 

well as before testing. The surface of CEBs have very little variation and do not have large gaps, 

unlike concrete masonry. As such, prisms were primarily tested as dry stacked blocks.  

Prisms were loaded between 0.05 MPa/s and 0.20 MPa/s using spherically-seated steel 

plates, such that failure would be induced within 1-2 minutes from 50% ultimate load. Sheets of 3 

mm thick plywood were used to cap the specimens. Maximum load and original cross-sectional area 

were used to determine the strength of each block prism.  

2.3 Experimental Results and Discussion 

This section presents the results of the experimental program. This includes general behavior and 

failure mechanisms, the influence of the test procedure, variability of test specimens, additives, 

plasticure and water repellency.  

2.3.1 General Behaviour and Failure Mechanisms 

Table 2-2 summarizes the test conditions, repetitions and test results. Three repetitions were used 

for all tests, except for prisms T1-dry, M1 and B1. T1-dry is composed of B1 and B2 specimens, 
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normalized so that each batch is equally valued. Due to added variability of the mortar for the 

aforementioned three exceptions, 5 repetitions were done for each stack method. 

Fig. 2-2 shows the failure mechanisms of four different configurations. Conical failure was 

the most common failure mechanism observed, which was caused by the constraining force at the 

top and bottom platens. Face failure was the second most common failure, which may be due to 

inconsistent density throughout the block: the interior core was denser than the exterior facing as a 

byproduct of the manufacturing method.  

Fig. 2-3 shows the degree of saturation observed during testing. After 24 hours of 

submersion, the exterior of specimens with and without plasticure appeared to be fully saturated. 

However, the interior of non-plasticure specimens did not appear fully saturated. Fig. 2-3(c-d) shows 

the contrast between the two interior cores. A pronounced colour change due to water saturation 

was observed within the exterior 10 mm of each block with plasticure. For non-plasticure 

specimens, full saturation was observed throughout the whole block. Table 2-2 outlines water 

content of different CEB Types, where the addition of plasticure resulted in a reduction of water 

absorption by 60.5% to 81.0% in pure-cement stabilized blocks and a reduction of water absorption 

by 63.2% in cement-lime stabilized blocks. 

2.3.2 Influence of Test Procedure 

The effect of mortar joints and aspect ratios of the prisms were tested to determine the impact on 

other tests performed in this study. 

The use of mortar joints is typically required for masonry; however, it was decided that they 

were unnecessary for CEBs due to the CEB’s consistent surfaces and the potential to introduce 

additional variability due to the mortar. CEBs from the same batch were compared – specifically 
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prisms M1 and B1. Prisms that used mortar joints exhibited a strength of 12.16±1.82 MPa, while 

those that were dry-stacked exhibited a strength of 13.77±0.80 MPa. Dry-stack specimens yielded a 

higher strength and a lower degree of variability between specimens. For simplicity, dry stack prisms 

were used during the rest of this study. 

Compressive strength was used as a measurement of the effects of stabilizers and additives 

on performance. However, this was highly impacted by the geometry of the specimen and potential 

confinement during testing. This can be accounted for by modifying the experimental values with 

correction factors to determine the unconfined strength.  

Many correction factors have been presented in the literature (Krefeld 1938; Heathcote and 

Jankulovski 1992; and ASTM C1314 2012). Fig. 2-4(a) show three correction factors used for 

masonry and earth-based masonry. Fig. 2-4(b) shows strength variation relative to aspect ratios, 

along with its factored unconfined strengths based on Krefeld (1938), Heathcote and Jankulovski 

(1992), and ASTM C1314 (2012) correction factors. ASTM C1314 correction factors do not exist 

below an h/t factor of 1.3 and were extrapolated. 

The Heathcote and Jankulovski (1992) correction factor demonstrated the most consistent 

corrected strengths when applied to all the specimens. Table 2-3 summarizes strength corrections 

and the unconfined strength of tests. All results presented, unless otherwise specified, are 

uncorrected strengths.  

2.3.3 Manufacturing and Control of CEBs 

CEBs are often manufactured on-site, and as such, are prone to increased variability compared to 

specimens prepared under laboratory conditions. The required amount of water is determined based 

on user experience, and has created differences in moisture content between batches. Furthermore, 
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CEBs are air dried without protection from heat or moisture loss, resulting in potentially uncured 

blocks. 

Two nominally identical batches of Type 1 CEBs, B1 and B2, were manufactured and tested. 

B1 and B2 exhibited strengths of 13.77±0.80 MPa and 10.54±0.82 MPa, respectively. This 

represents a 3.23 MPa variation between the two batches, or a 23.5% decrease from B1 to B2.  

Two types of CEBs, 2 and 5P, were moist-cured after reception to determine whether 

further curing would change the strength. All specimens contained cement, and as such, would be 

expected to increase in strength with additional moist curing. Post-cured Type 2 CEB, C2, had an 

average strength of 14.12±0.53 MPa while its control counterpart, T2, had a strength of 16.10±0.31 

MPa. Thus, additional curing appears to result in a lower average strength. However, the difference 

is well within the range of strengths observed for nominally identical batches B1 and B2, so is 

unlikely to be statistically significant. Note that both T2 and C2 did not contain plasticure; this 

allowed for a higher degree of water ingress, potentially allowing for a full cure at the core of the 

specimen. 

 Meanwhile, C5P resulted in a strength of 17.74±0.37 MPa, while its control counterpart, 

T5P, had an average strength of 13.47±0.94. C5P contained plasticure which reduces influx of 

water, and would therefore be expected to limit further curing of cement particles within the core of 

the specimen. Despite this, C5P yielded a higher strength than T5P. 

The curing process resulted in a mass gain of 253.67g for C2 blocks and 146.33g for C5P 

block. This increase in weight and water content is a result of different ambient conditions. For 

example, T2 reached equilibrium outside with increased heat due to the sun, whereas C2 reached 

equilibrium in a building. Due to the susceptibility of CEBs to water, this increase in water content 
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may be the result of the lower strength of C2, which is more susceptible to the effects of water than 

the plasticure blocks.      

2.3.4 Influence of Stabilizers 

Different additives were tested and compared in both dry and wet states. Fig. 2-6 and Fig. 2-7 

display the strength difference between the different additives. 

  Cement was the main stabilizer due to its availability and frequency of use within industry. A 

linear relationship was observed between compressive strength and cement content in all mixtures 

(Fig. 2-6), similar to previous studies (Houben and Guillaud 1994; Walker and Stace 1997). This 

trend is present in both specimens with and without plasticure. CEBs with 0% cement content 

disintegrated in water and are represented with 0 MPa strength.  

 Tests primarily focused on 0% cement and 5% cement stabilized blocks. Additional 

additives were included to improve CEB properties, specifically lime, metakaolin and plasticure. Fig. 

2-7(a) shows the difference between 0% cement content types, specifically CEB type 0 and type 6P. 

The confined compressive strengths in a dry state were 6.16±0.24 MPa and 6.80±0.51 MPa, 

respectively. However, there was a vast difference in performance of these blocks when tested in 

their wet state, where the addition of lime, metakaolin and plasticure stabilized the CEB.  This 

resulted in a compressive strength of 4.15±0.16 MPa rather than disintegrating via water. 

 At 5% cement content, the addition of lime, metakaolin and plasticure in different 

combinations is shown in Fig. 2-7(b). Minor fluctuations were observed for dry state tests, where all 

strengths were within T1’s standard deviation. Similar to T0 and T6P, the major impact of additional 

stabilization lies in wet state tests. All CEBs containing 5% cement showed a significant 

improvement in strength. T1 had a wet compressive strength of 5.14±0.08 MPa, whereas T4, T1P, 
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T4P, and T5P showed a strength of 6.61±0.49 MPa, 7.65±0.71 MPa, 9.29±0.91 MPa, and 8.96±1.18 

MPa, respectively. This corresponds to an increase in capacity of 29% to 81%. 

2.3.5 Influence of Plasticure 

Identical CEBs were manufactured with and without plasticure. Fig. 2-8 shows the impact of the 

water repellant. 

Fig. 2-8(a) shows the strength of all specimens with their plasticure counterparts. CEB Types 

1, 2 and 3 exhibited a higher capacity compared to their plasticure counterparts; this was not the case 

for Type 4 blocks, where T4P had a higher dry strength than T4. This may be due to the impact of 

plasticure on cement curing. In all wet state tests, CEBs containing plasticure performed significantly 

better. 

Fig. 2-8(b) shows strength retention of all specimens with plasticure counterparts when 

tested in a wet state. For CEB Type 1, Type 2 and Type 3, there was a significant improvement of 

33.9% to 70.6% in strength retention with the use of plasticure. This was less prominent in Type 4 

blocks, where strength retention increased by 15.6%. The improvement in strength retention 

between the pure cement-stabilized CEBs and cement-lime stabilized CEBs may be due to the 

addition of lime. This additive reduced the impact of water on compressive strength, thereby 

resulting in a more stable block in a wet state.  

2.3.6 Influence of Saturation 

CEBs containing plasticure were submerged for up to 40 days to see the impact of long-term 

exposure to water. The change in saturation and strength over time is presented in Fig. 2-9. 

The majority of water ingress occurred within the first day, which was also reflected by a 

drastic decrease in compressive strength. Water absorbtion continued over 40 days; however, it did 
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not reach the same saturation level as CEBs without plasticure. Contrastingly, strength decreased 

over the 40 days. At 40 days, the compressive strength of saturated specimens was similar to those 

without plasticure that were submerged for one day: T2 wet and T3 wet had compressive strengths 

of 8.26±0.68 MPa and 10.92±0.43 MPa, respectively; whereas, S2P and S3P had strengths of 

9.16±0.02 MPa and 11.15±0.85 MPa, respectively. This suggests that the full strength reduction due 

to moisture content occurs in CEBs prior to full saturation.  

The impact of plasticure as a water repellent depends on the cement content in the CEB.  

CEB Type 6 had a mass gain of 5.03% after 1 day and a final mass gain of 6.66% after 40 days. S2P 

and S3P showed a mass gain of 2.47% and 2.01%, respectively.  This further supports the 

conclusion that as cement content increases there is a reduction in water absorption. This trend 

continued for all specimens up to 40 days of submersion with final mass gains of 4.37% and 4.31%, 

respectively. 

2.3.7 Statistical Assessment of Additives using Analysis of Variance 

A one-way analysis of variance (ANOVA) was used to assess the degree of variation and its 

significance between multiple CEB groups. The null hypothesis was that the results from different 

groups were from the same statistical population.   

Table 2-4 summarizes the ANOVA analysis. In the table, X is the mean of all specimens of 

all groups; SSW is the sum square within the group; SSB is the sum square between groups; MSW is 

the mean sum square within the group; MSB is the mean sum square between groups; DF is the 

degree of freedom; F is the f ratio and Fcritical is the critical value of F, commonly taken at 95% 

confidence level. If F is greater than Fcritical, the null hypothesis is rejected and there is a significant 

difference between groups. 
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A few initial parameters relating to the test procedure and the individual blocks were tested: 

mortar, aspect ratio, batches and curing. Firstly, prisms were constructed of dry-stacked blocks. It 

was concluded that there was no significant difference in compressive strength between prisms that 

use mortar and those that were dry-stacked. Secondly, three correction factors were tested to 

determine the appropriate aspect ratio factor for dry-stacked CEBs. All correction factors 

demonstrated a significant difference between aspect ratios; however, Heathcote’s and Jankulovski’s 

factor demonstrated the lowest variation with an F ratio of 11.13 and an Fcritical value of 4.06. Thirdly, 

two batches of Type 1 CEBs were used to construct prisms. It was determined that there was a 

significant difference in strength between the two batches. Lastly, cure potential of CEBs was tested. 

Through additional curing, it was determined that there was a significant difference between control 

specimens and post-cured specimens. Thus, CEBs containing cement may not be fully cured with 

current on-site practices. 

The addition of stabilizers was tested for significance. The first parameter was the direct 

impact of additives on compressive performance, specifically lime, metakaolin and plasticure. It was 

determined that CEBs with 0% and 5% cement content did not benefit from additional additives in 

their dry state; there was no significant difference. When exposed to water, this proved to be the 

opposite and all specimens that had additional stabilizers beyond cement showed a significant 

improvement in strength retention. The second parameter was a water repellant, plasticure, where 

each CEB type was compared to their counterpart that contained plasticure. No significant 

difference was seen between T1 and T1P, and T3 and T3P; however, there was a significant 

difference between T2 and T2P, and T4 and T4P. Once again, the major difference became 

apparent when specimens were exposed to water. All specimens tested in a wet state showed a 

significant difference when manufactured with plasticure. Lastly, the saturation level was checked for 
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specimens exposed to a 40 day submersion. It was concluded that specimens containing plasticure 

experienced the same strength loss as their non-plasticure counterparts due to moisture at 40 days of 

submersion. 

2.3.8 Assessment of CEB Strength Relative to Requirements by Standards  

Compressed earth blocks have been used throughout the world. Many recommendations have been 

made for their minimum required strength. For example, Guillaud et al. (1985) suggested a 

minimum strength of 1.0 MPa for earthen walls, while Australia’s handbook (Walker and SAI 2002) 

required a dry compressive strength of 2.0 MPa; and Earthen International Building Code (ICC 

2006) and New Mexico Building Code (NMCPR 2009) required a dry compressive strength of 2.07 

MPa. These values correspond to a maximum service load of approximately 10-25% of the 

minimum required strength. This suggests a safety factor of 4-10 for CEBs. 

In this study, all corrected compressed earth block strengths exceeded the minimum 

requirement for design purposes (Table 2-3). The lowest dry compressive strengths observed were 

from non-cement stabilized blocks, T0, at 3.60±0.14 MPa and T6P at 3.94±0.30 MPa. The highest 

capacity dry-state cement stabilized block is T3 at 10.99±0.48 MPa when dry and 6.38±0.25 MPa 

when wet; the highest capacity wet-state cement stabilized block is T3P at 10.23±0.81 MPa when 

dry and 9.04±0.57 when wet. T3 and T3P exhibit above 5 times the required compressive strength.  

Furthermore, the use of plasticure drastically reduced the impact of moisture content on 

compressed earth blocks. Due to the reduced variation in strength, a lower safety factor may be 

suitable. Both the higher capacity and increased water resistance suggest that CEBs manufactured 

with this combination may be suitable for use in larger buildings. 
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2.4 Summary 

Earth has garnered significant attention over the past decade as an alternative sustainable building 

material. It provides many benefits, such as being locally available, low production cost and high 

thermal mass. Compressed earth blocks are a form of earthen construction that is easily constructed. 

However, it is limited by manufacturing controls and susceptibility to water: it typically experiences a 

50% reduction in capacity when saturated. In this study, various combinations of cement and lime 

stabilizers were tested with metakaolin and plasticure, a water repellant, to determine the 

compressive performance when exposed to water. An initial verification of the test protocol and an 

assessment of on-site construction quality were carried out. Prisms were tested wet and dry with 

three repetitions each. In total, 106 specimens were tested. The study showed that all additives used 

in combination with cement provide major benefit to dry-state compressive strength; however, there 

was an increase in performance of 29-81% when in a wet-state. The most beneficial additive for 

improving wet-state capacity was plasticure. Blocks manufactured with 10% cement and plasticure 

yielded the best performance, with a dry unconfined strength of 10.23±0.81 MPa and an 11.6% 

reduction in strength when wet. All blocks exceeded the requirements outlined by Australian, New 

Mexican and ICC design standards.  
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Table 2-1: CEB Composition 

CEB 
Types 

Additives Dimensions (mm) Density 
(kg/m3) Cement 

(% by 
mass) 

Lime 
(% by 
mass) 

Metakaolin 
(% by mass) 

Plasticure 
(L/m3) 

Length Width Height 

0 - - - - 355 180 92.6 2018 

1 5 - - - 355 180 93.8 2033 

1P 5 - - 0.654 355 180 88.9 1993 

2 7.5 - - - 355 180 93.2 2062 

2P 7.5 - - 0.654 355 180 90.3 2004 

3 10 - - - 355 180 93.8 2050 

3P 10 - - 0.654 355 180 89.9 2016 

4 5 2.5 - - 355 180 93.8 2011 

4P 5 2.5 - 0.654 355 180 90.1 2031 

5P 5 2.5 2.5 0.654 355 180 90.6 1965 

6P - 5 5 0.654 355 180 90.0 1919 

 

  



25 

 
 

Table 2-2: Test arrangements and results 

Prism 
code 

Blocks 
per 

prism 

Block 
type 

Condition 
Stack 
type 

No. 
of 

Rep. 

Water 
absorbed 

Dry 
Compressive 

Strength 
(MPa) 

Wet 
Compressive 

Strength 
(MPa) 

% Avg. 
Std. 
Dev. 

Avg. 
Std. 
Dev. 

T0 

2 

0 

Dry, Wet Dry 

3 - 6.16 0.24 - - 

T1 1 8, 3 8.16% 12.16 0.81 5.14 0.08 

T1P 1P 3 3.23% 12.56 0.94 7.65 0.71 

T2 2 3 7.12% 16.10 0.31 8.26 0.68 

T2P 2P 3 1.82% 14.86 0.33 11.36 1.08 

T3 3 3 7.47% 18.68 0.80 10.92 0.43 

T3P 3P 3 1.42% 17.71 1.40 15.55 0.98 

T4 4 3 8.72% 11.26 0.95 6.61 0.49 

T4P 4P 3 3.21% 14.71 0.53 9.29 0.91 

T5P 5P 3 2.31% 13.47 0.94 8.96 1.18 

T6P 6P 3 4.20% 6.80 0.51 4.15 0.16 

M1 1 

Dry 

Mortar 5 - 12.16 1.82 - - 

L1 1 

2 

Dry 

3 - 16.26 0.80 - - 

L3 3 3 - 9.80 0.63 - - 

L4 4 3 - 7.96 0.04 - - 

C2 

2 

2 
Cured 

3 - 14.12 0.53 - - 

C5P 5P 3 - 17.74 0.37 - - 

B1 
1 Dry 

5 - 13.77 0.80 - - 

B2 3 - 10.54 0.82 - - 

S2P 2P 

Saturated 

2 4.31% - - 9.16 0.02 

S3P 3P 2 4.37% - - 11.15 0.85 

S6P 6P 3 6.66% - - 4.52 0.71 
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Table 2-3: Summary of unconfined strengths using Heathcote and Jankulovski (1992) correction 

factor 

Prism 
code 

Dimension 

Correction 
Factor 

Dry Compressive 
Strength (MPa) 

Wet Compressive 
Strength (MPa) 

Width (mm) 
Height 
(mm) 

Aspect 
ratio 
(h/t) 

Avg. 
Std. 
Dev. 

Avg. 
Std. 
Dev. 

