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Wildfire prevention operations like forest thinning and forest fuel removal 

result in large volumes of woody biomass available for utilization. In 2007 alone, the 

US federal government spent nearly $2 billion to fight forest fires on federal lands. 

Annually, the USDA Forest Service spends $1 billion to thin young trees and brush to 

control wildfires. The resulting woody biomass from these operations is a largely 

unused resource, primarily burned on-site. Increasingly, interest has developed to use 

this biomass to generate electricity or produce bio-fuels. However volatile petroleum 

prices suggest that converting this biomass to fuel alone may not be the most 

economically appropriate solution - alternatives need to be explored. Composite 

products using bio-particles can create consistent demand for woody biomass. This is 

expected to offset costs of removal operations and improve the economics of 

alternatives to burning. 

 

Products that can utilize the large volume of biomass waste produced must 

have a proportionally large potential use of material. Highway systems employ a wide 



 

variety of roadside hardware and safety products on roadways and their perimeters. A 

majority of these products such as traffic signs, road markers, and guardrails are 

manufactured from nonrenewable materials. A significant portion of wood residue 

produced could be utilized in various highway related products due to widespread 

availability of raw material, the diversity of products, and large volume of roadside 

hardware. This not only can provide beneficial use for waste material, but also will 

reduce the volume of non-renewable materials in use and provide potential for small-

scale business opportunities in rural regions. 

 

A conceptual framework for the systematic assessment of replacement or 

partial substitution of currently used materials with sustainable alternatives containing 

woody biomass has been developed. This procedure outlines necessary input 

information, inquiries, practical steps, and decision points necessary to determine if a 

product or its individual components are suitable for effective material replacement. 

This procedure is summarized in form of a visual chart. Three highway products are 

evaluated for biomass-composite material substitution. Manufacturing processes and 

testing procedures are considered to develop products conforming to Oregon 

Department of Transportation requirements. 

 

To better understand the effects of combining low-grade woody biomass with 

polymers, wood-plastic composites using various compositions of locally available 

woody biomass from forest thinning, and urban wood waste have been manufactured. 



 

Tensile properties (strength, elastic modulus, and toughness), impact toughness, 

resistance to UV exposure, and ground contact tests of these small composite 

specimens have been tested. 
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Utilization of woody biomass  

The large amount of fuel accumulated on the forest floor due to a century of 

artificial fire suppression creates an environment in which any uncontrolled wildfire 

can rise to catastrophic proportions. The US Federal Government regularly removes 

tons of dead biomass from endangered forestlands to control and prevent devastating 

wildfires. Forest thinning and fire prevention operations are costly and produce large 

volumes of low-grade biomass. The US produces nearly 57 million bone-dry tons 

(BDT) of forest residues and 31 million BDT of urban wood waste yearly (Milbrandt 

2005). In Oregon, it is estimated that the volume of immediately available woody 

biomass, including wood from forest fire prevention, urban wood waste, and invasive 

species removal, is about two million BDT (Bowyer, Lord et al. 2006). There is an 

urgent need to find a sustainable way of utilizing the raw material resulting from these 

operations. In order to be successful, this effort will not only require engineering 

solutions but also collaboration among industry, federal and state governmental 

agencies, and local communities. 

This considerable volume of woody biomass is commonly considered as only 

useful to burn as boiler fuel or in electricity generating operations. The small diameter 

of branches and twigs, and low bulk density, and presence of bark, leaves, and dirt 

render it unusable for traditional wood products. Recent efforts to utilize this biomass 

have focused on converting it into lignocellulosic bio-fuels. However, volatility in fuel 

prices suggest that converting this biomass to fuel alone may not be the most 
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economically appropriate solution. Further, burning releases greenhouse gasses 

directly into the atmosphere, and can add to climate change concerns. 

The high cost of harvesting and transporting woody biomass generated in 

forest thinning and fire prevention operations is due to the fact that treated forestlands 

are often geographically disperse and located in remote areas with little access. An 

anecdotal comparison of relative costs of biomass collection and comminution 

incurred by the Author during this project can be found in Appendix F. Due to the 

small scale of this collection operation, the specific costs for the raw material are 

exaggerated, but it provides a practical review of cost items that need to be taken into 

account. It is important to note that even if the revenue from woody biomass 

utilization (whether value-added wood products, liquid fuels, or energy) cannot offset 

the costs of acquiring and processing the raw material (GAO 2005), a partial offset 

due to consistent demand for the raw material may still translate into substantial 

savings and improve the economics of alternatives to controlled burning (Winandy, 

Clemons et al. 2005; Mason, Lippke et al. 2006).  