T0 355.00 185.14 1.03 0.58 3.60 0.14 - - 

T1 355.00 183.97 1.02 0.59 7.17 0.48 3.02 0.04 

T1P 355.00 183.57 0.99 0.58 7.26 0.55 4.43 0.41 

T2 355.00 183.88 1.04 0.59 9.46 0.17 4.83 0.40 

T2P 355.00 183.75 1.01 0.58 8.62 0.19 6.64 0.62 

T3 355.00 183.55 1.04 0.59 10.99 0.48 6.38 0.25 

T3P 355.00 183.46 1.00 0.58 10.23 0.81 9.04 0.57 

T4 355.00 186.46 1.04 0.59 6.90 0.67 3.87 0.28 

T4P 355.00 182.55 1.02 0.58 8.54 0.32 5.43 0.53 

T5P 355.00 182.49 1.01 0.58 7.82 0.55 5.23 0.69 

T6P 355.00 183.09 1.01 0.58 3.94 0.30 2.41 0.09 

M1 355.00 199.29 1.11 0.61 7.36 1.16 - - 

L1 355.00 94.85 0.53 0.31 5.10 0.23 - - 

L3 355.00 284.96 1.58 0.67 6.60 0.42 - - 

L4 355.00 380.74 2.12 0.76 6.04 0.03 - - 

C2 355.00 189.04 1.05 0.59 8.30 0.32 - - 

C5P 355.00 183.09 1.02 0.58 10.29 0.24 - - 

B1 355.00 185.00 1.03 0.59 8.05 0.47 - - 

B2 355.00 183.63 1.02 0.59 6.17 0.49 - - 

S2P 355.00 178.20 0.99 0.58 - - 5.30 0.01 

S3P 355.00 180.78 1.00 0.58 - - 6.47 0.49 

S6P 355.00 178.59 0.99 0.58 - - 2.62 0.41 
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Table 2-4: ANOVA Summary 

Sample 
groups 

Parameter X SSW SSB MSW MSB DF F 
Fcritical 
(F0.05) 

Result Conclusion 

(B1,M1) 
Mortar, 

Dry 
12.97 19.09 6.49 2.39 6.49 (1,8) 2.72 5.32 Accept NOT 

Krefeld 
(L1,T4,L3,L4) 

Correction 
factor 

6.76 1.70 10.61 0.21 3.54 (3,8) 16.6 4.06 Reject Significant 

Heathcote 
and 

Jankulovski 
(L1,T4,L3,L4) 

6.32 1.11 4.62 0.14 1.54 (3,8) 11.13 4.06 Reject Significant 

ASTM C1314 
(L1,T4,L3,L4) 

8.35 1.40 24.01 0.18 8.00 (3,8) 45.61 4.06 Reject Significant 

(B1,B2) 
Batch, 
Dry 

12.56 3.87 19.64 0.65 19.64 (1,6) 30.44 5.99 Reject Significant 

(T2,C2) Curing, 
Dry 

15.11 0.75 5.89 0.19 5.89 (1,4) 31.33 7.71 Reject Significant 

(T5P,C5P) 15.60 2.03 27.28 0.51 27.28 (1,4) 53.66 7.71 Reject Significant 

(T0,T6P) 

Stabilizers, 
Dry 

12.56 25.28 <0.01 2.81 <0.01 (1,9) <0.01 5.12 Accept NOT 

(T1,T1P) 12.21 25.31 3.67 2.81 3.67 (1,9) 1.30 5.12 Accept NOT 

(T1,T4) 13.15 24.07 10.06 2.67 10.06 (1,9) 3.76 5.12 Accept NOT 

(T1,T4P) 12.81 25.27 1.81 2.81 1.81 (1,9) 0.65 5.12 Accept NOT 

(T1,T5P) 6.48 0.63 0.62 0.16 0.62 (1,4) 3.95 7.71 Accept NOT 

(T1,T1P) 

Stabilizers, 
Wet 

6.40 1.03 9.50 0.26 9.50 (1,4) 36.93 7.71 Reject Significant 

(T1,T4) 5.87 0.48 3.26 0.12 3.26 (1,4) 26.92 7.71 Reject Significant 

(T1,T4P) 7.21 1.66 25.82 0.41 25.82 (1,4) 62.23 7.71 Reject Significant 

(T1,T5P) 7.05 2.82 21.90 0.70 21.90 (1,4) 31.10 7.71 Reject Significant 

(T1, T1P) 

Plasticure, 
Dry 

12.56 25.28 <0.01 2.81 <0.01 (1,9) <0.01 5.12 Accept NOT 

(T2,T2P) 15.48 0.41 2.31 0.10 2.31 (1,4) 22.68 7.71 Reject Significant 

(T3,T3P) 18.20 5.17 1.40 1.29 1.40 (1,4) 1.09 7.71 Accept NOT 

(T4,T4P) 12.75 2.37 23.11 0.59 23.11 (1,4) 38.98 7.71 Reject Significant 

(T1, T1P) 

Plasticure, 
Wet 

6.40 1.03 9.50 0.26 9.50 (1,4) 36.93 7.71 Reject Significant 

(T2,T2P) 9.81 3.25 14.43 0.81 14.43 (1,4) 17.77 7.71 Reject Significant 

(T3,T3P) 13.23 2.30 32.22 0.58 32.22 (1,4) 55.99 7.71 Reject Significant 

(T4,T4P) 7.95 2.12 10.73 0.53 10.73 (1,4) 20.28 7.71 Reject Significant 

(T2,S2P) Saturation, 
Wet 

8.62 0.93 0.97 0.31 0.97 (1,3) 3.11 10.13 Accept NOT 

(T3,S3P) 11.01 1.08 0.07 0.36 0.07 (1,3) 0.18 10.13 Accept NOT 
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Figure 2-1: Testing: (a) dry conditioning, (b) wet conditioning, and (c) test setup 
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Figure 2-2: Failure mechanisms: (a) one layer, (b) two layers, (c) three layers, and (d) four layers 

 

 

  



30 

 
 

 

Figure 2-3: Impact of saturation: (a) exterior of specimen without plasticure, (b) exterior of specimen 

with plasticure, (c) interior of specimen without plasticure, and (d) interior of specimen with 

plasticure 
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Figure 2-4: Impact of aspect ratio: (a) theoretical correction factors, and (b) corrected compressive 

strength of Type 4 CEBs 
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Figure 2-5: Impact of curing 
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Figure 2-6: Strength variation of cement stabilized specimens 
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Figure 2-7: Strength of CEBs with additives: (a) non-cement stabilized, and (b) cement stabilized 
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Figure 2-8: Impact of plasticure on cement stabilized specimens: (a) strength, and (b) strength 

retention 

 



36 

 
 

 

Figure 2-9: Strength and mass change with extended submersion in water, where maximum mass 

gain is represented by blocks without plasticure 
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Chapter 3: Freeze-thaw Performance of On-Site Manufactured 

Compressed Earth Blocks: Effect of Water Repellent and Other 

Additives2 

3.1 Introduction 

Earth is an ancient building material that has existed for thousands of years, and continues to house 

at least a third of the world’s population (Houben and Guillard 1994; Morton 2008). One form of 

earthen construction is compressed earth blocks (CEB), which has garnered significant attention 

over the past decades as a cheap and locally available building material. It exhibits high thermal 

capacity, low environmental impact and ease of construction. 

Compressed earth blocks have demonstrated significantly higher compressive strengthsthan 

required for typical low-rise construction (Walker 2004; Tattersall 2013; Chapter 2), while also 

demonstrating satisfactory environmental resistance for moderate climates (Guettala et al. 2006; 

Obonyo et al. 2010; Walker 2004).  

CEB growth has led to its adoption and acceptance in many locations and by many 

organizations, such as: Australia (Walker and SAI 2006), New Mexico (NMCPR 2009), CRATerre 

(Boubekeur and Houben 1998), and the International Building Code (ICC 2006). This is echoed by 

the growing demand for infrastructure manufactured using earthen blocks ; for example: the United 

Nations Industrial Development Organization (UNIDO)/Centre for Industrial Development 

(CID)/Wallone region/CRATerre-EAG commissioned a pavilion in Saudi Arabia and a school in 

                                                           
 

2 Submitted manuscript: Mak, K., MacDougall, C., and Fam, A. “Freeze-thaw Performance of On-Site Manufactured 
Compressed Earth Blocks: Effect of Water Repellent and Other Additives.” Journal of Materials in Civil Engineering, 
submitted 
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the Democratic Republic of Congo (Zaire) (Guillard et al. 1985); the construction of a seminar hall 

complex for the Indian Institute of Science; and the development of a multi-storey residential 

building in India that was able to successfully exceed the 2-storey limitations which CEB buildings 

typically face (Venkatara Reddy, B.V. 2012).  

Although earthen construction has primarily been used in warm climates, its environmental 

and economic benefits have garnered interest for cold climate construction, where conventional 

materials may be limited. However, only limited research on the long-term durability of CEBs in 

cold climates has been completed. The ability to withstand freeze-thaw is essential in cold climates, 

as water ingress via humidity and capillary action can result in high pore pressures, cracking and 

spalling. What research has been completed was conducted with great variation among methods 

used to determine freeze-thaw durability: Guettala et al. (2006) showed that cement-stabilized CEBs 

with combinations of lime and resin have less than a 2.35% weight loss after twelve 48-hour cycles 

with less severe results observed after 4 years of outside exposure in Biskra; Oti (2009) showed that 

CEBs with cement, lime and ground granulated blast furnace slag lost at most 1.9% of their weight 

after one hundred 24-hour freeze-thaw cycles; and Tattersall showed an insignificant degree of 

damage to CEBs exposed outdoors for up to 2 years with a maximum of 47 cycles in Cobourg, 

Ontario, Canada (2013).  

This paper investigates the freeze-thaw performance of on-site manufactured CEBs in dry 

and wet conditions. The study consists of a verification of the test protocol and compressive testing 

of compressed earth blocks stabilized using cement, lime, metakaolin and Plasticure. 
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3.1.1 Freeze-thaw Conditioning Background 

Long-term durability of materials is of the utmost importance for construction; however, 

there have been conflicting opinions over the appropriate method to determine masonry resistance 

to freeze-thaw.  

Many different approaches have been suggested for masonry: ASTM C 67 (2014), CSA A82-

0 (2006) and DDCEN/TS 772-22 (2006). Additional standards have been proposed for compacted 

soil-cement mixtures, such as those of cement-stabilized compressed earth blocks. However, 

applicability to real-life situations has been brought into question. Butterworth and Baldwin (1964) 

concluded that specimens passing ASTM and CSA standards did not necessarily prove their 

durability to freeze-thaw cycling in real life. 

CSA and ASTM have also been criticized as being too harsh; CSA and ASTM require the 

boiling of blocks to increase water penetration into the block, generating a saturation level that is 

unlikely to occur. Straube critiqued freeze-thaw standards as an over simplification of reality. For 

example, omni-directional freezing occurs in test standards, whereas unidirectional freezing 

occurring in buildings (2010). Omni-directional freezing creates a more severe situation as moisture 

cannot escape during the test. 

The concept of critical saturation level was proposed by Fagerlund (1977a, 1977b). Below a 

critical saturation level, freeze-thaw cycling would not damage masonry as water would be able to 

fully expand within pores. This concept was supported by Straube’s work on frost dilatometry 

(2010), whereby a critical saturation point was determined after which damage would be induced by 

freeze-thaw cycling.  
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Frost dilatometry can be an appropriate tool for the modeling of conventional masonry 

systems with insulation; however, this is less applicable for soil-based systems. Soil-based systems 

are less frequently modeled and have a higher variability in water absorption. Compressed earth 

blocks are known to breathe: they absorb and release moisture to moderate the internal building 

climate. This creates a beneficial living environment; however, it causes complications for designing 

based on a saturation level. 

ASTM D560 (1996) was created to determine freeze-thaw durability of soil-cement based 

materials and represents a more practical exposure scenario observed by CEBs in practice. 

Specimens are subject to a high-moisture environment and water absorption via capillary action, 

methods more likely to be observed in practice.  

Durability research on soil-cement based materials is limited, and as a result, ASTM D560 

(1996) was not updated and has been revoked; however, it represents the most realistic freeze-thaw 

scenario for compressed earth where moisture absorption is governed by capillary action and relative 

humidity, as opposed to full submersion as outlined in previously mentioned standards. A modified 

version of ASTM D560 (1996) has been used in this study to determine the freeze-thaw durability of 

compressed earth blocks. 

3.2 Experimental Program 

An experimental investigation was performed on on-site manufactured CEBs. This section 

details the test specimens and parameters; materials; fabrication and test specimens; test conditions; 

and test setup and instrumentation. 



41 

 
 

3.2.1 Test Specimens and Parameters 

Ten different compressed earth block types were tested in this study. Individual block type 

properties are outlined in Table 3-1. 

The impact of the test protocol and additives were tested. Three repetitions were done for 

each prism stack, unless otherwise stated. 

3.2.2 Materials 

Compressed earth blocks were manufactured using the following materials:  

Soil: Site soil from Coburg, Ontario, Canada was used for the compressed earth blocks. Tests by a 

commercial testing lab (Hamilton 2005), including x-ray diffraction and x-ray fluorescence analysis, 

indicated that the soil contained 23.3% clay by mass, which was mostly composed of calcium 

carbonate. 

Cement: Type I Portland (ASTM C150 2012), a commonly used stabilizer for CEBs, was used in 

this investigation. 

Lime: Type SA hydrated dolomite lime (ASTM C207 2011), another commonly used stabilizer for 

CEBs, was used in this investigation (Graymont Dolime (OH) Inc.). 

Metakaolin: Metakaolin is a highly reactive aluminosilicate pozzolan, which is a byproduct of a 

commercial expanded glass granule, for cement- and lime-based binders. It is purported to improve 

strength and durability, as well as reduce permeability and shrinkage (Poraver North America Inc. 

2014). 
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Plasticure: Plasticure is a water-repellent admixture designed for pressed stabilized earth products – 

specifically those containing cement without aeration. It is purported to reduce water absorption and 

efflorescence (Tech-Dry 2012). 

3.2.3 Fabrication and Test Specimens 

Blocks of nominal dimensions of 180mm x 360mm x 90mm were manufactured on-site by 

an experienced builder in Cobourg, Ontario, Canada. Site soil was used as the primary ingredient 

with additives as outlined in Table 3-1. 

A mechanical mixer was used to combine soil and additives. Water was then added until the 

desired consistency was reached. All blocks were compressed with an average compressive pressure 

of 10.7 MPa using an AECT 3500 Compressed Earth Block Machine. Density of all blocks were 

relatively consistent as shown in Table 3-1. Blocks were cross-stacked in single stacks on wood 

pallets immediately after production. All blocks were then left outside uncovered to cure for a 

minimum of 30 days prior to transportation to the lab. 

3.2.4 Freeze-thaw Conditioning 

Compressed earth blocks were conditioned in an environmental chamber for freeze-thaw in 

accordance with ASTM D560 (1996). Figure 3-1 shows the freeze-thaw conditioning setup. 

Thermocouples were used to measure room temperature and internal block temperature. 

Thermocouples were embedded into two blocks and resealed to measure internal block temperature 

during testing. The thermocouples were embedded at about half the thickness (50mm) from the side 

of the CEBs towards the core. At this embedment location, the measured temperatures were the 

same as the core temperatures. Blocks were resealed with insulation and silicone to limit thermal 
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conduction and eliminate water ingress. A Vaisala HMP45A humidity sensor was used to measure 

relative humidity. 

Blocks were placed on 3mm thick felt pads that covered the base of each block inside a 

plastic-lined wooden container. A constant supply of water was provided to the felt pads; however, 

the water level did not exceed the height of the felt pads. This ensured that water absorption was via 

capillary action. Containers were stacked using 19mm thick 150x50mm pieces of wood to allow for 

airflow. A fan was used to increase airflow and eliminate temperature differentials, and moved 

around accordingly. A humidifier was placed on the top layer of the blocks to increase relative 

humidity during the thaw cycles. 

Prior to freeze-thaw cycling, blocks were pre-conditioned at 23°C for seven days using the 

abovementioned setup. A humidifier was placed on the top layer of blocks to increase relative 

humidity in the air during pre-conditioning. Mass was recorded prior to and post pre-conditioning. 

CEBs were exposed to up to twelve 48-hour freeze-thaw cycles, consisting of a 23 hour thaw 

period, 24 hour freeze period and 1 hour of transition. Fig. 3-2(a) shows the ASTM freeze-thaw 

requirements, recorded room temperatures and internal temperatures of the blocks when the blocks 

were not stacked. Fig. 3-2(b) shows a sample freeze-thaw cycle, including an internal thermocouple 

at the top, an internal thermocouple at the bottom, a thermocouple near the top of the blocks, a 

thermocouple on the bottom layer of blocks, and the humidity observed during the experiment, 

taking into account stacking. Freeze-thaw exposure is outlined in Table 3-2. Mass and dimensional 

measurements were recorded upon removal of the specimen and prior to testing. ASTM D560 

(1996) requires flipping of the blocks at the beginning of each freeze cycle to maximize deterioration 

of the blocks. Due to the test setup, it was impractical to flip and restack all blocks in between 

cycles. To assess the effect of not flipping blocks, three test setups were investigated: 
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Not flipped: specimens were stacked as previously described, and were not moved until they had 

completed the specified number of freeze-thaw cycles. 

Flipped: specimens were stacked as previously described. They were flipped at the beginning of 

each freeze-thaw cycle to expose the saturated face to air while exposing the opposite side of the 

block to water via capillary action. 

Air: specimens were placed in the environmental chamber, and exposed to the same environmental 

conditioning; however, no felt pad with readily available water was provided thereby eliminating 

water absorption via capillary action. Water absorption of the CEBs was limited to moisture in the 

air. 

3.2.5 Test Conditions 

CEBs were tested under two different conditions: dry and wet. 

Dry: Specimens were dried in ambient conditions. Blocks were column-stacked on a palette with 

two 19mm thick 150x50 mm pieces of wood in between layers. This allowed for airflow between 

specimens. Specimens were dried in the lab using this configuration for a minimum of 30 days. The 

chosen duration allowed the water content of fully saturated specimens to reach equilibrium in 

ambient conditions. Fig. 3-3(a) shows dry conditioning. 

Wet: Specimens were fully submerged in a tank of water for 24 hours immediately before testing. 

There was a minimum spacing of 25mm between the specimen, and a minimum water level of 

25mm above the highest specimen. The chosen duration allowed CEBs to reach equilibrium 

saturation in water. Fig. 3-3(b) shows wet conditioning. 



45 

 
 

3.2.6 Test setup and Instrumentation 

Deterioration is often measured by mass loss. However, the methods described in the 

literature for removing loose material are somewhat subjective and highly variable. Shihata and 

Baghdadi (2001a, 2001b) showed a strong correlation between mass loss and strength for durability-

related studies. For this study, compressive strength was used to determine the impact of freeze-

thaw cycles. 

Compressive testing of CEBs typically follows the same standards as concrete and fired 

claybrick masonry. In this study, CEB prisms of two blocks were tested under uniaxial compression 

in accordance with ASTM C140 (2012) and ASTM C1314 (2012) using a Forney testing machine 

with a capacity of 2,224kN as shown in Fig. 3-3(c). 

The surface of CEBs have very little variation and do not have large gaps, unlike concrete 

masonry. As such, prisms were primarily tested as dry stacked blocks. Prisms were loaded between 

0.05MPa/s and 0.20MPa/s using spherically-seated steel platens, such that failure would be induced 

within 1-2 minutes from 50% ultimate load. Sheets of 3mm thick plywood were used to “cap” the 

specimens. Maximum load and original cross-sectional area were used to determine the strength of 

each block prism.  

3.3 Experimental Results and Discussion 

This section presents the results of the experimental program. This includes the influence of 

the test procedure; water absorption; general behavior and failure mechanisms; impact of additives; 

impact of Plasticure; and an analysis of variance. 
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3.3.1 Influence of Test Procedure 

Blocks were exposed to twelve freeze-thaw cycles under the three tests set-ups previously 

described: “Not Flipped”; “Flipped”; and “Air”. Type 1 and Type 6P were chosen to compare the 

behavior of blocks that do not contain Plasticure and those that do contain Plasticure, respectively. 

Fig. 3-4 compares the compressive strengths of CEBs subjected to the different freeze-thaw setups, 

along with control specimens that were tested without any freeze-thaw exposure. The strength 

values are provided in Table 3-2. The “strength retention” in Fig. 3-4 is the ratio of the compressive 

strength of the CEBs subjected to freeze-thaw exposure and equivalent CEBs without freeze-thaw 

exposure. For Type 1 CEBs (no Plasticure), there was little difference in the strengths of flipped and 

non-flipped specimens. However, Type 6P CEBs (specimens contained Plasticure) specimens that 

were flipped showed significantly better strength retention after freeze-thaw cycling. It was observed 

that (Fig. 3-5a) many of the T6P (non-flipped) specimens were heavily damaged with the bottom 

actually disconnecting from the rest of the block. On the other hand, specimens FP6 (which were 

flipped) exhibited only minor deterioration on the exterior facing (Fig. 3-5b).One of the 

observations for CEBs treated with Plasticure, and which will be discussed in greater detail later in 

the paper, is that water penetration generally only occurred to a depth of approximately 10 mm. The 

side sitting on the wet felt would quickly saturate. The freezing would then cause cracking and 

delamination of this saturated zone. Flipping the specimen may allow for the saturated side of the 

specimen to dry, thereby maintaining a lower water content level and reducing freeze-thaw effects.  

Type 1 specimens were also exposed to freeze-thaw cycling under air conditions. As shown 

in Fig. 3-4, there is a minor difference between unconditioned specimens and specimens exposed to 

freeze-thaw cycling under air conditions: an unconditioned T1 specimen yielded a strength of 

12.56±1.83 MPa, whereas A1 yielded a strength of 11.81±1.61 MPa. Limited damage was observed 
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when Type 1 CEBs were exposed to limited amounts of water, supporting the idea of a critical 

saturation point (Fagerlund 1977a, 1977b). 

3.3.2 Water Absorption 

 Freeze-thaw damage will only occur if the moisture level of the specimen exceeds that of 

the critical saturation level (Fagerlund 1977a, 1977b). Moisture content was tracked to determine the 

water content of specimens prior to initial freezing (Table 3-3). 

This was done two ways. Wet conditioning involved the full submersion of CEBs for 24 

hours. Freeze-thaw pre-conditioning involved placing the CEBs on a wet felt pad for 7 days. Fig. 3-6 

shows the mass of water absorbed as a percentage, also known as water content for wet 

conditioning and pre-conditioning for freeze-thaw.  

The use of Plasticure reduces water ingress and significantly limits its capillary action. All 

CEB types that contained Plasticure showed a lower water absorption, with reductions in the range 

of 57.2% to 81.1% for wet conditioned specimens and 58.7% to 82.9% for pre-conditioned 

specimens. 

The use of lime increased overall water absorption in all specimens during wet conditioning: 

Type 1 had a saturated water gain of 7.14±0.53%, whereas Type 4 had a saturated water gain of 

7.94±0.33%; Type 1P had a saturated water gain of 2.83±0.34%, whereas Type 4P had a saturated 

water gain of 3.40±0.85%. This trend was also observed during pre-conditioning as well.  

The addition of metakaolin reduced water absorption. Type 5P blocks, which contained 

cement, lime and metakaolin, showed a reduction of water absorption levels to 2.17±0.28% from 

3.40±0.85% when compared to Type 4P blocks, which contained only cement and lime. This was 

echoed during pre-conditioning. However, the removal of cement increased water absorption to 
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4.58±0.33% from 2.17±0.28%, suggesting that cement had a larger role in reducing water 

absorption than metakaolin. 

3.3.3 General Behaviour and Failure Mechanisms  

Table 3-2 summarizes the test conditions, repetitions and test results. Saturated masses after 

conditioning were also noted. Three repetitions were done for all tests; however the number of 

repetitions used to calculate the averages are as shown in Table 3-2.  

Fig. 3-5 shows the deterioration of specimens after freeze-thaw exposure. Deterioration 

ranged from damage on all surfaces, with concentrated losses near the edges (Fig. 3-5(c)) to light loss 

of particles near the surface (Fig. 3-5(d)). Deterioration was observed in all specimens. Severe 

damage was observed in some specimens. Notably, the bottoms of T6P specimens detached from 

the rest of the specimen during its removal from the freeze-thaw chamber (Fig. 3-5(a)). All 

specimens were tested regardless of their degree of deterioration; however, not all specimens yielded 

results.  

Fig. 3-7 shows the failure mechanisms observed throughout the study. Conical failure was 

the most common failure mechanism observed, which was caused by the constraining force at the 

top and bottom platens. Face failure was the second most common failure, which may be due to 

inconsistent density throughout the block: the interior core was denser than the exterior facing as a 

byproduct of the manufacturing method. No major differences in failure modes was observed 

between specimens and conditioning. 

Fig. 3-8 show the dry and wet compressive strengths of all CEB types at different stages of 

freeze-thaw exposure, where dry state represents testing when dried in ambient conditions and wet 

state represents testing after full submersion or 24 hours. Fig. 3-9 shows the compressive strength 
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retention of all CEB types at different stages of freeze-thaw exposure. Non-Plasticure specimens 

demonstrated an increase in compressive strength over the course of freeze-thaw conditioning. For 

example, T1 showed an initial increase in strength of 51.25% of its control strength and a final 

decrease in strength of 50.13% of its control strength, whereas its Plasticure-containing counterpart, 

T1P showed a final decrease in strength of 12.78%. On-site manufactured CEBs were shown to 

have variable degrees of curing (Chapter 2). As non-Plasticure specimens absorbed significantly 

higher quantities of water, this may have led to the additional curing of cement particles or further 

damage when frozen compared to Plasticure specimens.  

Fig. 3-10 shows water strength coefficient after freeze-thaw exposure. Water strength 

coefficient, the ratio between the compressive strength of specimens tested dry and wet, is used to 

define the performance of CEBs when exposed to water and often used for CEB specifications, 

such as those of CRATerre (Houben et al. 1989). A wide spectrum of water strength coefficients 

resulting from the use of different additives were observed at control conditions. The coefficients 

ranged from 0.41 for T1 to 0.88 for T3P. The major change to water strength coefficient occurred 

within the first three cycles due to the initial freeze-thaw cycle. Thereafter, limited change occurred. 

3.3.4 Influence of Stabilizers on Freeze-thaw Durability 

Different additives were tested and compared in both dry and wet states. Fig. 3-11 and Fig. 

3-12 show strength retention of CEBs with different additives after twelve freeze-thaw cycles. 

A linear relationship between cement content and strength has been shown numerous times 

(Walker and Stace 1997; Chapter 2). However, CEBs with cement content, regardless of test 

condition or Plasticure, showed an increase in strength retention only up to 7.5% cement content 

(Fig. 3-11). Thereafter, an increase in the portion of cement content reduced strength retention. 
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Non-Plasticure CEBs showed the most drastic increase in strength retention from 5% cement 

content to 7.5% cement content at 49.9±18.0% to 119.3±2.3% when dry and 60.4±34.9% to 

101.8±7.9% when wet, compared to their Plasticure counterparts at 87.2±10.8% to 123.5±0.7% 

when dry and 80.8±16.0% to 90.3±2.7% when wet. This represented a gain in strength retention of 

239.1% when dry and 168.6% when wet for non-Plasticure CEBs and 141.6% when dry and 111.8% 

when wet for Plasticure CEBs. Improvement of strength retention was limited with the addition of 

2.5% more cement: T3 yielded a dry strength retention of 115.1±8.2% and a wet strength retention 

of 108.8±8.6%, whereas T3P yielded a dry strength retention of 115.9±7.0% and a wet dry strength 

retention of 78.7±4.8%. Non-Plasticure specimens showed a strength retention reduction of 3.6% 

when dry and an increase of 6.9% when wet, whereas Plasticure specimens showed a reduction of 

6.1% when dry and a reduction of 12.9% when wet.  

The optimum cement percentage for strength retention is 7.5% cement, and may be due to 

the more brittle behaviour of CEBs when cement content increases; however, CEBs containing 10% 

cement yielded higher strengths regardless of their lower percent strength retention (Fig. 3-11). For 

example, T3 has a wet strength of 11.88±1.02 MPa, whereas T2 has a wet strength of 8.40±0.67 

MPa.  

Combinations of lime, metakaolin and Plasticure were used in conjunction with 5% cement 

content. The impact on freeze-thaw durability is shown in Fig. 3-12. All additional additives showed 

significant improvement to freeze-thaw exposure: when dry, CEB Type 4 had a strength retention of 

122.5±3.2%, whereas CEB Type 1 had a strength retention of 49.9±18.0%; CEB Type 4P had a 

strength retention of 110.1±12.0% and CEB Type 5P had a strength retention of 113.0±7.5%, 

whereas CEB Type T1P has a strength retention of 87.2±10.8%. The additional additives resulted in 

an increase in dry strength retention of the CEBs of 74.4% to 145.5%. When wet, CEB Type 4 had 
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a strength retention of 88.6±20.0%, whereas CEB Type 1 has a strength retention of 60.4±34.9%; 

CEB Type 4P had a strength retention of 89.1±6.0% and CEB Type 5P had a strength retention of 

95.3±17.0%, whereas CEB Type 1P had a strength retention of 80.8±16.0%. The addition of 

additives resulted in an increase in wet strength retention of CEBs of 33.8% to 57.8%. The 

difference observed between other additives compared to a pure cement-stabilized block was 

reduced with the addition of Plasticure. 

3.3.5 Influence of Plasticure on Freeze-thaw Durability 

Identical CEBs were manufactured with and without Plasticure. Fig. 3-13 shows strength 

retention with corresponding water absorption after twelve freeze-thaw cycles for CEBs with and 

without Plasticure. 

The addition of Plasticure reduces water absorption, thus theoretically reducing the impact 

of water expansion during freeze-thaw exposure. Type 1 CEBs demonstrated this concept with an 

improvement in final compressive strength from 49.9±18.0% to 87.2±10.8% when dry, and 

60.4±34.9% to 80.8±16.0% when wet. The addition of cement reduced the gap between CEBs with 

and without Plasticure: T2 specimens yielded a dry strength of 119.3±2.3% and a wet strength of 

101.8±7.9%, whereas T2P specimens yielded a dry strength of 123.5±0.7% and a wet strength of 

90.3±2.7%. The transition to 10% cement yielded a similar or stronger CEB with dry strengths at 

115.1±8.2% and 115.9±7.0% of their control strength, and wet strengths of 108.8±8.6% and 

78.7±4.8% of their control strength. Type 3 CEBs absorbed the highest amount of water for pure 

cement-stabilized blocks at 7.83±0.37%, whereas Type 3P absorbed the lowest amount of water 

1.34±0.26%. Additional curing may have occurred in cement-stabilized blocks, resulting in better 

performance compared to specimens containing Plasticure. 
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The addition of lime showed similar results to the addition of 2.5% more cement, where it 

limited the damage caused by freeze-thaw cycling: CEB T4 and T4P showed similar strength 

retention when dry at 122.5±3.2% and 110.1±12.0%, and when wet at 88.6±20.0% and 89.1±6.0%, 

respectively. 

3.3.6 Statistical Significance of Additives using Analysis of Variance 

A one-way analysis of variance (ANOVA) was used to assess the degree of variation and its 

significance between multiple CEB groups. The null hypothesis was that the results from different 

groups were from the same statistical population.   

Table 3-4 summarizes the ANOVA analysis. In the table, X is the overall mean of all 

specimens of all groups; SSW is the sum of the squares of the differences of the means within the 

group; SSB is the sum of the squares of the differences of the means between groups; MSW is the 

mean of the sum of the squares within the group; MSB is the mean of the sum of the squares 

between groups; DF is the degrees of freedom; F is the f ratio and Fcritical is the critical value of F, 

taken at the 95% confidence level. If F is greater than Fcritical, the null hypothesis is rejected and there 

is a significant difference between groups. 

 Initial test parameters relating to the procedure were tested: flipped and air test conditions. 

Firstly, specimens were not flipped in between freeze-thaw cycles contrary to ASTM D560 (1996). It 

was determined that this was not significant for specimens that did not contain Plasticure, and may 

be attributed to the high degree of water ingress and absorptivity of non-Plasticure CEBs. However, 

this was not the case with CEBs containing Plasticure: a significant difference was noted between 

not flipped and flipped CEBs. Not flipped CEBs showed higher degrees of deterioration than 

flipped CEBs, thereby suggesting that this test protocol which involves no flipping is a conservative 
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response to freeze-thaw exposure. Lastly, specimens that did not contain Plasticure were exposed to 

air conditions to view damage without capillary action. It was determined that deterioration in air 

conditions was significantly different to not flipped conditions. Furthermore, deterioration in air 

conditions showed no significant difference to control specimens. Thus, freeze-thaw deterioration 

primarily occurred when readily available water was absorbed via capillary action. 

The addition of stabilizers was tested for significance when exposed to freeze-thaw 

conditions. Firstly, strength retention was tested for different cement contents: it was determined 

above that increasing cement content from 5% to 7.5% resulted in a change in strength retention; 

however, through ANOVA, increasing cement content from 7.5% to 10% showed this difference in 

dry strength retention is not statistically significant for non-Plasticure and Plasticure CEBs, and wet 

strength retention for non-Plasticure specimens. Specimens containing Plasticure showed a 

statistically significant difference when wet.  

Secondly, the addition of lime, metakaolin and Plasticure were tested in combination with 

5% cement content to determine the impact on strength retention. It was determined that there was 

a statistically significant difference between strength retentions for all specimens when dry. When 

wet, no statically significant difference was found between these additives. Thirdly, CEBs containing 

Plasticure were tested and compared with identical CEBs without Plasticure for freeze-thaw 

resistance. No statistically significant difference in strength retention was observed during dry tests 

except for Type 1 CEBs, where T1 performed worse than T1P. No statistically significant difference 

in strength retention was observed during wet tests except for Type 3 CEBs. The difference 

observed for Type 3 CEBs may have been due to the higher resilience to water. Lastly, overall 

deterioration of CEBs was tested. Statistically significant change was observed in all dry-tested CEB 

strengths that did not contain Plasticure, except for Type 3 CEB which contained the highest 
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cement content at 10%. Specimens containing Plasticure showed no statically significant difference 

in dry stregth, except for T6P and 2P. Type 6P specimens contain no cement and are more prone to 

deterioration, whereas 2P showed an increase in strength, which may be the result of further curing. 

Less change was observed for wet tested specimens: statistically significant differences in strength 

were observed for T1, T3P and T6P. Once again, T1 and T6P were among the weakest of CEBs and 

showed the highest degree of deterioration due to their low cement content. T3P showed a 

statistically significant difference in strength reduction only when wet, which may be a result of its 

decreased water strength coefficient of 0.60 and in effect, its higher susceptibility to water. 

3.4 Summary 

Compressed earth blocks, a form of earthen construction, is a growing field of natural building. It is 

a low cost, locally available material that provides high thermal capacity with low environmental 

impact. Earthen blocks have been primarily used in warmer climates; however, there is increasing 

interest in using the blocks in cold climates. Limited research has been done on long-term durability 

in cold climates. In this study, combinations of cement and lime stabilizers were tested with 

metakaolin and Plasticure, a water repellant, to determine freeze-thaw durability. Blocks were 

exposed to up to twelve forty-eight hour freeze-thaw cycles. Prisms were tested in compression to 

failure in both the wet and dry condition as a measure of deterioration. Freeze-thaw damage 

occurred when water was readily available via capillary action. Blocks with 7.5% cement content 

provided optimum strength retention; however, 10% cement provided higher strengths. The 

addition of lime, metakaolin and Plasticure to a 5% cement-stabilized block increased dry strength 

retention by 75% to 146%, but there was no significant difference when wet. Plasticure reduced 

variability in strength reduction from as high as 91% to 24%, and increased strength retention by up 
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to 75%. Reductions in both strength and water strength coefficients were observed in different 

combinations. 
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Table 3-1: CEB types and properties 

CEB 
Type 

Additives Dimensions (mm) Water Content (%) 

Density 
(kg/m3) 

Cement 
(% by 
mass) 

Lime 
(% by 
mass) 

Metakaolin 
(% by 
mass) 

Plasticure 
(L/m3) 

Length Width Height 

Wet 
Pre-

conditioning 

Avg. 
Std. 
Dev. 

Avg. 
Std. 
Dev. 

1 5    355 180 93.83 7.14% 0.53% 6.68% 0.57% 2033.4 

1P 5   0.654 355 180 88.95 2.83% 0.34% 2.76% 1.46% 2004.11 

2 7.5    355 180 93.24 6.29% 0.57% 5.98% 0.70% 2062.29 

2P 7.5   0.654 355 180 90.25 1.97% 0.23% 1.92% 0.25% 2016.41 

3 10    355 180 93.76 7.45% 0.40% 7.83% 0.37% 2050.02 

3P 10   0.654 355 180 89.92 1.41% 0.19% 1.34% 0.26% 2031.24 

4 5 2.5   355 180 93.81 7.94% 0.33% 8.18% 0.36% 2010.54 

4P 5 2.5  0.654 355 180 90.08 3.40% 0.85% 2.97% 0.46% 1964.75 

5P 5 2.5 2.5 0.654 355 180 90.6 2.17% 0.28% 1.52% 0.29% 1919.35 

6P  5 5 0.654 355 180 90.02 4.58% 0.33% 3.38% 0.34% 2017.67 
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Table 3-2: Freeze-thaw results 

Prism 
code 

Block 
type 

No. 
of 

Rep. 

Freeze-
thaw 
cycles 

Freeze-
thaw 
setup 

Saturated Mass 
Retention (%) 

Dry Compressive Strength 
(MPa) 

Wet Compressive Strength 
(MPa) Water 

strength 
coefficient Avg. 

Std. 
Dev. 

Avg. 
Std. 
Dev. 

Retention 
(%) 

Avg. 
Std. 
Dev. 