Past research on WPCs using low-grade woody biomass has investigated the 

properties of WPCs using biomass waste sources from many different origins, such as 

waste paper fiber(Youngquist, Myers et al. 1994; Viksne, Berzina et al. 2007), 

invasive species(Clemons and Stark 2007), agricultural wastes(Bourne, Bajwa et al. 

2007), and even wood from trees damaged by infestations(Cameron 2009; Chang, 

Lam et al. 2010). However there has been little research on WPCs using low-grade 

woody biomass from forest thinning operations. Further, little research has compared 
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the affect WPCs using low-grade woody biomass at a range of loading levels, within 

the practical limits of current WPC manufacture. 

In this project viability of utilizing low-grade woody biomass in wood-plastic 

composites (WPCs) is explored. A product class with a high volume market may 

successfully utilize this large volume of woody biomass. The highway construction 

sector consumes substantial volumes of materials (e.g. plastic, treated wood, etc.) 

which may be suitable for substitution with WPCs (Thompson, Hansen et al. 2010). 

Currently many highway products are manufactured from virgin petroleum-based 

plastics, and other non-renewable materials with a significant carbon footprint (like 

concrete and metals). These materials are often connected with relatively high direct 

and indirect environmental impacts. Using alternative, sustainable materials may 

significantly reduce these costs and the environmental impact of products such as road 

markers, mileage and signposts, traffic dividers, work zone safety devices, and sound 

barrier walls, to name just a few. Substantial volumes of plastics and other non-

renewable materials present in high volumes on roadways and their perimeters could 

be reduced. 

 

Overall Project Objective 

The study presented in this thesis is a part of a larger project whose objective 

was to determine the potential for a systematic substitution or partial replacement of 

virgin plastics and other non-renewable materials present in a variety of highway-

related products, with bio-based composites that contain low-grade woody biomass 
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generated in thinning and fire prevention operations, and recycled or biodegradable 

plastics. Efforts have been focused on: 

 Estimating the size of the market for a small set of highway products 

that appear to be likely candidates for substitution by wood plastic 

composites (partially addressed by Thompson et al., 2010) 

 Identifying the existing and potential manufacturers of highway related 

products interested in developing new products and supporting 

necessary research 

 Identifying and reviewing standards, specifications and tests 

requirements for the selected products and materials 

 Determination of applications and materials most suitable for 

replacement or partial substitution with bio-based composites 

 Evaluation of the benchmark mechanical properties, performance 

characteristics, and durability of composites manufactured with woody 

biomass generated from forest thinning, forest fuel removal operations, 

and urban wood 

 

The expected impact of the project is creating benefits to the environment, the 

forest industry and local communities. The sustainability of materials and products is 

considered in the context of potential benefits to the health and safety of the forests 

and sustainable job opportunities in rural communities. These rural regions, many of 

which were created and developed around the forest products industry, suffered most 
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from the decline in traditional industry - and more so by the current economic crisis. 

Revival of these rural economies depends on sustainable business and job 

opportunities, which can take advantage of nearby resources.  

Work done by Thompson et al. (2010), resulted in an initial assessment of the 

market acceptance of highway products made with wood-plastic composites. This 

showed that a significant portion of wood residue produced could be utilized in 

various highway related products. 

 

Thesis Objectives 

In relation to the overall project objectives, the objectives of this thesis were 

to: 

 • Develop a methodology for the systematic assessment of replacement 

or partial substitution of currently used materials in highway products 

with sustainable alternatives containing woody biomass 

 • Compare the mechanical and environmental performance of WPCs 

made with low-grade woody biomass with that of WPCs made with 

commercial pine flour. The specific objectives were to investigate the 

effect of using low-grade woody biomass fillers in WPCs on: 

o selected mechanical properties (elastic modulus, UTS, 

toughness, impact) 

o resistance to environmental exposure (accelerated weathering, 

ground contact). 



 

 

7 

Organization of the thesis 

The thesis objectives are addressed in the four manuscripts presented in 

Chapters 2-5. The first manuscript (Chapter 2) presents a procedure designed to assess 

viability of material substitution in current highway products. The following three 

manuscripts (Chapters 3-5) present experiments, which investigate the effect of using 

low-grade woody biomass fillers in WPCs on selected mechanical properties (elastic 

modulus, UTS, toughness, impact), and on the resistance to environmental exposure 

(accelerated weathering, ground contact). Though there is no single test which can 

address performance for all highway-related products, small-scale material tests can 

give an idea of how materials will perform under the requirements set by highway 

product regulating agencies. 

Chapter 2: Sustainable bio-composites for highway infrastructure: feasibility 

of material substitution in existing products describes a conceptual framework and 

development of a procedure for the assessment of potential replacement or partial 

substitution of currently used materials with sustainable alternatives containing woody 

biomass. This procedure outlines necessary input information, inquiries, practical 

steps, and decision points necessary to determine if a product or its individual 

components are suitable for effective material replacement. Product approval 

standards for tubular markers  non-reflective road markers and sound barriers have 

been identified and reviewed. 

The Oregon Department of Transportation as well as other states‟ 

transportation agencies specify product review and testing guidelines, and commonly 
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use the services the National Transportation Product Evaluation Program (NTPEP), to 

approve a product. Although individual highway related products have specific critical 

requirements, depending on their function, there are a few aspects of their 

performance that are common to most. These are resistance to the outdoor exposure, 

resistance to ground contact and “crash-worthiness” usually measured in full-scale 

product tests involving weathering and automobile impact durability. In most cases, 

small-scale (material-level) tests may be used to determine composite formulations 

most likely to pass the full-scale product tests.  

The primary hypothesis of the following three experimental studies described 

in Chapters 3, 4 and 5, was that wood fillers made from low-grade woody biomass 

sources can be substituted in place of commercial wood flour fillers in WPCs without 

a major change in performance. If proven true, it may be justified to apply much of the 

of knowledge that is known about WPCs, to WPCs using low-grade woody biomass 

fillers. 

Chapter 3: Effect of low-grade woody biomass content on tensile properties of 

wood-HDPE composites describes an experimental study, performed in order to 

evaluate the effect of using low-grade woody biomass fillers in WPCs on tensile 

properties against a reference composite using commercial wood flour. The 

performance of wood plastic composites using low-grade woody biomass derived 

from a) forest thinning, b) invasive species eradication, and c) urban waste from a 

demolition project, and a commercial pine flour reference composite using were 

evaluated for properties including: tensile modulus, ultimate tensile stress, and 
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toughness. The evaluation was performed at three loading levels; 20%, 40% and 60% 

of woody biomass by weight. In addition the effect of 4% MAPE compatibilizer in the 

composite formulations was investigated.  

Chapter 4: Effect of low-grade woody biomass content on tensile properties of 

wood-HDPE composites subjected to environmental exposure describes an 

experimental study, performed in order to evaluate the effect of using low-grade 

woody biomass fillers in WPCs on resistance to environmental exposure against a 

reference composite using commercial wood flour. The performance of wood plastic 

composites using low-grade woody biomass derived from a) forest thinning, b) 

invasive species eradication, and c) urban waste from a demolition project, and a 

commercial pine flour reference composite using were evaluated for tensile properties 

including tensile modulus, ultimate tensile stress, and toughness, after 1000 hours of 

accelerated UV light exposure. Ground contact tests, measuring mass loss from fungal 

decay, were also performed. The evaluations were made at three loading levels; 20%, 

40% and 60% of woody biomass by weight. In addition the effect of 4% MAPE 

compatibilizer in the composite formulations was investigated. 

Chapter 5: Effect of low-grade biomass content on high-speed puncture 

properties of wood-HDPE composites describes an experimental study, performed in 

order to evaluate the effect of using low-grade woody biomass fillers in WPCs on 

impact properties against a reference composite using commercial wood flour. The 

study investigated the performance of low-grade woody biomass content derived from 

a) forest thinning, b) invasive species eradication, and c) urban waste from a 
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demolition project, and a commercial pine flour reference composite using were 

evaluated for properties including: peak load, deflection at peak load, and energy 

absorbtion. The effect of 4% MAPE compatibilizer in the composite formulation was 

also investigated. 