Retention 
(%) 

T1 1 

8,3 0 

Not 
flipped 

- - 12.56 1.83 - 5.14 0.08 - 0.41 

3 3 100.01% 0.33% 14.60 0.65 116.24% 7.77 0.28 151.25% 0.53 

3 6 99.55% 1.09% 13.43 0.98 106.89% 7.17 0.46 139.48% 0.53 

3 9 96.06% 2.68% 10.59 1.88 84.30% 4.50 1.11 87.59% 0.42 

3 12 91.27% 2.73% 6.26 1.13 49.87% 3.10 1.08 60.39% 0.50 

T1P 1P 

3 0 - - 12.56 0.94 - 7.65 0.71 - 0.61 

3 3 100.23% 0.35% 11.29 1.44 89.88% 6.68 0.79 87.30% 0.59 

3 6 100.26% 0.44% 11.33 1.32 90.24% 7.13 0.60 93.22% 0.63 

3 9 100.34% 0.24% 11.55 1.02 91.97% 6.54 0.74 85.40% 0.57 

3 12 100.56% 0.44% 10.95 1.18 87.22% 6.19 0.99 80.83% 0.57 

T2 2 

3 0 - - 16.10 0.31 - 8.26 0.68 - 0.51 

3 3 100.40% 0.26% 18.18 0.82 112.94% 9.52 0.50 115.35% 0.52 

3 6 100.67% 0.28% 18.56 1.43 115.29% 9.98 0.40 120.84% 0.54 

3 9 100.62% 0.46% 20.62 0.81 128.09% 10.81 0.64 130.97% 0.52 

3 12 99.49% 0.98% 19.21 0.45 119.33% 8.40 0.67 101.78% 0.44 

T2P 2P 

3 0 - - 14.86 0.33 - 11.36 1.08 - 0.76 

3 3 100.59% 0.14% 16.45 0.56 110.67% 11.01 0.46 96.96% 0.67 

3 6 100.85% 0.12% 15.37 1.60 103.42% 10.08 0.85 88.74% 0.66 

3 9 100.99% 0.17% 16.45 1.36 110.68% 9.64 0.91 84.84% 0.59 

3 12 101.34% 0.22% 18.35 0.12 123.46% 10.26 0.28 90.33% 0.56 

T3 3 

3 0 - - 18.68 0.80 - 10.92 0.43 - 0.58 

3 3 100.24% 0.20% 22.26 1.14 119.18% 13.04 0.20 119.42% 0.59 

3 6 100.31% 0.18% 23.49 0.85 125.76% 11.65 0.97 106.70% 0.50 

3 9 98.72% 2.03% 20.96 1.65 112.20% 10.59 0.35 97.06% 0.51 

3 12 100.13% 0.39% 21.50 1.75 115.07% 11.88 1.02 108.83% 0.55 

T3P 3P 

3 0 - - 17.71 1.40 - 15.55 0.98 - 0.88 

3 3 100.63% 0.14% 19.77 1.10 111.63% 13.57 0.90 87.25% 0.69 

3 6 101.02% 0.17% 18.55 1.00 104.75% 12.23 0.71 78.62% 0.66 

3 9 101.14% 0.19% 19.27 1.27 108.78% 12.50 0.71 80.40% 0.65 

3 12 101.37% 0.18% 20.53 1.43 115.87% 12.23 0.59 78.68% 0.60 

T4 4 

3 0 - - 11.26 0.95 - 6.61 0.49 - 0.56 

3 3 100.13% 0.43% 14.13 0.67 125.48% 6.97 0.52 105.40% 0.49 

3 6 99.95% 0.37% 14.08 1.22 125.08% 6.81 0.31 103.00% 0.48 
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3 9 100.42% 1.76% 14.32 0.58 127.22% 6.35 0.46 96.12% 0.44 

3 12 98.28% 1.04% 14.38 0.46 127.75% 5.86 1.17 88.60% 0.41 

T4P 4P 

3 0 - - 14.71 0.53 - 9.29 0.91 - 0.63 

3 3 100.22% 0.67% 14.29 2.59 97.12% 8.25 1.26 88.82% 0.58 

3 6 100.93% 1.62% 16.69 1.12 113.50% 8.98 0.44 96.67% 0.54 

3 9 100.82% 0.25% 14.39 0.84 97.86% 8.43 0.54 90.83% 0.59 

3 12 100.92% 0.59% 16.19 1.95 110.05% 8.27 0.49 89.08% 0.51 

T5P 5P 
3 0 - - 13.47 0.94 - 8.96 1.18 - 0.67 

3 12 100.21% 0.37% 15.23 1.80 113.04% 8.53 1.45 95.26% 0.56 

T6P 6P 
3 0 - - 6.80 0.51 - 4.15 0.16 - 0.61 

1,2 12 86.01% 3.26% 3.17 - - 1.54 0.29 37.26% 0.49 

F1 1 3 12 
Flipped 

- - 6.42 0.67 51.07% - - - - 

F6P 6P 3 12 - - 5.02 1.14 73.85% - - - - 

A1 1 3 12 Air - - 11.81 1.61 94.05% - - - - 
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Table 3-3: Water Content from pre-conditioning and testing 

CEB 
Type 

Water Content (%) 

Wet Pre-conditioning 

Average 
Std. 
Dev. 

Average 
Std. 
Dev. 

1 7.14% 0.53% 6.68% 0.57% 

1P 2.83% 0.34% 2.76% 1.46% 

2 6.29% 0.57% 5.98% 0.70% 

2P 1.97% 0.23% 1.92% 0.25% 

3 7.45% 0.40% 7.83% 0.37% 

3P 1.41% 0.19% 1.34% 0.26% 

4 7.94% 0.33% 8.18% 0.36% 

4P 3.40% 0.85% 2.97% 0.46% 

5P 2.17% 0.28% 1.52% 0.29% 

6P 4.58% 0.33% 3.38% 0.34% 
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Table 3-4: ANOVA Summary 

Sample 
groups 

Parameter X SSW SSB MSW MSB DF F 
Fcritical 
(F0.05) 

Result Conclusion 

(T1-12, 
F1-12) 

Flip, Dry 

6.34 3.44 0.03 0.86 0.03 (1,4) 0.04 7.71 Accept NOT 

(T6P-12, 
F6P-12) 

3.63 2.68 14.53 0.89 14.53 (1,3) 16.29 10.13 Reject Significant 

(T1-12, 
A1-12) 

Air, Dry 

9.04 7.74 46.18 1.94 46.18 (1,4) 23.86 7.71 Reject Significant 

(T1-C, 
A1-12) 

12.36 28.7 1.22 3.19 1.22 (1,9) 0.38 5.12 Accept NOT 

(T2-12, 
T3-12) 

Cement 
content, 
Strength 

Retention, 
Dry 

1.17 0.02 <0.01 <0.01 <0.01 (1,4) 0.57 7.71 Accept NOT 

(T2P-12, 
T3P-12) 

1.05 0.03 <0.01 <0.01 <0.01 (1,4) 0.97 7.71 Accept NOT 

(T2-12, 
T3-12) 

Cement 
content, 
Strength 

Retention, 
Wet 

1.2 0.01 <0.01 <0.01 <0.01 (1,4) 2.61 7.71 Accept NOT 

(T2P-12, 
T3P-12) 

0.85 <0.01 0.02 <0.01 0.02 (1,4) 20.21 7.71 Reject Significant 

(T1-12, 
T4-12, 

T1P-12, 
T4P-12, 
T5P-12) 

Stabilizers, 
Strength 

Retention, 
Dry 

0.98 0.11 1.11 0.01 0.28 (4,10) 25.6 3.48 Reject Significant 

(T4-12, 
T4P-12, 
T5P-12) 

1.17 0.07 0.05 0.01 0.03 (2,6) 2.18 5.14 Accept NOT 

(T1-12, 
T4-12, 

T1P-12, 
T4P-12, 
T5P-12) 

Stabilizers, 
Strength 

Retention, 
Wet 

0.83 0.24 0.22 0.02 0.06 (4,10) 2.27 3.48 Accept NOT 

(T1-12, 
T1P-12) 

Plasticure, 
Strength 

Retention, 
Dry 

0.69 0.03 0.21 <0.01 0.21 (1,4) 24.61 7.71 Reject Significant 

(T2-12, 
T2P-12) 

1.21 <0.01 <0.01 <0.01 <0.01 (1,4) 6.07 7.71 Accept NOT 

(T3-12, 
T3P-12) 

1.15 0.03 <0.01 <0.01 <0.01 (1,4) 0.01 7.71 Accept NOT 

(T4-12, 
T4P-12) 

1.19 0.04 0.05 <0.01 0.05 (1,4) 4.89 7.71 Accept NOT 

(T1-12, 
T1P-12) 

Plasticure, 
Strength 

Retention, 
Wet 

0.71 0.12 0.06 0.03 0.06 (1,4) 2.07 7.71 Accept NOT 

(T2-12, 
T2P-12) 

0.96 0.01 0.02 <0.01 0.02 (1,4) 5.5 7.71 Accept NOT 

(T3-12, 
T3P-12) 

0.94 0.02 0.14 <0.01 0.14 (1,4) 26.75 7.71 Reject Significant 

(T4-12, 
T4P-12) 

0.89 0.07 <0.01 0.02 <0.01 (1,4) 0 7.71 Accept NOT 

(T1-C, 
T1-12) 

Freeze-
thaw 

10.84 26.07 86.49 2.90 86.49 (1,9) 29.86 5.12 Reject Significant 
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(T2-C, 
T2-12) 

damage 
after 12 
cycles, 

Strength, 
Dry 

17.66 0.59 14.53 0.15 14.53 (1,4) 97.90 7.71 Reject Significant 

(T3-C, 
T3-12) 

20.09 7.44 11.88 1.86 11.88 (1,4) 6.39 7.71 Accept NOT 

(T4-C, 
T4-12) 

12.82 2.23 14.61 0.56 14.61 (1,4) 26.24 7.71 Reject Significant 

(T1P-C , 
T1P-12) 

11.76 4.57 3.87 1.14 3.87 (1,4) 3.38 7.71 Accept NOT 

(T2P-C, 
T2P-12) 

16.60 0.25 18.24 0.06 18.24 (1,4) 296.32 7.71 Reject Significant 

(T3P-C, 
T3P-12) 

19.12 7.98 11.86 1.99 11.86 (1,4) 5.95 7.71 Accept NOT 

(T4P-C, 
T4P-12) 

15.45 8.15 3.28 2.04 3.28 (1,4) 1.61 7.71 Accept NOT 

(T5P-C, 
T5P-12) 

14.35 8.21 4.63 2.05 4.63 (1,4) 2.26 7.71 Accept NOT 

(T6P-C, 
T6P-12) 

5.89 0.51 9.93 0.26 9.93 (1,2) 38.64 18.51 Reject Significant 

(T1-C, 
T1-12) 

Freeze-
thaw 

damage 
after 12 
cycles, 

Strength, 
Wet 

4.12 2.35 6.21 0.59 6.21 (1,4) 10.57 7.71 Reject Significant 

(T2-C, 
T2-12) 

8.33 1.82 0.03 0.46 0.03 (1,4) 0.07 7.71 Accept NOT 

(T3-C, 
T3-12) 

11.40 2.45 1.39 0.61 1.39 (1,4) 2.27 7.71 Accept NOT 

(T4-C, 
T4-12) 

6.23 3.22 0.85 0.80 0.85 (1,4) 1.06 7.71 Accept NOT 

(T1P-C , 
T1P-12) 

6.92 2.98 3.23 0.74 3.23 (1,4) 4.34 7.71 Accept NOT 

(T2P-C, 
T2P-12) 

10.81 2.47 1.81 0.62 1.81 (1,4) 2.93 7.71 Accept NOT 

(T3P-C, 
T3P-12) 

13.89 2.62 16.49 0.66 16.49 (1,4) 25.15 7.71 Reject Significant 

(T4P-C, 
T4P-12) 

8.78 2.13 1.54 0.53 1.54 (1,4) 2.89 7.71 Accept NOT 

(T5P-C, 
T5P-12) 

8.75 7.02 0.27 1.76 0.27 (1,4) 0.15 7.71 Accept NOT 

(T6P-C, 
T6P-12) 

3.11 0.14 8.12 0.05 8.12 (1,3) 178.16 10.13 Reject Significant 
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Figure 3-1: Freeze-thaw setup: (a) global freeze-thaw system with sensors, (b) CEB placement and 

access to water 
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Figure 3-2: Freeze-thaw cycle: (a) temperature conditions, (b) sample of temperature (TC) and 

relative humidity (RH) during the experiment, with thermocouples embedded in blocks (E) and in 

the air (A), near the top (T) and near the bottom (B) 
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Figure 3-3: Testing: (a) dry conditioning, (b) wet conditioning, (c) test setup 
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Figure 3-4: Freeze-thaw setup verification 
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Figure 3-5: Deterioration after twelve freeze-thaw cycles: (a) CEB 6P that was not flipped; (b) CEB 

6P that was flipped; (c) typical heavily damaged CEB; (d) typical lightly damaged CEB 
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Figure 3-6: Moisture absorption of wet conditioned (S) and freeze-thaw pre-conditioned specimens 

(PC) without Plasticure and with Plasticure (P) 
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Figure 3-7: Failure modes: (a) conical failure, (b) face failure 
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Figure 3-8: Compressive strength of CEBs throughout freeze-thaw exposure: (a) dry conditioned, 

(b) wet conditioned 
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Figure 3-9: Loss of compressive strength of CEBs throughout freeze-thaw exposure: (a) dry 

conditioned, (b) wet conditioned 
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Figure 3-10: Water strength coefficient throughout freeze-thaw exposure 
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Figure 3-11: Strength retention and pre-conditioning water content of CEBs with variable cement 

content after 12 freeze-thaw cycles, with non-Plasticure (NP) and Plasticure (P) specimens in dry (D) 

and wet (W) states 
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Figure 3-12: Strength retention of 5% cement-stabilized CEBs with variable additives after 12 

freeze-thaw cycles 
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Figure 3-13: Strength retention and pre-conditioning content comparison for specimens containing 

Plasticure after 12 freeze-thaw cycles, with non-Plasticure (NP) and Plasticure (P) specimens in dry 

(D) and wet (W) states 
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Chapter 4: The Effects of Long Term Exposure of Flax Fiber 

Reinforced Polymer to Salt Solution at High Temperature on Tensile 

Properties3 

4.1 Introduction 

Conventional fiber-reinforced polymer (FRP) systems are mostly comprised of carbon and glass 

fibers in combination with an epoxy or vinyl ester resin. However, conventional resin systems and 

synthetic fibers are unsustainable. Epoxy resin is manufactured using bisphenol A/F, a carbon-based 

synthetic compound commonly manufactured using petroleum. Alternatives to pure petroleum-

based resins have been developed and researched, including partial replacement of petroleum-based 

resins with renewable resins, such as functionalized vegetable oils (Miayagawa et al. 2007; O’Donell 

et al. 2003), and full replacement with renewable resins, such as corncob- and sugarcane-based 

furfuryl alcohol (Fam et al. 2014).  

Synthetic fibers often have an associated high environmental impact. Carbon and glass fibers 

are extremely energy intensive to produce, possessing an embodied energy of 355 MJ/kg and 31.7 

MJ/kg, respectively (Cicala et al. 2010). A promising alternative is natural fibers, which exhibit a 

wide range of tensile strength and elastic moduli while maintaining a low embodied energy. For 

example, flax has a reasonable 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). Although natural fibers have been criticized as having sub-optimal structural properties, 

                                                           
 

3 Submitted manuscript: Mak, K., Fam, A., and MacDougall, C. “The Effects of Long Term Exposure of Flax Fiber 
Reinforced Polymer to Salt Solution at High Temperature on Tensile Properties.” Polymer Composites, submitted. 
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previous research has predominantly focused on randomly-oriented fiber mats (Wambua et al. 2003; 

O’Donell et al. 2003; Dash et al. 1999). Limited research has been performed on unidirectional 

natural fibers, which are more suitable for structural applications. Determining short-term and long-

term mechanical characteristics is essential to understanding the performance of these materials and 

designing for the service life. These characteristics have been extensively researched for 

conventional FRP systems, notably the durability of conventional FRP systems to simulate harsh 

environmental conditions of outdoors applications. Al-Zahrani et al. (2002) determined that the 

most efficient method to accelerate the aging process was to increase the temperature; Cromwell et 

al. (2011) determined that immersion in saltwater and alkaline solutions was the most suitable for 

evaluating the effects of environmental conditioning; and Bank et al. (2003) determined that the 

Arrhenius model can predict service life of FRP at a given temperature in an aqueous environment. 

This wealth of knowledge can be applied to determine the performance of natural unidirectional 

fibers. 

This paper investigates the short-term and long-term performances of unidrectional flax-based 

FRP. Short-term performance was compared to glass-FRP counterparts. Two manufacturing 

methods, namely vacuum bagging and wet layup were examined. Also the number of layers of flax 

fabric-reinforced epoxy resin was varied. Long-term performance was assessed through 

environmental aging by full immersion in saltwater at elevated temperatures. Performance was 

defined by tensile strength and elastic modulus. The Arrhenius model was fitted to test data and 

used to establish service life curves of this composite. 

4.2 Experimental Program 

This section details the test specimens and parameters; materials; fabrication processes; conditioning; 

and test setup and instrumentation. 
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4.2.1 Test Specimens and Parameters 

Flax FRP coupons were manufactured to the specification of 25x250mm2 in accordance with ASTM 

D 3039 (2008). Table 4-1 outlines the test matrix.  The main parameters are: fiber type (flax vs. 

glass), fabrication method (vacuum bag vs. wet layup), number of flax layers (one to five), exposure 

condition (dry vs. wet in salt solution), exposure duration (up to 365 days), and temperature during 

exposure (23oC to 55oC).      

4.2.2 Materials 

Glass fibers: A 2.55 kg/m3 unidirectional E-glass (Fig. 4-1(a)) with reported tensile strength and 

modulus of 3240 MPa and 72.4 GPa, respectively, was used. It exhibits a maximum elongation of 

4.5% (Fyfe Co. LLC. 2012). 

Flax fibers: A 1.5 kg/m3 unidirectional flax fiber fabric (Fig. 4-1(b)) with a reported tensile strength 

and modulus of 500 MPa and 50 GPa, respectively, was used. It exhibits a maximum elongation of 

2% (Composites Evolution 2012). 

Epoxy: A commercial epoxy resin with a reported post-cured tensile strength and elastic modulus at 

60°C for 72 hours is 72.4 MPa and 3.18 GPa, respectively, was used. It exhibits a maximum 

elongation of 5% (Fyfe Co. LLC. 2012). 

4.2.3 Fabrication of Test Specimens 

Two manufacturing methods were studied: wet lay-up (WL) and vacuum bag (VB) molding. Both 

methods follow the same procedure unless otherwise specified, and are shown in Fig. 4-2. For both 

methods, a prepared sheet of plastic was first wetted with epoxy. Unidirectional fiber sheets were cut 

to size and placed directly on the wetted surface. Additional resin was then poured on the sheets and 

spread out using a flexible spreader. The resin was allowed to soak in to ensure full saturation. 
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Finally, additional layers of fiber and resin were placed on top until the desired thickness was 

achieved.  For the WL method, a sheet of plastic was placed on top of the saturated fiber sheets. A 

flexible spreader was used to eliminate air bubbles. The sheet was then sandwiched between two 

25mm thick HDPE sheets. Specimens were removed from the sheets after 24 hours of curing.  For 

the VB method, the saturated fiber sheets were sandwiched between layers of nylon release ply, 

perforated release film and stretchable non-woven polyester bleeder/breather. Specimens were 

sealed between two VB films using sealant tape. During the first 24 hours of cure, 72±2 kPa of 

vacuum pressure was applied to the specimens via a rotary vane pump. The specimens were released 

from the vacuum bagging material 72 hours after curing. 