The final chapter, Chapter 6, states overall conclusions and future work which 

can be made from this project. Following the general references, Appendices A though 

C are tables compiling data from testing, Appendix D is a drawing for a clamp 

developed for impact testing for this study, Appendix E is a work instruction outlining 

for impact testing procedures. Appendix F is a graphic depicting the costs incurred on 

this project while collecting biomass for this project. Appedix G is a design drawing 

for a compression mold to produce Bott‟s dots, for future work. 
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Abstract 

The US Federal Government regularly removes tons of dead biomass from 

endangered forestlands to control and prevent devastating wildfires. The thinning of 

young trees and brush from the forest floor creates a largely unused resource. 

Currently this biomass is either burned on-site, or at facilities to generate electricity. 

However, sustainable long-term solutions need to be explored to create a steady 

demand for slash material, and improve the economics of fire prevention. In this 

pending project the feasibility of substituting non-renewable materials currently used 

in a wide variety of highway infrastructure products, with sustainable composites 

utilizing low-grade woody biomass is investigated as potential alternative to burning. 

Devices such as traffic signs, road markers and guardrails are present in 

significant numbers on roadways. The hypothesis of this study is that hybrid 

particulate composites can be used in these products without impact to their function 

or critical properties. Benefits to the environment, the economy, and local 

communities are considered in this assessment of the substitution‟s sustainability. 

Until now, there have been no clear guidelines established for systematically 

assessing the viability of full or partial material substitution with these more 

sustainable alternatives. In this project a conceptual framework is developed that 

outlines necessary input information, inquiries, practical steps, and decision points 

necessary to determine if a product or its individual components are suitable for such 

substitution. This procedure can assist entrepreneurs and small-scale businesses 

willing to enter the market, and provide opportunities in rural regions affected by the 
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decline in forest products industry. The application of this procedure is demonstrated 

on three selected highway products. 



 

 

14 

Introduction 

Forest thinning and burn fuel removal from congested forestlands is a common 

practice used to maintain forest health and safety. In particular, the western states of 

the US are plagued with seasonal wildfires of high intensity. Although small-scale 

seasonal forest fires are considered natural events beneficial for forest health, the large 

amount of fuel accumulated on the forest floor due to a century of artificial fire 

suppression creates an environment in which any uncontrolled wildfire can rise to 

catastrophic proportions. Each year the US federal government spends billions of 

dollars to fight, mitigate, and prevent forest fires on federal lands (Daly 2008; Barnard 

2009). These operations create large volumes of unused woody biomass. In an 

interagency memorandum of understanding between the US Department of 

Agriculture (USDA), Department of Energy (DOE), and the Department of the 

Interior (DOI) (2003), woody biomass is defined as trees and woody plants, including 

limbs, tops, needles, leaves, and other woody parts, grown in a forest, woodland, or 

rangeland environments that are the by-products of forest management (USDA 2008). 

In healthy forests woody biomass becomes a source of needed nutrients (Eisenbies, 

Vance et al. 2009), however a century of artificial forest fire suppression resulted in 

accumulations that the ecosystem can no longer process. Its low grade renders it 

nearly useless as raw material for most traditional forest products. The slash material 

has low bulk density, and therefore is expensive to handle and transport. As the scale 

and costs of forest fire prevention increase in response to this increasing threat, so 
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does the pressure to find sustainable ways to utilize biomass that is generated in burn 

fuel removal operations.  

In the state of Oregon alone, approximately 4.25 million acres (about 15% of 

state forestlands), could produce one million bone dry tons (BDT) of woody biomass 

from thinning of forest stands yearly, reducing the risk of catastrophic fires for over 20 

years. Harvesting western juniper - considered an invasive species in Oregon‟s 

rangelands, logging slash in other timber harvests, and urban wood waste could 

provide an additional one million BDT of biomass (Bowyer, Lord et al. 2006). In 

2005, about one million tonnes of forest residue were generated in the state(Milbrandt 

2005). 

Currently this material is most commonly collected in slash piles and burned 

onsite. Recently, research efforts have been focused toward efficient harvesting 

methods and in-situ processing for cogeneration fuel conversion (Han, Halbrook et al. 

2010; Harrill and Han 2010). Efficient harvest and collection methods, in addition to 

consistent demand for bio-particles created by a market for products made from wood 

fiber - expected to offset the costs of removal operations (Winandy, Clemons et al. 

2005; Mason, Lippke et al. 2006) - can improve the economics of using low-grade 

woody biomass.  

However with the volatility of fuel economics, both global and local, and 

increasing concerns regarding CO2 emissions, the long-term feasibility of this 

approach may soon be questioned. However, some prescribed thinning to prevent 
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catastrophic fires to increase a forest‟s lifespan, could increase carbon storage 

benefits(Hudiburg, Law et al. 2009).  

An alternate way to utilize this low-grade biomass is as filler in hybrid wood-

plastic composites. Sequestering carbon from woody biomass in products will not 

release carbon into the atmosphere as burning the slash piles does (Krankina 2010). 

There are many examples of fillers being added to a material to reduce the 

volume of an expensive ingredient and to lower the cost. In any industry using high 

volumes of plastic products, even moderate amounts of inexpensive fillers replacing 

petroleum-based polymers translate into significant savings. Filler content may also 

significantly alter the physical and mechanical properties of the resulting composite. 

Previous research on wood-plastic composites using waste-wood fillers derived from 

old newspapers and demolition wood has shown a combination of high performance, 

low cost, and reduction of mold cycling times (English, Clemons et al. 1996). WPCs 

made with recycled and second generation materials have been shown to have equal or 

better mechanical properties, water resistance, and dimensional stability against 

composites using to virgin materials (Youngquist, Myers et al. 1994). 

Wood plastic products are manufactured in a similar manner to 100% plastic 

products. Startup of, or conversion to WPC production would typically do not require 

large capital investments. This low cost of entry into the WPC market can benefit rural 

communities, allowing business growth in areas affected the most from the decline in 

the forest products industry. These communities are located nearby the areas that are 

the focus of forest thinning operations where woody biomass sources are close at 
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hand. This project explores the use of low-grade woody biomass in wood plastic 

composite products. 

One of the potential outlets for wood plastic composites utilizing low-grade 

woody biomass is public infrastructure, in which a large variety of standardized 

products are used in large volumes. Of particular interest are highway systems, which 

use a wide variety of roadside hardware and safety products on roadways and their 

perimeters. 

 

Highway Products 

Highway products include a variety of fixed and mobile devices on roadways 

and their perimeters. Examples include: mileage and sign posts, traffic dividers, work 

zone barricades signage and features, manhole guards and protector rings, snow 

fences, retaining walls, sound barriers, guardrails, and various crash protection 

systems. Hundreds of highway products can be present on every mile of roadway, 

each differing in material, size, function, applicable regulations, and manufacturing 

processes. 

 

Types of highway products 

The National Cooperative Highway Research Program (NCHRP) Report 350 

covers five categories of highway features: 1) longitudinal barriers such as bridge 

rails, guardrails, median barriers, transitions and terminals; 2) crash cushions; 3) 

breakaway or yielding supports for signs and luminaries; 4) break away utility poles; 
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5) mobile truck-mounted crash cushions; and 6) work zone traffic control devices 

(Ross Jr. et al. 1993). Other categories of highway products not included in NCHRP 

Report 350 include erosion control devices, pavement markings, and paving materials. 

Any highway product purchased for use on public roadways must be approved by the 

regional Department of Transportation. Each state maintains a list of qualified 

products approved for use along its highway system. To qualify, products must be 

tested in accordance to requirements that are deemed critical for its use. An example 

of a successful utilization of wood plastic composites with low-grade biomass content 

in highway related products has been traffic and Forest Service sign panels and posts 

made with Altree™, a material developed by New Mexico based P&M Signs Inc. 

(Ginsberg 2010). 

 

Markets and Volumes 

There is a significant market for highway products. A study conducted by 

Thompson et al. (2010), estimated that nearly 455,000 tubular markers are purchased 

annually in the 8 western states of the US (Washington, Oregon, California, Idaho, 

Utah, Nevada, Arizona, and Montana). The estimated annual volume of in-road 

reflectors is over 1.2 million units (Thompson, Hansen et al. 2010). A local distributor 

of traffic supplies roughly estimated that in a high volume year, about 800,000 

pavement markers are sold in Oregon alone (Parsens 2009). 