All fabricated specimens using both methods were stored on a flat surface for one month. 

Thereafter, sheets were cut to 25x250mm2 coupons using a diamond tip blade. Measurements for 

length, width and thickness were taken at five locations.  Prior to testing, glass-FRP tabs of 

50x25mm2 were attached to all coupons using a high viscosity epoxy resin for gripping. 

4.2.4 Conditioning 

As will be shown, the coupon strength increased as number of layers increased until it stabilized 

between three and five layers. As such, coupons used for conditioning contained four layers of flax 

fibers (i.e. within the range of strength). Conditioning in this study involved accelerated aging of flax 

FRP coupons according to the procedure recommended by Bank et al. (2003). The coupons were 

exposed to the environmental conditioning, detailed in Table 4-1. Fig. 4-3 shows the conditioning 

setup.  Three tanks were filled with saltwater with an initial salt content by weight of 3.5%. The first 

tank was situated in a temperature-controlled room at 23°C. A thin sheet of plastic was used to 

cover the tank to limit evaporation. The second and third tanks were heated to 40°C and 55°C using 

screw-plug heaters. The screw-plug heaters were controlled with an electronic temperature 
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controller, which maintained the water temperature within a 1°C tolerance at the temperature probe. 

To eliminate temperature gradients throughout the tank, a pump with a maximum flow rate of 

0.12L/s was used to circulate the water. A thermocouple was used to determine that the temperature 

was consistent throughout the tank. The tank was elevated above ground, insulated around the walls 

and covered with an insulated sheet to limit evaporation and heat loss. Water was added to 

compensate for any small evaporation and thus maintain a constant salt concentration. Upon 

removal, specimens were dried in ambient conditions for a minimum of 7 days. The conditioning 

setup used in this study was similar to that of a previous study on Glass-FRP WL coupons (Eldridge 

and Fam 2013).  

4.2.5 Test Setup and Instrumentation 

Specimens were tested in tension according to ASTM D3039 (2008) at the suggested rate of 2 

mm/min using an Instron 8802 testing frame with hydraulic grips. Flax FRP specimens were 

gripped at 1.38 MPa pressure. An extensometer was calibrated against strain gages and used to 

determine strain in all tension tests.  Maximum load and measured cross-sectional areas were used to 

determine the strength of each coupon. Moduli were calculated from the linear portion of each 

graph near failure. 

Glass transition temperature (Tg) of flax FRP was also determined according to ASTM E1356 

(2008) using differential scanning calorimetry (DSC). The purpose of the test is to confirm that the 

maximum temperature used in aging (55°C) is well below Tg, to avoid any effect of post-curing on 

strength during aging. A DSC Q100 machine with a nitrogen purge was used. Samples of 5-10 mg 

were sealed in aluminum hermetic pans. The following program was used: hold equilibrium at 20°C, 

ramp at 10°C/min to 200°C, hold isotherm for 15 minutes, ramp at -20°C/min to 20°C, and ramp 

at 10°C to 200°C. Reported glass transition temperature was based on the observed inflection 
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temperature during the first run. 

 

4.3 Experimental Results and Discussion 

This section provides the results of the experimental program. This includes discussion on short-

term performance, environmentally-aged performance and prediction of long-term behavior. Table 

4-2 provides summary of the experimental results. In each of the figures to follow, the stress-strain 

curve shown is one of the five repetitions, and not the average of all five. The sample stress-strain 

curve shown is considered representative of all specimens. 

4.3.1 Short-Term Performance of Flax-FRP at Room Temperature 

Comparison with Glass-FRP and the effect of fabrication method: Fig. 4-4 shows the stress-

strain diagrams for Flax-FRP control coupons in comparison to Glass-FRP control coupons. For 

WL specimens, Glass-FRP had a tensile strength of 507.6±44.4 MPa and an elastic modulus of 

26.4±2.4 GPa. Flax-FRP (WL-Control), on the other hand, had a tensile strength of 149.8±10.4 

MPa and an elastic modulus of 8.7±0.3 GPa, which is 29.5% of the strength and 33% of the elastic 

modulus of Glass-FRP.  For VB specimens, Glass-FRP had a tensile strength of 734.7±47.2 MPa 

and an elastic modulus of 39.2±3.5 GPa. Flax-FRP (VB-Control), on the other hand, had a tensile 

strength of 176.9±10.1 MPa and an elastic modulus of 11.8±0.6 GPs, which is 24.1% of the 

strength and 29.9% of the elastic modulus of Glass-FRP. 

The results indicate that for Glass-FRP, the VB method resulted in a 45% higher strength and 

48% higher modulus compared to the WL method.  For the Flax-FRP, the VB method resulted in 

an 18% higher strength and 36% higher modulus, compared to the WL method. These increases in 

strength and modulus for specimens fabricated using the VB method can be directly related to the 

thinner laminates that occur through this method (Table 4-1). As the ultimate load is governed 
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primarily by the fiber layers, a smaller thickness results in higher strength under the same ultimate 

load. Furthermore, the difference in percent increase in tensile properties may be related to the 

tensile properties of the fiber. Flax fibers are less stiff than glass fibers. As a result, the resin system 

has a larger impact in tensile performance for flax than for glass. 

Effect of number of flax layers: Flax sheets of multiple layers were tested to determine the impact 

on strength and stiffness. Fig. 4-5 shows sample stress-strain diagrams for Flax-FRP coupons with 1 

to 5 layers. The figure shows a somewhat bi-linear response with a change of slope occurring at 

about 20 MPa stress. This is likely due to the nonlinear behavior of the resin. This kink is manifested 

clearly with flax FRP but not with glass FRP, possibly because flax has a significantly lower modulus.   

Fig. 4-6 shows the variation of strength and elastic modulus with number of layers. It can be clearly 

seen that strength and modulus increase up to 3 layers, and plateaus thereafter. Statistical analysis 

was performed to assess this variability and will be discussed in a following section. 

Glass-Transition Temperature (Tg): DSC analysis was performed on an unconditioned Flax-FRP 

sample, a sample conditioned in the 55oC tank for 365 days, and an unconditioned sample post-

cured in an oven at 55°C for 14 days. A temperature of 55°C was selected to represent the highest 

temperature used in the accelerated aging process. Curing for 14 days is long enough to guarantee 

the maximum curing potential at that temperature.  A change in Tg signifies a change in the 

microstructure of the material, either resulting from damage or further curing of the matrix. The first 

heating cycle was used to determine Tg as it possesses all previous thermal history. Unconditioned 

Flax-FRP control specimen demonstrated a Tg of 64.1°C. Specimens aged in 55°C saltwater for 365 

days yielded a Tg of 63.7°C. The similarity in Tg values suggests that the reduction in mechanical 

properties may not be due to the degradation of the materials, but a degradation of the bond 

between the flax and resin. Specimens post-cured at 55°C in an oven for 14 days showed a similar 
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Tg of 62.9°C. These results suggest that a temperature of 55°C to accelerate the aging process will 

not result in any post-curing and observed reductions in strength due to accelerated aging can be 

validly compared to the strength of control specimens. 

4.3.2 Effect of Environmental Aging on Tensile Strength of Flax-FRP 

Flax-FRP coupons were aged in the saltwater tanks up to a maximum duration of 365 days for  

WL specimens and 180 days for VB specimens. All specimens were compared to their control 

specimen counterparts, WL-Control and VB-Control. WL-Control possessed a strength of 

149.8±10.4 MPa while VB-Control possessed 176.9±10.1 MPa. Table 4-2 details the experimental 

results of the environmentally-aged specimens. Fig. 4-7 shows sample stress-strain plots for the 

Flax-FRP specimens at various time intervals during exposure at the highest temperature of 55°C, 

compared to the control specimens. Fig. 4-8 shows the ultimate tensile strength over time while Fig. 

4-9 shows the strength retention over time. In general the largest reduction in strength occurred 

within the first 30 days of exposure. 

Behavior at 23°C: WL specimens demonstrated a steady decrease of tensile strength from 

149.8±10.4 MPa to 121.8±5.8 MPa over 365 days of exposure with strength stabilizing between 180 

days to 365 days, corresponding to an overall strength retention of 81%. At 90 days, there was a 

sudden small increase in tensile properties; however, due to the variation observed within 

repetitions, this is believed to be negligible.  VB specimens exhibited a decrease from 176.9±10.1 

MPa to 137.4±8.4 MPa over 180 days, corresponding to an overall strength retention of 78%.  

Behavior at 40°C: WL specimens showed a decreased in tensile strength from 149.8±10.4 MPa to 

108.8±3.3 MPa over 365 days of exposure, corresponding to an overall strength retention of 73%.  

VB specimens exhibited a decrease from 176.9±10.1 MPa to 113.4±16 MPa over 180 days of 
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exposure, corresponding to an overall strength retention of 64%.  

Behavior at 55°C: WL specimens showed a decreased in tensile strength from 149.8±10.4 MPa to 

104.0±6.3 MPa over 365 days of exposure, corresponding to an overall strength retention of 69%. 

VB specimens exhibited a decrease from 176.9±10.1 MPa to 114.9±5.5 MPa over 180 days of 

exposure, corresponding to an overall strength retention of 65%.  

4.3.3 Effect of Environmental Aging on Young’s Modulus of Flax-FRP 

The WL-Control FRP possessed a modulus of 8.43±0.33 GPa while the VB-Control FRP possessed 

a modulus of 11.81±0.61 GPa. Table 4-2 details the experimental results of the environmentally-

aged specimens. Fig. 4-10 shows the Young’s modulus over time while Fig. 4-11 shows the modulus 

retention over time. In general the largest reduction in modulus occurred within the first 30 days of 

exposure. 

Behavior at 23°C: WL specimens demonstrated reduction over 365 days from 8.43±0.33 GPa to 

7.31±0.82 GPa, corresponding to a property retention of 84%. However, there was a sudden 

decrease of modulus at 180 days, likely an anomaly or a result of the variability in the fibers. VB 

specimens exhibited a decrease from 11.81±0.61 GPa to 8.43±1.30 GPa over 180 days, 

corresponding to an overall retention of 71%.  

Behavior at 40°C: WL specimens showed a significant reduction in modulus from 8.73±0.33 GPa 

to 5.61±0.34 GPa over 365 days of exposure, corresponding to an overall retention of 64%. VB 

specimens exhibited a decrease from 11.81±0.61 GPa to 6.46±1.60 GPa over 180 days of exposure, 

corresponding to a property retention of 55%. 

Behavior at 55°C: WL specimens showed a significant reduction in modulus from 8.73±0.33 GPa 

to 4.75±0.3 GPa over 365 days, corresponding to 54% retention. VB specimens exhibited a decrease 
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from 11.81±0.61 GPa to 5.71±0.4 GPa over 180 days, corresponding to a 48% retention. 

 

4.3.4 Comparison between Property Retention of Flax-FRP and Glass-FRP 

A study on the environmental aging of the same Glass-FRP used in this study has shown that the 

tensile strength retentions after 300 days of exposure to a 3% salt solution at 23oC, 40oC, and 55oC 

are 86, 72 and 61%, respectively (Eldridge and Fam 2013).  In this study, the flax-FRP showed 

strength retentions of 81%, 76%, and 72% at the same three temperatures, respectively, after 300 

days.  These values were obtained by interpolation between the results at 180 and 365 days. It can be 

concluded that tensile strength retentions of Flax-FRP are better than Glass-FRP at elevated 

temperatures. 

4.3.5 Failure Modes 

Fig. 4-12 shows all failure modes observed. Occasionally failure occurred near the grips, however, 

there was no difference in strength and modulus between failures located at the grip and at other 

locations.  Angled and splitting failure modes were more prominent in VB specimens, highly aged 

specimens, and high temperature specimens. The transition from lateral to angled and splitting 

failure modes was due to minor warping of the specimens as a result of the thinner profile of VB 

specimens and the effect of heat and moisture on the natural fibers. 

4.3.6 Statistical Significance using Analysis of Variance (ANOVA) 

A one-way analysis of variance (ANOVA) was used to assess the degree of variation and its 

significance between FRP specimen groups. The null hypothesis was that the results from different 

groups were from the same statistical population.  Table 4-3 summarizes the ANOVA analysis. In 

the table, X is the mean of all specimens of all groups; SSW is the sum square within the group; SSB 
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is the sum square between groups; MSW is the mean sum square within the group; MSB is the mean 

sum square between groups; DF is the degree of freedom; F is the f-ratio; and Fcritical is the critical 

value of F, commonly taken at 95% confidence level. If F is greater than Fcritical, the null hypothesis is 

rejected, which indicates there is a significant difference between groups. The following is a 

summary of this analysis: 

Effect of number of layers: This effect on strength was ‘insignificant’ for 2 to 5 layers but 

‘significant’ for 1 layer versus the rest. This effect on modulus was ‘insignificant’. 

Effect of age: For all temperatures, the reductions in strength and modulus observed after 365 days 

were all ‘significant’. 

Effect of manufacturing method: The differences in strength and modulus between WL and VB 

control specimens and after 180 days at the 23oC are ‘significant’, while the differences in strength 

and modulus after 180 days at the 40oC and 55oC are ‘insignificant’. 

Effect of temperature: After 365 days for the WL specimens and 180 days for the VB specimens, 

the differences in strength and modulus between specimens aged at 55oC and those aged at 23oC are 

‘significant’. 

4.3.7 Prediction of Long-Term Behavior using Arrhenius Relationship 

In this section, the reduction in strength and modulus of Flax-FRP was predicted for three mean 

annual temperatures: 3°, 10° and 20°C, representing central Canada, southern parts of Canada and 

southern parts of the United States, respectively. Meyer et al. (1994) proposed the use of a linearized 

form of the Arrhenius equation to predict property retention of composites during service life, as 

follows: 
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𝑘
) =

𝐸𝑎

𝑅

1

𝑇
− ln(𝐴)          (1) 

where k is the degradation rate (1/time); A is the constant relative to the material and degradation 

process; Ea is the activation energy; R is the universal gas constant; and T is the temperature in 

Kelvin. In this linear form, ln(A) is the intercept of the y-axis and (Ea/R) is the slope in the 

Arrhenius plot.  To be able to apply this model for property retention of composites, the following 

assumptions must be made: one chemical degradation mode must dominate in the change of 

material properties over time; the conditioning of the material at elevated temperatures must not 

change the mode by which the material degrades under service temperatures; and the FRP must be 

conditioned in an aqueous environment and not dry (Bank et al. 2003). Furthermore, at least three 

sets of elevated temperature test data are necessary for accurately fit the Arrhenius model (Gerritse 

1998). 

Bank et al. (2003) outlined the procedure to determine long-term property retention of FRP. 

Firstly, the relationship between percentage property retention and the natural logarithm of time for 

the given exposture temperatures were determined (Fig. 4-13). To maintain a  minimum R2 value of 

0.80 as per Bank et al.’s recommendation (2003), the strength retention values for WL-23-90, WL-

40-180 and WL-55-60 were omitted. This means that only four data points were used for WL 

specimens, which still satisfies the minimum number of data points recomended by Bank et al 

(2003). The minimum R2 value obtained was 0.85 for all regressions. No values were omitted for VB 

specimens. Secondly, the equations of the regression lines were used to produce the Arrhenius plots 

which showed the relationship of the natural logarithm of time with the inverse of temperature, 

expressed in 1,000/K for the given property retention. Lastly, these graphs were used to predict the 

property retention of FRP over service temperatures below the experimental temperatures. 
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Fig. 4-14 shows the resulting strength retention of WL and VB Flax-FRP when immersed in 

saltwater at site temperatures of 3°C, 10°C and 20°C. Equations 2 to 4 represent the strength 

retention over service life for WL while Equations 5 to 7 represent strength retention of VB 

composites: 

(
𝑓𝑢(𝑡)

𝑓𝑢(𝑡=0)
) × 100 = −0.052 ln(𝑥) + 0.86   at T=3°C   (2) 

(
𝑓𝑢(𝑡)

𝑓𝑢(𝑡=0)
) × 100 = −0.052 ln(𝑥) + 0.84   at T=10°C   (3) 

(
𝑓𝑢(𝑡)

𝑓𝑢(𝑡=0)
) × 100 = −0.052 ln(𝑥) + 0.80   at T=20°C   (4) 

(
𝑓𝑢(𝑡)

𝑓𝑢(𝑡=0)
) × 100 = −0.043 ln(𝑥) + 0.83   at T=3°C   (5) 

(
𝑓𝑢(𝑡)

𝑓𝑢(𝑡=0)
) × 100 = −0.042 ln(𝑥) + 0.80   at T=10°C   (6) 

(
𝑓𝑢(𝑡)

𝑓𝑢(𝑡=0)
) × 100 = −0.040 ln(𝑥) + 0.75   at T=20°C   (7) 

where fu(t) is the tensile strength at a given time t, where t is in years, and fu(t=0) is the short-term 

tensile strength. 

The estimated strength retentions for Flax-FRP after 100 years of service when immersed in 

3°C, 10°C and 20°C saltwater were similar for the WL and VB composites and were 63%, 60% and 

56%, respectively.  Furthermore, the majority of the reduction occurred within the first several years 

of service. For example, VB specimens retained 76% of their strength after 5 years of service and 

63% of their strength after 100 years of service at 3°C. 
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4.4 Summary 

Most research on natural fiber composites has been primarily conducted on randomly-oriented 

fibers. This study is focused on the short- and long-term performances of Flax Fiber Reinforced 

Polymer (Flax-FRP) made from continuous unidirectional fiber mats, and compares it to Glass-FRP 

composite. The study looked into the effect of number of layers on properties, comparing wet layup 

(WL) to vacuum bag (VB) molding, and aging in a 3.5% salt solution for up to 365 days at 23°C, 

40°C and 55°C.  Results show that Flax-FRP has a tensile strength and modulus of one third the 

values of Glass-FRP. Using the VB process, Flax-FRP showed a strength and modulus 18% and 

36% higher, respectively, than WL specimens.  As the number of layers increased from one to five, 

the strength and modulus also increased but stabilized at three layers.  After 365 days of 

conditioning at 23°C, 40°C and 55°C, WL specimens showed a strength retention of 81%, 73% and 

69%, respectively.  Using the Arrhenius relationship, it was estimated that both WL and VB Flax-

FRP would retain 60% of their tensile strength after 100 years of saltwater exposure at an annual 

mean temperature of 10°C. 
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Table 4-1: Test matrix 

Specimen 

ID 
Fabric 

No. of layers 

(thickness, mm) 

Fabrication 

method 

Environmental 

condition 

Temp 

(°C) 

Conditioning 

period (days) 

WL-Glass 
Glass 

fibers 
1 (1.21±0.08) 

Wet layup 

(WL) 

Control, dry 23 - 

WL-1 

Flax fibers 

1 (0.75±0.04)  

Vacuum bag 

(VB) 
WL-2 2 (1.33±0.02) 

WL-3 3 (1.86±0.03) 

WL-5 5 (2.94±0.16) 

WL-Control 

4 (3.12±0.14) 
Wet layup 

(WL) 

WL-23-30 

Full submersion 

in 3.5% 

saltwater 

23 

30 

WL-23-60 60 

WL-23-90 90 

WL-23-180 180 

WL-23-365 365 

WL-40-30 

40 

30 

WL-40-60 60 

WL-40-90 90 

WL-40-180 180 

WL-40-365 365 

WL-55-30 

55 

30 

WL-55-60 60 

WL-55-90 90 

WL-55-180 180 

WL-55-365 365 

VB-Glass 
Glass 

fibers 
1 (0.80±0.04) 

 

 

 

 

Control, dry 23 - 

VB-Control 

Flax fibers 4 (2.04±0.10) VB-23-30 
23 

30 

VB-23-90 90 
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VB-23-180  

Vacuum bag 

(VB) 

Full submersion 

in 3.5% 

saltwater 

180 

VB-40-30 

40 

30 

VB-40-60 90 

VB-40-180 180 

VB-55-30 

55 

30 

VB-55-60 90 

VB-55-180 180 
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Table 4-2: Test results 

Specimen 

ID 
Repetitions 

Strength (MPa) Strength 

retention 

(%) 

Young's Modulus 

(GPa) 
Modulus 

retention 

(%) Mean Stand.Dev. Mean Stand.Dev. 

WL-Glass 5 507.64 44.38 

- 

26.38 2.43 

- 

WL-1 5 121.60 12.39 7.90 0.88 

WL-2 5 145.27 7.09 8.60 0.80 

WL-3 5 157.32 11.40 8.98 0.95 

WL-5 5 157.15 10.92 9.39 0.65 

WL-

Control 
5 149.82 10.35 100.0% 8.73 0.33 100.0% 

WL-23-30 5 141.25 10.43 94.3% 7.72 0.20 88.4% 

WL-23-60 5 130.23 8.44 86.9% 7.30 0.39 83.7% 

WL-23-90 5 136.98 8.44 91.4% 7.39 0.85 84.7% 

WL-23-

180 
5 122.84 6.02 82.0% 6.54 0.46 75.0% 

WL-23-

365 
5 121.84 5.81 81.3% 7.31 0.82 83.7% 

WL-40-30 5 130.18 8.26 86.9% 6.32 0.31 72.4% 

WL-40-60 5 121.65 8.53 81.2% 6.12 0.27 70.2% 

WL-40-90 5 117.08 9.44 78.2% 6.07 0.14 69.6% 

WL-40-

180 
5 121.67 7.63 81.2% 5.68 0.34 65.1% 

WL-40-

365 
5 108.79 3.28 72.6% 5.61 0.34 64.3% 

WL-55-30 5 125.38 3.22 83.7% 5.68 0.24 65.0% 

WL-55-60 5 109.35 10.44 73.0% 5.53 0.26 63.3% 

WL-55-90 5 112.33 6.08 75.0% 5.43 0.46 62.2% 

WL-55-

180 
5 113.96 4.87 76.1% 5.44 0.18 62.3% 

WL-55-

365 
5 104.00 6.26 69.4% 4.75 0.30 54.4% 

VB-Glass 5 734.68 47.15 - 39.24 3.49 - 
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VB-

Control 
5 176.89 10.09 100.0% 11.81 0.61 100.0% 

VB-23-30 5 150.74 21.31 85.2% 8.38 1.51 71.0% 

VB-23-90 5 144.30 16.12 81.6% 8.42 1.12 71.3% 

VB-23-

180 
5 137.43 8.36 77.7% 8.43 1.30 71.4% 

VB-40-30 5 124.10 9.69 70.2% 6.56 0.70 55.6% 

VB-40-60 5 118.72 4.14 67.1% 6.58 0.57 55.8% 

VB-40-

180 
5 113.42 16.01 64.1% 6.46 1.60 54.7% 

VB-55-30 5 126.42 4.15 71.5% 6.87 1.21 58.2% 

VB-55-60 5 118.90 17.60 67.2% 6.14 0.50 52.0% 

VB-55-

180 
5 114.97 5.46 65.0% 5.71 0.40 48.4% 
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Table 4-3: ANOVA Summary 

Sample 

groups 

Parameter-

Effect of: 
X SSW SSB MSW MSB DF F 

Fcritical 

(F0.05) 
Result Conclusion 

(WL-Control, 

WL-1,  WL-2, 

WL-3, WL-5) Layers on 

strength 

146.23 2240.81 4312.73 112.04 1078.18 (4,20) 9.62 2.87 Reject Significant 

(WL-Control, 

WL-2,  WL-3, 

WL-5) 

152.39 1626.65 521.40 101.67 173.80 (3,16) 1.71 3.24 Accept NOT 

(WL-Control, 

WL-1,  WL-2, 

WL-3, WL-5) 

Layers on 

modulus 
8.72 11.31 6.00 0.57 1.50 (4,20) 2.65 2.87 Accept NOT 

(WL-Control, 

WL-23-365) 

Age on 

strength 

135.83 563.97 1956.78 70.50 1956.78 (1,8) 27.76 5.32 Reject Significant 

(WL-Control, 

WL-40-365) 
129.3 471.92 4208.65 58.99 4208.65 (1,8) 71.35 5.32 Reject Significant 

(WL-Control, 

WL-55-365) 
126.91 585.62 5247.99 73.20 5247.99 (1,8) 71.69 5.32 Reject Significant 

(VB-Control, 

VB-23-180) 
157.16 687.03 3893.19 85.88 3893.19 (1,8) 45.33 5.32 Reject Significant 

(VB-Control, 

VB-40-180) 
145.16 1432.85 10070.94 179.11 10070.94 (1,8) 56.23 5.32 Reject Significant 

(VB-Control, 

VB-55-180) 
145.93 526.56 9586.85 65.82 9586.85 (1,8) 145.65 5.32 Reject Significant 

(WL-Control, 

WL-23-365) 

Age on 

modulus 

8.02 3.12 5.04 0.39 5.04 (1,8) 12.92 5.32 Reject Significant 

(WL-Control, 

WL-40-365) 
7.17 0.92 24.30 0.11 24.30 (1,8) 212.18 5.32 Reject Significant 

(WL-Control, 

WL-55-365) 
6.74 0.80 39.55 0.10 39.55 (1,8) 395.08 5.32 Reject Significant 

(VB-Control, 

VB-23-180) 
10.12 8.27 28.48 1.03 28.48 (1,8) 27.56 5.32 Reject Significant 

(VB-Control, 

VB-40-180) 
9.13 11.75 71.62 1.47 71.62 (1,8) 48.74 5.32 Reject Significant 

(VB-Control, 

VB-55-180) 
8.76 2.15 92.89 0.27 92.89 (1,8) 345.60 5.32 Reject Significant 

(WL-Control, 

VB-Control) 

Manufacturing 

on strength 
163.35 836.29 1833.15 104.54 1833.15 (1,8) 17.54 5.32 Reject Significant 
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(WL-23-180, 

VB-23-180) 
130.14 424.52 532.21 53.06 532.21 (1,8) 10.03 5.32 Reject Significant 

(WL-40-180, 

VB-40-180) 
117.55 1258.18 170.09 157.27 170.09 (1,8) 1.08 5.32 Accept NOT 

(WL-55-180, 

VB-55-180) 
114.47 213.89 2.53 26.74 2.53 (1,8) 0.09 5.32 Accept NOT 

(WL-Control, 

VB-Control) 

Manufacturing 

on modulus 

10.27 1.96 23.72 0.24 23.72 (1,8) 96.89 5.32 Reject Significant 

(WL-23-180, 

VB-23-180) 
7.49 7.61 8.93 0.95 8.93 (1,8) 9.38 5.32 Reject Significant 

(WL-40-180, 

VB-40-180) 
6.07 10.70 1.51 1.34 1.51 (1,8) 1.13 5.32 Accept NOT 

(WL-55-180, 

VB-55-180) 
5.57 0.77 0.19 0.10 0.19 (1,8) 1.96 5.32 Accept NOT 

(WL-23-365, 

WL-55-365) Temperature 

on strength 

112.92 291.96 795.66 36.49 795.66 (1,8) 21.80 5.32 Reject Significant 

(VB-23-180, 

VB-55-180) 
126.2 398.64 1261.46 49.83 1261.46 (1,8) 25.31 5.32 Reject Significant 

(WL-23-365, 

WL-55-365) 
Temperature 

on modulus 

6.03 3.02 16.35 0.38 16.35 (1,8) 43.26 5.32 Reject Significant 

(VB-23-180, 

VB-55-180) 
7.07 7.40 18.50 0.92 18.50 (1,8) 20.01 5.32 Reject Significant 
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Figure 4-1: Unidirectional fiber fabrics: (a) flax and (b) glass 
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Figure 4-2: Manufacturing: (a) fiber fabric placed on wetted surface; (b) additional resin spread on 

top of fabric, with additional layers of fiber and resin until desired thickness; (c) specimen checked 

for full saturation (end of WL); (d) specimen sealed and pump (end of VB). 
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Figure 4-3: (a) Environmental aging tank; (b) Sample of coupons; and (c) Tension test setup 
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Figure 4-4: Stress-strain diagram for wet lay-up and vacuum bag molded Flax-FRP (control) and 

Glass-FRP (Glass) specimens, all at control conditions 
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Figure 4-5: Sample stress-strain diagrams for Flax-FRP coupons with different number of layers 
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Figure 4-6: Variation in strength and elastic modulus of Flax-FRP specimens with number of layers 
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Figure 4-7: Stress-strain diagrams for WL and VB molded Flax-FRP specimens at: (a) control, (b) 30 

days at 55°C, (c) 180 days at 55°C, and (d) 365 days at 55°C 
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Figure 4-8: Tensile strength of Flax-FRP exposed to environmental aging at 23°C, 40°C and 55°C: 

(a) wet lay-up and (b) vacuum bag molding 
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Figure 4-9: Tensile strength retention of Flax-FRP exposed to environmental aging at 23°C, 40°C 

and 55°C for wet lay-up and vacuum bag molding 
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Figure 4-10: Young’s modulus of Flax-FRP exposed to environmental aging at 23°C, 40°C and 

55°C: (a) wet lay-up and (b) vacuum bag molding 
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Figure 4-11: Young’s modulus retention of Flax-FRP exposed to environmental aging at 23°C, 40°C 

and 55°C for wet lay-up and vacuum bag molding 
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Figure 4-12: Failure modes of Flax-FRP specimens 
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Figure 4-13: Variation of tensile strength retention with logarithm of time for WL Flax-FRP 
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Figure 4-14: Predicted tensile strength retention of Flax-FRP manufactured using (a) wet lay-up 

molding and (b) vacuum bag molding, at annual mean temperatures of 3°C, 10°C and 20°C 
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Chapter 5: Flexural Behavior of Sandwich Panels with Bio-FRP Skins 

Made of Flax Fibers and Epoxidized Pine Oil Resin4 

5.1 Introduction 

Over the past decade, there has been a drastic increase in environmental awareness. Programs such 

as Leadership in Energy and Environmental Design (LEED) and Building Research Establishment 

Environmental Assessment Methodology (BREEAM) have brought sustainable design to the 

forefront of construction design focusing on aspects such as renewable materials, energy efficient 

design and low embodied energy. One rapidly growing field that addresses these aspects is Structural 

Insulated Panels (SIPs). Comprised of two structural skins enclosing a core of insulation, SIPs can 

be engineered from different skin and core types and thicknesses to specification. This allows 

flexibility in design and installation, as well as limited on-site waste. Larger panels also limit thermal 

joints within the wall system, thereby increasing the effectiveness of the wall system (Rudd and 

Chandra 1994).  

SIPs are typically constructed of oriented strand board (OBS) and expanded polystyrene 

(EPS) foam. However, some applications require higher structural capacity panels and are 

constructed with fiber-reinforced polymer (FRP) skins. Examples of the systems studied previously 

include carbon-FRP (CFRP) with injected polyurethane foam (PUR) core (Shawkat et al., 2008), 

Glass-FRP (GFRP) laminated skins with through-thickness stitched fibers within the core (Reis and 

Rizkalla, 2008), GFRP-laminated PUR panels with and without ribs (Sharaf et al., 2010 and 

                                                           
 

4 Submitted manuscript: Mak, K., Fam, A., and MacDougall, C. “Flexural Behavior of Sandwich Panels with Bio-FRP 
Skins Made of Flax Fibers and Epoxidized Pine Oil Resins.” Journal of Composites for Construction, submitted. 
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Mathieson and Fam, 2013) and GFRP with polyisocyanurate (PIR) foam panels manufactured using 

pultrusion (Peirick and Dawood, 2012). 

Notably, Shawkat et al. (2008) determined that the CFRP was under-utilized as the panels 

never failed by rupture of skin and suggested that GFRP may be a more cost effective option. Sharaf 

et al. (2010) demonstrated that GFRP-PUR performed equivalently to a reinforced concrete panel of 

similar cross-section with moderate steel reinforcement ratio. Meanwhile, Mathieson and Fam 

(2013) demonstrated the GFRP-PUR panels can meet National Building Code of Canada (NBCC) 

requirements for wind loading in building cladding and roofing applications. The GFRP-PUR panels 

exhibited a relative slip between the two GFRP skins due to shear deformation of the PUR core, 

and ultimate capacity was governed by shear failure of the PUR for the particular span tested. 

Deflection was the governing factor for design. 

The conventional GFRP or CFRP skins used in these systems require large energy inputs in 

their production, and therefore are likely to have a negative environmental impact. For example, 

carbon fiber and fiberglass have an embodied energy of 355 MJ/kg and 31.7 MJ/kg respectively 

(Cicala et al. 2010), and typical epoxy resin is often made from bisphenol-A, a synthetic chemical.  

To meet growing market demands, a holistic design approach must be used to produce a panel that 

meets structural requirements while reducing the environmental impact. A promising alternative are 

natural fibers, which exhibit a wide range of tensile strength and elastic moduli while maintaining a 

low embodied energy. For example flax has a reasonable tensile strength (500-1500 MPa) and tensile 

modulus (25.6 GPa) (Ku et al. 2011), while at the same time having an embodied energy of 2.75 

MJ/kg (Cicala et al. 2010) that is a fraction that of synthetic fibres.  

This paper investigates the flexural performance of flax-based FRP sandwich panels with a 

PIR core, a soft foam which demonstrates low thermal conductivity. The study consists of a 
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comprehensive material testing program for the constituents, followed by sandwich panel tests. 

Panels were tested with different flax layer configurations to assess the viability of flax as a 

replacement for fiberglass as sandwich panel skins. To reduce the impact of epoxy without 

compromising the thermoset’s benefits, a resin blend partially comprised of epoxidized pine oil was 

tested and compared to a commercially available epoxy. The impact of different manufacturing 

methods for sandwich panels, namely wet lay-up (WL) and vacuum bagging (VB), on flexural 

performance was also examined.  

5.2 Experimental Investigation of Material Properties 

A test program was carried out to investigate the material properties of the sandwich panel 

constituents, namely the different skin materials and manufacturing methods, and the 

polyisocyanurate foam. FRP and PIR coupons were tested in tension and compression. The 

following section details the material properties and the experimental program. 

5.2.1 Material Specifications 

This section provides details of the various types of fibers and resins as well the core material used 

in this study. The manufacturer information on the materials is also provided: 

Flax fibers: A 1.5 kg/m3 unidirectional flax fiber fabric (Fig. 5-1(a)) with a reported tensile strength 

and modulus of 500 MPa and 50 GPa, respectively, was used. It exhibits a maximum elongation of 

2% (Composites Evolution 2012). 

Glass fibers: A 2.55 kg/m3 unidirectional E-glass fiber fabric (Fig. 5-1(b)) with reported tensile 

strength and modulus of 3240 MPa and 72.4 GPa, respectively, was used. It exhibits a maximum 

elongation of 4.5% (Fyfe Co. LLC. 2012). 
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Epoxy: A commercial epoxy resin was used. The reported post-cured tensile strength and modulus 

at 60°C for 72 hours were 72.4 MPa and 3.18 GPa, respectively. It exhibits a maximum elongation 

of 5% (Fyfe Co. LLC. 2012). 

Bio-Epoxy GR: An epoxy blend comprised of epoxidized pine oil and bisphenol A/F was used.  

The reported post-cured tensile strength and modulus at 60°C for 72 hours were 58.8 MPa and 2.63 

GPa, respectively. It exhibits a maximum elongation of 2.6%. 

Foam: A pre-fabricated, rigid closed-cell polyisocyanurate foam of 64 kg/m3 with a reported shear 

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

parallel and perpendicular, of 5.86 MPa and 5.17 MPa, respectively, was used. It exhibits an R-value 

of 1.04 m2 °C/W and is used as the core material for all panels in this study (Elliot Company of 

Indianapolis 2012). 

5.2.2 Tests on FRP Skins 

Sheets of FRP were fabricated and tested to determine tensile and compressive behavior of potential 

sandwich panel skins. Three matrix configurations were considered: commercial epoxy laminate 

fabricated using wet lay-up molding (E-W), commercial epoxy laminate fabricated using vacuum bag 

molding (E-V), and bio-epoxy GR laminate fabricated using only wet lay-up molding (B-W). Each 

matrix configuration was tested with both flax fibers (F) and glass fiber (G), separately. For example, 

GE-V is a glass fiber specimen manufactured with a vacuum bag. Flax fiber laminates used four 

layers of fiber, while the glass fiber laminates used a single layer of fiber. This provided a somewhat 

equivalent axial stiffness (EA) based on elastic modulus and area. GE-W had a laminate thickness of 

1.21±0.08 mm, while FE-W had a laminate thickness of 3.12±0.14 mm; GE-V had a laminate 
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thickness of 0.80±0.04 mm, while FE-V had a laminate thickness of 2.04±0.10 mm; GB-W had a 

laminate thickness of 1.40±0.7 mm, while FB-W had a laminate thickness of 2.80±0.11 mm.  

Tension coupons: Five coupons from each configuration were prepared and tested according to 

ASTM D3039 (2008). Coupons were cut to 25x250 mm2 using a diamond tipped blade. Fiberglass 

tabs of 50 mm length were attached to all coupons using a high viscosity epoxy resin to reduce the 

possibility of grip failure.  Tension tests were performed at the suggested rate of 2 mm/min using an 

Instron 8802 testing frame with hydraulic grips. Fiberglass specimens were gripped at 4.14 MPa, 

while flax fiber specimens were gripped at 1.38 MPa. These gripping pressures were established after 

various trials to ensure that coupons would not slip from the grips while at the same time avoiding 

excessive stress concentration that lead to premature failure of the coupon within the gripped 

section.  An extensometer was calibrated against 5 mm electrical resistance strain gages and used to 

determine strain in all tension tests. 