Thompson et al. (2010) estimated that these two relatively small products 

alone account for an approximate 867 tonnes of plastic deployed yearly along 
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highways in the western states. Although a stricter analysis may be needed to evaluate 

the potential for biomass utilization, this rough comparison indicates that highway 

products can become an effective outlet for substantial amounts of low-grade woody 

biomass generated in fire prevention and other forest operations across the US. Using 

woody biomass filler in these products can also benefit highway product manufacture 

by displacing a substantial volume of petroleum-based plastics with a renewable 

material source. 

Most products and their components are currently manufactured from non-

renewable materials of substantial carbon footprint: concrete, metals, petroleum-based 

plastics, or from treated wood. They differ by size, function, and manufacturing 

processes currently in use. Despite their variety, some necessary material 

characteristics can be easily predicted. For instance, virtually all highway products are 

exposed to outdoor climate conditions and/or ground contact throughout their entire 

service life. However, different standards and regulations apply also to every product. 

The feasibility of substituting the current materials with more sustainable alternatives 

in these products must be assessed carefully, case by case and against multiple criteria. 

In the absence of clear guidelines, an assessment such as this may be a 

daunting task for entrepreneurs and small-scale businesses willing to enter the market. 

 

Objective 

The objective of this paper is to outline a conceptual framework that 

systematically assesses the potential replacement, or partial substitution of materials 
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used currently in highway related hardware, with sustainable woody biomass-based 

composites. It is designed to guide the decision making process on whether WPCs, 

using low-grade woody biomass, are a suitable material substitution in products and 

components currently made from non-renewables such as concrete, metals, or 100% 

petroleum-based plastics.  

Specifically, this methodology examines if a material substitution for a 

product, or its components, necessitates substantial changes in its design and 

manufacturing process. 

 

Product development versus material substitution 

A highway product goes through stages of development to ensure that it 

achieves proper functionality. NCHRP Report 350 outlines a sequence of steps for 

developing a highway safety feature. Depending on which phase of development a 

product is in, it can be placed in one of three categories: 1) research and development, 

2) experimental, or 3) operational. A schematic diagram of the product development 

procedure is reproduced in Figure 1(Ross Jr., Sickling et al. 1993). This chart 

organizes the elements of product development to consider. It is quite general in 

nature and can be applied to the development of many products. 
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Figure 1 Schematic diagram of the product development procedure (Ross Jr. 1993). 



 

 

22 

As opposed to developing new products, this project is concerned with 

material substitution in existing products. This requires a somewhat different 

approach. Material replacement in a product requires consideration of how the 

manufacturing process will change and whether the product made with a new material 

will be able to meet the same demands. The procedure that has been developed by 

which the feasibility of material substitution in a product can be assessed is 

summarized in the diagram in Figure 2. The primary concerns are: 1) the effect of 

adding low-grade biomass filler on the manufacturing process, 2) the critical material 

and product requirements defined by the standards issued by the governing agencies, 

and 3) the cost-benefit balance of the substitution. The cost- benefit analysis must be 

considered in the context of implications for broader sustainability to determine 

whether development and use of a bio-based composite for a highway product is 

worthwhile. 

 

Procedures for the feasibility assessment of material substitution 

A step-by-step assessment process that helps identify procedures and 

considerations need to be taken in material substitution in current highway products 

has been developed. The steps are summarized in the following five steps, and 

illustrated in Figure 2. 
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Figure 2 Procedure for the feasibility assessment of material substitution. 
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Step 1: Isolate Product Components 

In this step, the design of the candidate product should be carefully considered. 

For multi-component products, each component should be assessed individually.  

Products related to highway infrastructure may comprise of many component 

parts, each made of different materials. Some parts, such as reflective surfaces, or 

fasteners cannot possibly be replaced with counterparts made from wood plastics. 

Similarly, material substitution in products and parts made currently of concrete or 

steel will require major change in the product design and manufacturing process. But 

for the numerous parts and products currently manufactured from virgin plastics, 

adding moderate amounts of wood particles as a filler material may not require 

significant changes in processing. For this reason, it is necessary to screen these 

components by their material type. 