Fig 5-2 shows the stress-strain curves of all FRP coupons in tension. All fiberglass 

specimens exhibited a linear relationship from initial load to failure, whereas flax fiber specimens 

exhibited a somewhat bi-linear response with a transition strain of 0.0015. Moduli were calculated 

from the linear portion of each graph. For flax, this corresponded to the latter linear response. Due 

to the limited strain range of the initial response for flax, it may be associated with the material 

settling upon initial loading.  

Failure strengths and elastic moduli are shown in Table 5-1. For wet lay-up specimens, flax 

provided approximately 29% of the strength of fiberglass and 35% of its stiffness. For vacuum 

bagged specimens, flax provided 24% of the strength and 30% of the stiffness of fiberglass. The 

conventional epoxy specimens (E-W) and bio-resin epoxy GR specimens (B-W) shared the same 

strength and stiffness for each fiber type. Vacuum-bagged specimens demonstrated a higher strength 

and stiffness than wet lay-up specimens. For flax, these increases in strength and stiffness were 18% 
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and 35%, respectively, whereas for fiberglass, the increases were 45% and 49%, respectively. Failure 

modes of the tension coupons are illustrated in Fig. 5-3(a). 

Compression coupons: Five coupons from each configuration were prepared and tested according 

to ASTM D3410 (2008). Coupons were cut to 25x142 mm2 using a diamond tipped blade. Fiberglass 

tabs of 64 mm length were attached to all coupons using a high viscosity epoxy resin to reduce the 

probability of grip failure.  Compression tests were performed at a rate of 0.13 mm/min, using an 

Instron 8802 testing frame with hydraulic grips. Fiberglass specimens were gripped at 4.14 MPa, 

while flax fiber specimens were gripped at 1.38 MPa. Strain was measured using 5 mm electrical 

resistance strain gages attached on each face of the specimen. 

Fig 5-2 shows the stress-strain curves of all the coupons in compression. Only one strain 

gage was plotted for each repetition. All fiberglass specimens exhibited a linear relationship from 

initial load to failure. Flax fiber specimens exhibited an initial linear response up to 0.015 strain, but 

it became non-linear thereafter. This suggests a more ductile response for flax fibers as they 

experience compressive forces. As per ASTM D3410 (2008), coupons with more than 10% strain 

variation between the two faces were discarded for the purpose of calculating the average strength 

and moduli. However, all tests have been presented in Fig. 5-2. All GE-V specimens were discarded 

due to buckling of the specimen, and also because of the high variation of strain between the two 

coupon faces. This is believed to be due to the slenderness of the specimen. Moduli were calculated 

from a linear portion of each graph, with the flax fiber modulus being calculated from the initial 

portion. Failure strengths and elastic moduli are shown in  

Table 5-2. For E-W and B-W specimens, flax provided approximately 28% and 31% of the 

strength, respectively; and 12% and 11% of stiffness of fiberglass, respectively. E-W and B-W 

specimens shared the same strength and stiffness for each fiber type. FE-V showed a 10% reduction 
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in strength and a 46% reduction in stiffness relative to FE-W. Failure modes of the compression 

coupons are illustrated in Fig. 5-3(b). 

5.2.3 Tests on PIR Foam Core 

Tension tests: Five coupons were prepared and tested according to ASTM C297 (2010). Foam 

prisms were cut to a cross-section of 50x50 mm2 with a height of 75 mm. Specimens were bonded 

to steel T-sections on both ends using a high viscosity epoxy resin to facilitate gripping.  Tension 

tests were performed at a rate of 0.5 mm/min using an Instron 8802 testing frame. Digital image 

correlation (DIC) was used to determine the displacement and strain of the specimen. A digital SLR 

camera recorded images every 5 seconds at a resolution of 11.8 pixels/mm during the test. Images 

were analyzed using GeoPIV8, developed by White et al. (2003), whereby the displacement of 

individual patches of 64x64 pixels were tracked between different images. Fig. 5-4(a) shows the 

stress-strain curves of PIR foam in tension. PIR foam exhibited a linear behavior followed by 

necking near failure, with a strength of 0.50±0.05 MPa and a modulus of 26.62±0.34 MPa.  Fig. 5-

4(a) also shows a picture of failure mode. 

Compression tests: Five coupons were prepared and tested according to ASTM C365 (2011). 

Foam prisms were cut to a cross-section of 50x50 mm2 with a height of 75 mm.  Compression tests 

were performed at a rate of 1 mm/min up to 0.85 strain using an Instron 8802 testing frame with 

steel plates. A linear potentiometer (LP) was used to measure the displacement between the two 

steel plates and calculate average strain of the specimen. Fig. 5-4(b) shows the stress-strain curves of 

PIR foam in compression. PIR foam exhibited a linear response, followed by a plastic plateau then 

strain hardening.  The yielding strength is 0.64±0.03 MPa and the initial modulus is 18.91±0.87 

MPa.  Fig. 5-4(b) shows a picture of failure mode. 
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5.3 Experimental Investigation of Sandwich Panels 

An experimental investigation was performed on sandwich panel fabricated using the same materials 

investigated earlier.  The panels were exposed to monotonic four-point bending. This section details 

the test specimens and parameters, fabrication, instrumentation, and test setup.  

5.3.1 Test Specimens and Parameters 

Thirty six sandwich panels of 1000x150 mm2 were fabricated and tested: 12 different specimens 

tested with three repetitions. The panels were composed of a 75 mm thick 64 kg/m3 

polyisocyanurate foam core with a unidirectional fiber skin on each side. The key parameters studied 

are the type of resin and fibers for the skin, number of layers (i.e. thickness) of the skin, and the 

manufacturing method of the skin. Sandwich panels with glass fiber skins manufactured using 

commercial epoxy and wet lay-up process were used as a control. Details of the test matrix are 

shown in Table 5-3. The specimens are given identifications that reflect the parameters studied. For 

example specimen FE3-V has three layers (3) of flax fiber (F) and epoxy resin (E) skin and is 

fabricated using the vacuum bag (V) technique. 

5.3.2 Fabrication of Test Specimens 

Two manufacturing methods were studied: wet lay-up and vacuum Bag molding. Both methods 

follow the same procedure unless otherwise specified. The surface of large PIR slabs was dabbed 

clean with a damp cloth to remove loose particles. The surface was wetted with resin. Unidirectional 

fiber sheets were cut to size and placed directly on the foam (Fig. 5-5(a)). Additional resin was 

poured on the sheets and spread out using a flexible spreader (Fig. 5-5(b)). The resin was allowed to 

soak in to ensure full saturation of the fiber cloth. Additional layers of fiber and resin were placed on 
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top until the desired thickness was achieved.  All specimens were flipped over, and the same 

procedure was used to cover the other side of the foam.  

For WL specimens, a thin steel sheet was placed on top of the specimen to create a smooth 

finish.  For VB specimens, a layer of nylon release ply, perforated release film and stretchable non-

woven polyester bleeder/breather, respectively, were placed on top of the skin. VB specimens were 

also sealed between two VB films using sealant tape. During the first 24 hours of cure, 72±2 kPa of 

vacuum pressure was applied to the specimens via a rotary vane pump (Fig. 5-5(c)). The specimens 

were released from the vacuum bagging material 72 hours after cure, and stored horizontally.   

Each large panel was then cut to produce the 1000x150 mm specimens (Fig. 5-5(d)). Each 

specimen was individually inspected for variability. Measurements of length were taken in all 

directions at five locations. Weights were also measured and used to determine the fiber-volume 

fraction of the sandwich panel skins.  

5.3.3 Test Setup and Instrumentation 

Sandwich panels were tested under four-point bending at a rate of 2 mm/min using a Lab 

Integration universal testing machine (Fig. 5-6). The total span was 900 mm. A steel spreader was 

used in conjunction with rollers to create two equal shear spans of 375 mm and a constant moment 

region of 150 mm. Steel plates were used at every load and reaction point to disperse the force 

across a 75 x150 mm2 area. A thin sheet of rubber was used between the skin and steel plate to 

accommodate for minor rotation and imperfections of the skin. Fig. 5-6(b) shows the specimen 

configuration with instrumentation. Electrical resistance strain gages (SG) were used to measure the 

longitudinal strain at mid-span along the centerline on both faces. Aluminum extenders (AE) were 
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attached on both sides of the sandwich panel at mid-span. Three LPs were used in conjunction with 

the AEs to measure the mid-span deflection and rotation of the specimen.  

5.3.4 Experimental results and discussion of sandwich panels 

This section provides results of the experimental program. This includes discussion on failure 

mechanisms, the effects of fiber and resin types, number of layers of skins, and fabrication method 

on the structural performance and ultimate capacity. Key test results, namely load-deflection 

responses and load-skin strain responses of all sandwich panels are given in Figs. 5-7 and 5-8, 

respectively. Samples of the various failure modes observed are illustrated in Fig. 5-9.   

Table 5-4 summarizes the test results in terms of the mean maximum loads and deflections at 

maximum load, along with the various failure modes. High variability was generally observed in 

specimens with a single layer of flax and both epoxy and epoxy GR resin, manufactured using wet 

lay-up molding. In these two cases, the mean maximum loads were 1.96±1.08 kN and 2.60±0.99 kN 

for FE1-W and FB1-W specimens, respectively.  

5.3.4.1 Failure Mechanisms 

Fig. 5-9 shows all the failure mechanisms. Five primary failure mechanisms were observed: outward 

skin wrinkling in constant moment region (Fig. 5-9(a)), skin crushing in constant moment region 

(Fig. 5-9(b)), outward skin wrinkling in shear zone (Fig. 5-9(c)), skin crushing in shear zone (Fig. 5-

9(e)), and foam shear failure in shear zone (Fig. 5-9(f)). One secondary failure by delamination of the 

skin was observed after skin wrinkling in shear span (Fig. 5-9(d)).  

Single layer flax specimens demonstrated outward wrinkling as the primary failure mechanism, 

followed by compression skin failure (Fig. 5-9(a)). All failures occurred within the constant moment 

region, except for one of the three FE1-W specimens, where the wrinkling occurred in the shear 
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zone, just outside the constant moment region. When a panel is subjected to loads, the compression 

skin acts similar to a slender column and is inclined to buckle. Typically this will lead to wrinkling of 

the skin with failure at the bond surface or in the foam. For single layer flax specimens, failure 

occurred at the bond surface due to the low stresses in the foam. No damage to the foam was 

found. 

For three layer flax fiber sandwich panels manufactured with wet lay-up molding, failure 

modes included mostly foam shear failure (Fig. 5-9(f)); however, crushing in shear zone (Fig. 5-9(e)) 

and skin wrinkling in shear zone (Fig. 5-9(c)) were also observed. As skin thickness increased, skin 

stability issues dimished which allowed for higher shear deformation and shear transfer through the 

foam. Diagonal shear cracks formed and propogated in the foam as load increased, leading to the 

observed shear failure. 

For three layer flax fiber specimens fabricated with vacuum bag molding, wrinkling was 

observed in both the shear zone (Fig. 5-9(c)) and constant moment region (Fig. 5-9(a)) as the skin 

thickness is generally smaller in vacuum bag than wet lay-up techniques. As the specimen deflects, 

the compression skin in the constant moment region curves downward and is braced by the foam 

core. This state makes it less prone to buckling outward. The energy threshold for failure in the 

constant moment region increases beyond that of the shear zone. Thus failure shifts from the 

constant moment region to the shear zone. The additional energy released upon failure led to a 

secondary failure in the form of delamination between the skin and core (Fig. 5-9(d)).  

Compression skin crushing predominantly governed five layer flax specimen failures. This 

crushing occurred mostly in the shear region (Fig. 5-9(e)), but in one case occurred in the constant 

moment region (Fig. 5-9(b)). A few cases showed foam shear failure (Fig. 5-9(f)), notably in VB 
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specimens with thinner skin. It can be seen that stability failure completely disappeared in the five 

layers specimens. 

All failures of fiberglass specimens were in the shear zone, with skin wrinkling being the 

predominantly failure mechanism. Similar to the three layer flax specimens, outward wrinkling in the 

shear zone led to a secondary skin delamination failure. Skin crushing in shear region and foam 

shear failure were also observed in very few specimens. 

5.4.3.2 The Effect of Number of Flax Layers 

Sandwich panels with one, three and five layers of flax fiber skin were tested and compared to 

panels with one layer of glass fiber skin. The specimens with five layers of flax showed the most 

non-linear behavior with some strain-softening behavior, especially with the epoxy GR (B) resin 

(Fig. 5-7(j, k and l)).  Fig. 5-10 shows the load-deflection and load-strain responses of these panels 

for different resin types and fabrication techniques. Fig. 5-11 summarizes the effect of the number 

of flax layers on ultimate strength of the panels.  In general, an increase in load capacity was 

observed with an increase in flax layers, with the optimum quantity at three layers of flax, which 

showed a similar response to one layer of fiberglass in terms of comparable stiffness defined by the 

slope of load-deflection response (Fig. 5-10(a)) and comparable ultimate strength (Fig. 5-11(b)). 

Manufactured with an epoxy matrix using WL, FE1-W had a load capacity of 1.96±1.08 kN. 

The addition of two layers of flax provided a 293% increase in capacity to 7.70±0.20 kN. The 

further addition of two more layers yielded an extra 100% increase in capacity to 8.68±0.28 kN (Fig. 

5-11(a)).  Manufactured with an epoxy matrix using VB, FE1-V provided a load capacity of 

1.84±0.08 kN. The addition of two layers drastically increased capacity by 208% to 5.66±0.52 kN. 

The further addition of two more layers resulted in an increase in capacity of 44% to an ultimate 
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capacity of 6.48±0.15 kN (Fig. 5-11(a)). Manufactured with an epoxy GR matrix using WL, FB1-W 

had a load capacity of 2.60±0.99 kN. The ultimate load increased to 6.11±0.27 kN and 8.37±0.08 

kN for FB3-W and FB5-W, respectively. From a single to triple flax layer reinforced panel, there was 

an increase of 135%. However, the addition of two more layers only provided an additional increase 

of 87% (Fig. 5-11(a)).  In conclusion, an increase in load capacity was observed with the increase in 

flax layers for all systems. Notably, there was a drastic increase in ultimate strength and stiffness 

from one to three layers and a minor increase from three to five layers.  

5.3.4.3 The Effect of Resin Type 

The effect of resin type on load-deflection and load-strain responses can be seen in Fig. 5-12, and a 

summary of the effect on ultimate strength can be seen in Fig. 5-11(b) by comparing the E-W series 

and the B-W series. For one layer of flax specimens, FB1-W demonstrated a higher load capacity 

than FE1-W at 2.60±0.99 kN to 1.96±1.08 kN, respectively, but similar stiffness. However, there 

was high variability between repetitions. In all other fiber configurations, namely three and five 

layers of flax and one layer of glass, conventional epoxy specimens exhibited a higher load capacity 

and stiffness than epoxy GR. The difference in performance of conventional epoxy and epoxy GR 

diminished as fabric layers increased. The maximum decrease in ultimate load capacity from E-W to 

B-W was 23%.  Furthermore, epoxy GR specimens exhibited a longer post-peak softening response 

than epoxy specimens for five layer specimens.  

5.3.4.4 The Effect of Manufacturing Method 

The two different manufacturing methods were tested for conventional epoxy resin. The effect of 

the manufacturing method on load-deflection and load-strain responses can be seen in Fig. 5-12. A 

summary of the effect on ultimate strength can be seen in Fig. 5-11(b) by comparing the E-W and 
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E-V series. In all situations, specimens manufactured using a wet lay-up process demonstrated 

superior performance in both ultimate strength and stiffness compared to vacuum bag molding. 

This is despite the fact that tensile strength of vacuum bag coupons were higher than wet lay-up 

coupons (Table 5-1).  Given that most sandwich panels failed by skin wrinkling, the thicker skins 

resulting from wet lay-up, relative to vacuum bagging (Table 5-3), were advantageous against stability 

failure. In fact, the method of fabrication dictated the failure mode as will be shown in the following 

section. 

For single layer flax specimens, there was a minor difference in failure load at 1.96±1.08 kN 

and 1.84±0.08 kN for WL and VB, respectively. Outward wrinkling dominated the failure loads in 

this category. Three layer flax specimens shared a similar response up to 4 kN, thereafter the system 

stiffness of VB specimens decreased and failure occurred. FE3-V failed primarily through outward 

wrinkling at 7.70±0.20 kN, while FE3-W failed primarily through foam shear failure at 5.66±0.52 

kN. This transition in failure mode continued, as the primary mode of failure for FE5-V is foam 

shear failure at 8.68±0.28 kN, while the primary mode of failure of FE5-W is compression skin 

crushing at 6.48±0.15 kN. For glass fiber specimens, GE1-W and GE1-V had a failure strength of 

7.19±0.27 kN and 5.35±0.46 kN, respectively and failed primarily in outward wrinkling. 

All flax WL specimens showed a more pronounced post-peak yielding response compared to 

VB specimens. This can be associated with a lower fiber volume fraction in WL specimens. In 

traditional FRPs, fibers are significantly stiffer than their matrix, and as such, the matrix effect is 

negligible. However, flax fibers have a lower stiffness than traditional fibers, therefore, flax FRPs 

would be more heavily influenced by the matrix. This response is confirmed by the one layer glass 

fiber specimens, where there is a minor change in post-peak yielding between the WL and VB 

specimens. 
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Both VB and WL specimens had a transition from stability governed failures to material 

governed failure as the number of layers increase. This transition occurred sooner for WL 

specimens. The higher skin thickness and moment of inertia of WL specimens provided a higher 

load capacity than those of VB specimens. The anticipated benefit of increased bond strength from 

VB molding was not evident through these tests.  

5.3.4.5 Comparison between Glass Fiber and Flax Fiber Sandwich Panels 

GFRP-skinned sandwich panels have been shown to meet necessary design standards (Mathieson 

and Fam 2013) and provide comparable flexural strength to reinforced concrete panels of similar 

size (Sharaf et al. 2010). However, the limiting factor in sandwich panel design is likely the deflection 

limits under service load, such as span/180 and span/360 (Sharaf et al. 2010). 

In this study, all three layer and five layer flax specimens exceeded the load capacity of their 

fiberglass counterparts (Fig. 5-11(b)).  Specimen FE3-W showed the same load-deflection response 

up to 50% of the capacity of GE1-W specimens, while FE5-W provided a slightly stiffer load-

deflection response up to and beyond the failure load of GE1-W. The same response was seen in 

epoxy GR specimens. FE3-V and FE5-V specimens showed the same load-deflection response up 

to 75% of the capacity of GE1-V specimens.  At deflection limits, fiberglass and flax specimens 

demonstrated very similar load ranges (12-29% of ultimate for specimens with one layer of glass 

fibers, 11-28% for specimens with three layers of flax and 11-24% for specimens with five layers of 

flax). 

5.3.4.6 Skin Compressive Strain 

Given that in most of the specimens, the compression skin governed at failure, whether by wrinkling 

or crushing, a special focus is placed in this section on the compressive skin strain at ultimate.  Fig. 
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5-13 shows the variation of compressive skin strain at ultimate with the core-to-skin thickness (c/t) 

ratio for the flax fiber panels.  Each point represents the average of the three repetitions.  A clear bi-

linear trend can be observed with a flat plateau.  For (c/t) ratio larger than 30 (thin skins), 

compression skin wrinkling failure mode governs predominantly. In this range, the compressive 

strain is relatively constant at an average of about -0.006.  For (c/t) ratio smaller than 20 (thick 

skins), compression skin crushing failure mode governs predominantly. A (c/t) ratio between 20 and 

30 represents a transition zone governed predominantly by shear failure. 