 

Step 2: Identify Material Class 

Individual products and components should be divided into two categories 

based on material type: 

 A) Products or components made from polymer composites may be 

good candidates for direct material substitution. They can be potentially 

made from WPCs with minimal changes to their manufacturing process 

or design by a direct addition of woody particles in their formulations. 

 B) Products or components made from other materials such as metals, 

wood, and concrete may either require major changes in both 
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manufacturing process and design – or may not be suitable for 

substitution at all. 

 

Step 3: Analyze Processing Constrains 

The effects of incorporating low-grade wood fillers, need to be considered for 

components made with polymer composites (category A from previous item). Process 

characteristics and parameters may limit the practicality or the amount of bio-based 

filler that can be incorporated within a material. 

For instance, polymers that must be processed above 200°C are generally 

considered unfit for compounding with woody fillers, which will begin to thermally 

degrade. The individual process and the specific processing equipment can also limit 

the maximum amount of the filler that may be added to the composition. The addition 

of fillers affects the viscosity and flow characteristics, and may change the efficiency 

of the manufacturing process. At this stage, the decision must be made if the 

adjustment of the process is practical or even possible. 

 

Step 4: Test Property Modifications 

Components and products where biomass filler content causes no major 

changes to their manufacture must now be tested. Addition of particulate fillers affects 

many physical and mechanical properties of the material. This is particularly true for 

organic fillers derived from woody biomass. It is important to note however, that not 

all material properties are affected to the same degree. Some properties affected may 
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not be critical for performance criteria the product must meet. The following 

distinctions should be made: 

 A) WPC formulations whose properties compare favorably with the 

requirements critical to the functional performance characteristics of a 

product/component may be considered for prototype trials. 

 B) Composite formulations missing the mark by a small margin may be 

considered for prototype trials after moderate changes of the 

product/component design, aimed at compensating for the loss of 

property (e.g. modification in the cross section dimensions). 

 C) Composite formulations missing the material requirements by a 

substantial margin shall be considered unfit for the material 

substitution. In this case, different composite formulations, major 

changes in manufacturing processes and/or major change in the 

product/component design should be considered. 

 

For composite formulations meeting the material requirements, prototype 

testing is the ultimate technical criterion for the product‟s acceptance. These tests are 

performed on complete products according to prescribed testing protocols: 

 A) Prototypes meeting the product performance criteria, should be 

further subjected to cost-benefit analysis. 

 B) Prototypes missing the mark by a small margin may be considered 

for slight adjustments in the composite formulation or design. 
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 C) Prototypes missing the functional performance criteria by a 

substantial margin shall be considered unfit for the material 

substitution. Again, different composite formulations, major changes in 

manufacturing processes, and/or a major change in the product/part 

design may be considered. 

 

Step 5: Benefit Analysis 

Prototypes meeting the functional performance criteria for the product must be 

subject to a cost-benefit analysis, where the benefits should be considered in the 

broader context of sustainability. 

Sustainability is often defined in the broader perspective of joined 

environmental, economic and community objectives (from Oregon Sustainability Act 

(2001)). Therefore, in this project, the sustainability of material substitution in 

highway products is measured not exclusively in terms of direct savings on their ticket 

price, but is assessed in the context of benefits to the environment, local economies, 

and communities. In fact, these benefits are best assessed in collaboration with local 

community administrations, on state, county or municipal levels. These entities are 

also typically responsible for the health and safety of public forests, maintenance of 

public infrastructure as well as creating local job and business opportunities. 

Manufacturing bio-composites does not require overwhelming capital 

investments and are suitable for small to medium-scale businesses. It is reasonable to 

assume that the relatively low entry costs for establishing a small-scale WPC 
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operation and the recent push toward sustainable materials may help create new 

business opportunities. This will contribute to the economic development of rural 

areas affected with the decline of the traditional forest products industry. Additionally, 

the small-scale and potential mobility of such an operation, and the dispersed nature of 

the target resource base, can provide the means to reduce the costly long distance 

transportation of raw materials. 

Though there is potential for positive outcomes from the manufacture of 

regional bio-based products, a number of assumptions must be tested to assess overall 

feasibility, and should be examined before a full-scale manufacturing operation 

commences. 