5.4 Summary  

Structural sandwich panels with fiber reinforced polymer (FRP) skins are becoming an increasingly 

popular system because of their remarkable light weight, ease and speed of installation, and high 

thermal insulation capabilities. This study looks into the potential for replacing conventional glass-

FRP skins with bio-based skins made of unidirectional flax fibers and a resin blend consisting of 

epoxidized pine oil. A comprehensive material testing program was first carried out on 80 standard 

tension and compression coupons. Then, 36 sandwich panels of 1000x150x75 mm were tested 

under four-point loading. The study varied the number of flax-FRP layers of skin from one to five, 

in comparison to one layer of glass-FRP; compared an epoxidized pine oil resin blend to epoxy; and 

compared the wet lay-up fabrication method to vacuum bag molding. The study showed that 

sandwich panels with three layers of flax fibers provided equivalent strength and stiffness, but better 

deformability, compared to panels with one layer of glass fibers. Epoxidized pine oil-based skins 

decreased strength by up to 23% compared to epoxy-based skins. Vacuum-bagged panels decreased 

strength by up to 27% compared to wet lay-up as a result of thinner skins. As the number of flax 

layers increased from one to five, failure modes transitioned from skin wrinkling in the constant 

moment region to core shear failure or compression skin crushing in the shear span.  
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Table 5-1: FRP tension test results 

Specimen 
No. of 

repetitions 

Mean 
strength 
(MPa) 

Standard 
Deviation 

(MPa) 

Mean 
modulus 
(MPa) 

Standard 
Deviation 

(MPa) 

GE-W 5 507.64 44.38 26.38 2.43 

FE-W 5 149.82 10.35 8.73 0.33 

GE-V 5 734.68 47.15 39.24 3.49 

FE-V 5 176.89 10.09 11.81 0.61 

GB-W 5 480.72 31.41 24.22 1.59 

FB-W 5 134.60 11.91 8.72 1.15 
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Table 5-2: FRP compression test results 

Specimen 
No. of 

repetitions 

Mean 
strength 
(MPa) 

Standard 
Deviation 

(MPa) 

Mean 
modulus 
(MPa) 

Standard 
Deviation 

(MPa) 

GE-W 2 271.58 13.91 35.38 8.95 

FE-W 3 76.61 1.84 4.20 0.13 

GE-V - - - - - 

FE-V 3 68.81 5.70 2.27 1.02 

GB-W 4 269.15 50.47 33.71 5.12 

FB-W 2 82.52 10.54 3.66 2.01 
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Table 5-3: Sandwich panel test matrix 

Specimen 
No. of 

repetitions 
Fiber 
type 

No. of 
fiber 
layers 

Resin type 
Skin 

thickness 
(mm) 

Fiber volume 
fraction (%) 

Manufacturing 
method 

GE1-W 3 

Glass 
(G) 

1 

Epoxy (E) 
1.35 43.2 Wet lay-up (W) 

GE1-V 3 0.87 53.2 Vacuum bag (V) 

GB1-W 3 
Epoxy GR 

(B) 
0.97 47.5 Wet lay-up (W) 

FE1-W 3 

Flax 
(F) 

Epoxy (E) 
0.76 61.6 Wet lay-up (W) 

FE1-V 3 0.44 68.6 Vacuum bag (V) 

FB1-W 3 
Epoxy GR 

(B) 
1.11 54.1 Wet lay-up (W) 

FE3-W 3 

3 
Epoxy (E) 

2.42 57.7 Wet lay-up (W) 

FE3-V 3 1.84 72.5 Vacuum bag (V) 

FB3-W 3 
Epoxy GR 

(B) 
2.43 58.9 Wet lay-up (W) 

FE5-W 3 

5 

Epoxy (E) 
4.46 59.0 Wet lay-up (W) 

FE5-V 3 2.56 79.4 Vacuum bag (V) 

FB5-W 3 
Epoxy GR 

(B) 
4.20 58.6 Wet lay-up (W) 
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Table 5-4: Sandwich panel experimental results 

Specimen 
Mean 
failure 

load (kN) 

Standard 
deviation 

(kN) 

Mean failure 
deflection 

(mm) 

Standard 
deviation 

(mm) 

Failure mechanism (WR = outward 
wrinkling, SH = foam shear, CR = 
compression skin crushed; CMR = 

constant moment region, SZ = shear 
zone) 

GE1-W 7.19 0.27 25.38 0.81 WR SZ, WR SZ, WR SZ 

GE1-V 5.35 0.46 19.55 2.12 WR SZ, WR SZ, CR SZ 

GB1-W 5.54 0.08 21.76 0.28 WR SZ, CR SZ, SH SZ 

FE1-W 1.96 1.08 13.58 9.07 WR CMR, WR SZ, CR CMR 

FE1-V 1.84 0.08 15.68 1.13 WR CMR, WR CMR, CR CMR 

FB1-W 2.60 0.99 16.82 7.74 WR CMR, WR CMR, WR CMR 

FE3-W 7.70 0.20 32.15 1.57 CR SZ, SH SZ, SH SZ 

FE3-V 5.66 0.52 25.83 0.93 WR CMR, WR SZ, WR SZ 

FB3-W 6.11 0.27 28.46 1.31 WR SZ, CR SZ, SH SZ 

FE5-W 8.68 0.28 38.34 2.04 CR SZ, CR SZ, CR SZ 

FE5-V 6.48 0.15 30.06 1.26 CR CMR, SH SZ, SH SZ 

FB5-W 8.37 0.08 39.87 0.39 CR SZ, CR SZ, SH SZ 
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(a)                                                                                 (b) 

Figure 5-1: (a) flax fiber fabric, and (b) glass fiber fabric 
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Figure 5-2: Stress-strain curves of sandwich panel skins in tension and compression (F=flax, 

G=glass, E=epoxy, B=epoxy GR, W=wet lay-up, V=vacuum bag): (a) E-V, (b) E-W, and (c) B-W. 
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Figure 5-3: Failure modes of flax-FRP and glass-FRP coupons: (a) tension and (b) compression. 
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Figure 5-4: Stress-strain curves and failure modes of polyisocyanurate foam in (a) tension and (b) 

compression 
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Figure 5-5: Fabrication: (a) lay fiber sheet on wetted foam; (b) apply epoxy to skin (end of WL); (c) 

seal VB specimen and apply pump (end of VB); (d) samples of final specimens. 
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Figure 5-6: (a) Sandwich panel test setup; (b) specimen geometry and configuration Measurements 

are in millimeters. 
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Figure 5-7: Load-deflection plot for all sandwich panel specimens (F=flax, G=glass, E=epoxy, 

B=epoxy GR, W=wet lay-up, V=vacuum bag, 1 to 5=number of skin layers) 
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Figure 5-8: Load-longitudinal skin strain plot for all sandwich panel specimens (F=flax, G=glass, 

E=epoxy, B=epoxy GR, W=wet lay-up, V=vacuum bag, 1 to 5=number of skin layers) 
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Figure 5-9: Sandwich panel failure mechanisms: (a) outward wrinkling in constant moment region; 

(b) compression skin crushing in constant moment region; (c) outward wrinkling in shear zone; (d) 

secondary delamination failure post outward wrinkling in shear zone; (e) compression skin crushing 

in shear zone; (f) foam shear failure in shear zone.  
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Figure 5-10: The effects of number of flax fiber layers, relative to one glass fiber layer, on load-

deflection and load-strain responses for various resin types and fabrication method (F=flax, 

G=glass, E=epoxy, B=epoxy GR, W=wet lay-up, V=vacuum bag, 1 to 5=number of skin layers) 
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Figure 5-11: Effect of number of flax layers on strength: (a) percentage strength gain relative to one 

layer of flax, and (b) strength based on different flax layers compared to one glass layer (F=flax, 

G=glass, E=epoxy, B=epoxy GR, W=wet lay-up, V=vacuum bag, 1 to 5=number of skin layers) 
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Figure 5-12: The effect of resin type and fabrication method on load-deflection and load-strain 

responses for each fiber configuration (F=flax, G=glass, E=epoxy, B=epoxy GR, W=wet lay-up, 

V=vacuum bag, 1 to 5=number of skin layers) 
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Figure 5-13: Variation of skin compressive strain at ultimate with core-to-skin thickness (c/t) ratio 
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Chapter 6: Summary and Conclusions 

6.1 Mechanical Characteristics of On-Site Manufactured Compressed Earth Blocks: 

Effect of Water Repellent and Other Additives  

This experimental study investigated the performance of compressed earth blocks manufactured 

with different additives. The study focused on the impact of the test procedure, variability of 

manufacturing, and the impact of different binders. The following conclusions were drawn: 

1. Significant variation occurs between different batches of the nominally same mix 

manufactured on-site, with Type 1 CEBs resulting in compressive strengths of 13.77±0.80 

MPa for one batch and 10.54±0.82 MPa for another. However, all CEB types exceeded the 

strength requirements specified by several structural design standards. Notably, T3 and T3P 

exceeded the requirement by 5 times with unconfined strengths of 11.14±0.50 MPa and 

10.20±0.81 MPa, respectively.   

2. Current on-site CEB manufacturing and curing practices result in blocks that may not be 

fully cured. 

3. Stabilizers, notably lime, metakaolin and plasticure, used in combination with cement 

provide no increase in dry compressive strength. However, wet performance can increase 

between 29-81%.     

4. For CEBs that are only stabilized with cement, the addition of plasticure reduces the amount 

of water absorbed by 60.5% to 81.0% and also reduces moisture-based strength loss by 

33.9% to 70.6% after 24 hours of submersion; this reduces the strength difference between 

dry and wet CEBs drastically. Notably, CEBs manufactured with 10% cement and plasticure 

have an unconfined strength of 10.23±0.81 MPa when dry and experience an 11.6% 

reduction in strength when wet. 
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5. Long-term submersion of cement-stabilized plasticure specimens result in a water absorption 

of 60% of total potential absorption; however, strength loss is similar to that of CEBs that 

do not contain plasticure, after 1 day of submersion. Thus, maximum water absorption is 

not necessary for full moisture-based strength reduction. 

6.2 Freeze-thaw Performance of On-Site Manufactured Compressed Earth Blocks: 

Effect of Water Repellent and Other Additives 

This experimental study investigateded the freeze-thaw durability of on-site manufactured 

compressed earth blocks with different additives. The study focused on the impact of test 

procedure, water absorption, and the impact of different binders. The following conclusions were 

drawn: 

1. Compressed earth blocks exposed to freeze-thaw conditions without readily available water 

to be absorbed via capillary action showed no damage. 

2. The addition of cement content generally increased strength retention after freeze-thaw 

cycling up to 7.5% cement content, thereafter negligible benefits were observed. Strength of 

compressed earth blocks containing 10% cement content were still higher than their 7.5% 

cement content counterpart.  

3. The use of lime, metakaolin and Plasticure in conjunction with 5% cement content showed a 

75% to 146% increase in dry strength retention and 34% to 58% increase in wet strength 

retention. Due to the high variability, no statistically significant improvement was noted in 

wet strength retention.  

4. The addition of Plasticure increased strength retention up to 75% in lower cement content 

compressed earth blocks; however, this decreased to a negligible difference as cement 
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content increased, notably at 10% cement. All specimens showed different dry-to-wet state 

strength ratios. 

5. Strength retention varied over time from freeze-thaw exposure, ranging from 17% to 90.9% 

for CEBs containing combinations of cement and lime stabilization without Plasticure, 

whereas the addition of Plasticure to otherwise identical CEBs showed variation in strengths 

ranging from 11% to 24%. Thus, Plasticure significantly reduced the susceptibility of freeze-

thaw damage. 

6. Freeze-thaw exposure reduced both strength and water strength coefficient, resulting in 

reduced dry and/or wet strengths. For example, T3P showed no significant dry strength 

reduction; however, its water strength coefficient decreased from 0.88 to 0.60, resulting in 

increased susceptibility to water and a significant wet strength reduction.  

6.3 The Effects of Long Term Exposure of Flax Fiber Reinforced Polymer to Salt 

Solution at High Temperature on Tensile Properties 

This experimental study investigated the short- and long-term performances of Flax-FRP composite 

and compared its behavior to Glass-FRP. The impact of manufacturing method, namely wet layup 

(WL) and vacuum bag (VB) molding, and number of layers on short-term mechanical properties was 

also examined. Long-term performance was determined through environmental aging in saltwater 

containing 3.5% salt content by weight, where Flax-FRP coupons were subjected to 23°C, 40°C and 

55°C water for up to a maximum of 365 days. All mechanical properties and degradation were 

assessed through tension tests. The following conclusions were drawn within the scope of the 

current study: 

1. Using the WL process, Flax-FRP has a tensile strength and modulus of 150±10 MPa and 

8.7±0.3 GPa, representing 30-33% the strength and modulus of WL Glass-FRP. On the 
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other hand, using the VB process, Flax-FRP has a strength and modulus of 177±10 MPa 

and 11.8±0.6 GPa, 18% and 36% higher, respectively, than the strength and modulus of WL 

Flax-FRP. 

2. The tensile strength and modulus of Flax-FRP are sensitive to number of layers. As the 

layers increased from one to five, the properties also increased but stabilized at three layers.   

3. VB specimens demonstrated a higher susceptibility to environmental degradation than WL 

specimens. After 365 days of conditioning at 23°C, 40°C and 55°C, WL specimens obtained 

a strength retention of 81%, 73% and 69%, and a modulus retention of 84%, 64% and 54%, 

respectively. After 180 days, VB specimens obtained a strength retention of 78%, 64% and 

65%, and a modulus retention of 71%, 55% and 48%, respectively. 

4. For specimens aged for longer times and those at higher temperatures, warping of the Flax-

FRP coupons was observed. This resulted in a transition in failure mode from lateral fiber 

rupture transversely across the width to diagonal fracture and longitudinal splitting failure. 

This transition was more prevalent in VB specimens, which are thinner than their WL 

counterparts.    

5. Tensile strength retentions of Flax-FRP are better than Glass-FRP at elevated temperatures.  

The 300 days retentions of Flax-FRP at 23oC, 40oC, and 55oC were 81%, 76%, and 72%, 

while for Glass-FRP were 86, 72 and 61%, respectively. 

6. By applying the Arrhenius relationship, it was estimated that both WL and VB Flax-FRP 

would retain 60% of their tensile strength after 100 years of saltwater exposure at an annual 

mean temperature of 10°C. The majority of loss occurred within the first few years. For 

example, VB Flax-FRP retained 73% and 60% of its strength after 5 years and 100 years, 

respectively. 
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6.4 Flexural Behavior of Sandwich Panels with Bio-FRP Skins Made of Flax Fibers 

and Epoxidized Pine Oil Resins 

This experimental study investigated the structural performance of flax fibers as a potential 

replacement for glass fibers in insulated sandwich panels. Variations of number of layers in skin, matrix 

types and manufacturing methods were examined. The study focused on material testing of the 

constituent materials as well as flexural testing of sandwich panel in four-point loading. The following 

conclusions were drawn within the scope of the current study:  

1. Sandwich panels with flax-FRP skins can indeed provide equivalent structural performance to 

panels with glass-FRP skins, however thicker skins are necessary. Among the one, three and 

five layers of flax fibers examined, the three layers proved optimal as it resulted in similar 

strength and stiffness to panels with one layer of glass fiber skin. 

2. Sandwich panels with three and five layers of flax skins showed similar stiffness to panels with 

one layer of glass fiber skins up to a minimum of 50% of ultimate capacity, which is beyond 

serviceability-controlled load range. However, stiffness decreases thereafter. 

3. Vacuum bag molding increases the strength of FRP tension coupons; however, when applied 

to sandwich panels there is a decrease in ultimate load of up to 27% compare to wet lay-up 

panels. This is due to the thinner skins that result from vacuum bag molding, which leads to 

skins more susceptible to buckling. The perceived enhanced bond strength of skins to core 

was not manifested in this case. 

4. Epoxy GR, an epoxidized pine oil blend, and conventional epoxy performed similarly in FRP 

coupons; however, in sandwich panels, epoxy GR resulted in a decrease in strength and 

stiffness of up to 23%. 

5. Flax fiber sandwich panels appear to have a more ductile failure than glass fiber sandwich 
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panels, as evident by an extended post-peak strain softening behavior. 

6. The benefits gained from increasing the number of flax layers in skin are not proportional to 

number of layers. For example, from one to three layers the increase in strength of the 

sandwich panel is 135-293%, whereas an increase from three to five layers yields only 44-100% 

relative to a single layer. 

7. Failure modes transition from skin wrinkling in the constant moment region to material failure 

in the shear zone in the form of core shear failure or compression skin crushing, as the number 

of flax layers increase from one to five.  

8. At serviceability deflection limits of span/180 to span/360, sandwich panels with three and 

five flax layers skins operate within 11and 28% of their ultimate capacity, very similar to panels 

with one layer glass fiber skins. 

6.5 Recommendations for Future Work 

Short- and long-term performance of compressed earth blocks and sandwich panels with natural 

skins were assessed in this thesis. The addition of additives, such as Plasticure, and the use of natural 

fibres showed promising results as a sustainable alternative to conventional construction materials. 

However, there are several areas requiring further research to achieve a more widespread 

understanding of the systems and are as follows: 

1. Water borne erosion of CEBs in warmer climates: long-term durability in this study focused 

on cold climates; however, erosion due to the impact of rain is still a major issue. Solutions 

such as increasing the size of awnings and an exterior plaster only provide a temporary 

solution and increase the effective cost of CEB systems. 

2. Effect of heating and cooling on opposite CEB faces at the same time: typical wall systems 

are heated on one side and cooled on the other in cold climates, which can lead to water 
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ingress and eventual failure of the structure. There is a necessity to study the susceptibility of 

water ingress via this mean as well as the effect on compressive strength, as one face 

becomes stronger as it freezes and the other becomes weaker as it absorbs water. 

3. Moisture on natural fibres: environmental aging of Flax-FRP showed that the majority of 

property loss occurred within the first 30 days. This may be due to the effect of moisture on 

natural fibres, and if so, poses the concern for warmer climates where moisture content 

decreases. There is a necessity to determine if fibre properties decrease drastically based on 

moisture content and whether wetting-and-drying cycles impact natural fibres. 

4. Fire resistance of natural fibres: fire is a concern for all FRP systems, but proves to be of 

critical concern for natural materials, which are more flammable. A study on the 

combination of natural fibres encased in resin is necessary to determine if the fibres are the 

limiting factor or whether the resin remains to be the limiting factor for fire considerations. 

5. Fully natural sandwich panel: partial replacement of the sandwich panel skin with a natural 

alternative was tested; however, the panel remained mostly synthetic. Replacement of the 

resin with a fully natural resin and the foam core with a natural core should be studied. 