 

Examinations of Three Potential Highway Products 

Three highway products were selected for evaluation as a demonstration of the 

product substitution methodology: tubular markers, raised pavement markers, and 

sound walls. They were selected to represent an assorted selection of components 

commonly present on the US highway system. They represent a range of uses: the 

tubular markers represent portable items deployed temporarily and reused frequently; 

raised pavement markers represent small, permanently fixed items which collectively 

sum to a large volume of material; and the sound walls represent large-scale fixed 

roadside features mounted in urban areas. 

 

 



 

 

29 

 

Raised Pavement Markers: Botts‟ Dots 

Raised pavement markers (also known as Botts‟ dots) are used to mark lanes 

providing visual and tactile lane division. They represent a class of small-size fixed 

items, which can be used in hundreds of uniform units per mile. The type considered 

here is a simple round, domed marker. It is made from a non-reflective material and 

mounted with a bituminous or epoxy adhesive to an asphalt or concrete surface 

(ODOT 2010). The California Department of Transportation estimates that there are 

about 20 million Botts‟ dots on its roadways today (Caltrans 2010). If California 

Botts‟ Dots were placed end to end with no gaps, they would line the length of US 

Interstate 5 from the US-Mexico border all the way to Tacoma, Washington (the 

majority of the length of the west coast). 

 
Figure 3 Raised pavement markers. 

Evaluating direct filler addition 

Botts‟ dots are a single-component part. They are made from, ceramics, or 

thermoplastics such as polycarbonate, polyester, and polypropylene. Polypropylene is 



 

 

30 

a matrix commonly used in WPCs and this makes the Bott‟s dot a prime candidate for 

direct filler addition. Mass production parts such as these can be injection molded 

(Hunnicutt 2007; Bouafif, Koubaa et al. 2009). It is unlikely that the manufacturing 

process would have to change greatly.  

Ceramics and polycarbonate matrixes have processing temperatures generally 

too high for the inclusion of wood particles. Wood particle inclusion however may be 

an option in a polyester resin, and past research has demonstrated manufacture of 

wood-polyester composites (Caulfield, Clemons et al. 2005). 

 

Manufacture and testing 

The desired qualities of pavement markers are bond strength, hardness, 

strength by compressive loadings, resistance to water absorption, and color stability 

(Caltrans 2006).  

Preliminary tests to gain insight into general WPC behavior can be made on 

small samples and coupons. Such tests should include mechanical, durability, and 

coloring tests. Working initially with small specimens can save resources and can 

determine early in the product development process which properties need to be 

improved or whether there are any factors that will disqualify a material for use. Once 

small-scale tests are complete, full-scale prototype tests should be performed.  

Non-reflective pavement markers require testing of bond strength, hardness, 

glaze thickness, color, compressive strength, water absorption, and weathering 

(Caltrans 2006). Every state has different specifications for pavement markers. 
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Although not extensively different, the target state‟s department of transportation 

publications must be consulted. 

 

Cost-benefit evaluation 

The environmental impact of material substitution will depend on the amount 

of biomass the product can tolerate without loss of function. However, even moderate 

biomass content should translate into substantial volumes of sequestered biomass and 

saved plastic given the number of Botts‟ dots manufactured and installed annually. 

Additional benefits may be realized if recycled plastics are used for matrix. The 

manufacturing process seems ideal for small-scale enterprises in rural communities 

close to the raw material source, mitigating the costs of transportation. 

 

Tubular Markers 

Tubular markers are used to guide traffic, indicate obstacles or hazards, for 

both temporary and permanent applications. These are items typically deployed 

temporarily and re-used multiple times. Commonly found in construction areas, they 

need to withstand impacts without damage to the markers or vehicles that strike them. 
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 Figure 4 Tubular markers. 

 

Evaluating direct filler addition 

Tubular markers are a multiple component product. The “marker” is a vertical, 

thin-walled tube. This is held in place with a heavy base, or occasionally an assembly 

that fastens it to the pavement. The heavy base is commonly made from recycled tires. 

The marker tube is made from HDPE, LDPE, urethane or PVC (TSSCO 2010; 

WesternSafety 2010). 

HDPE, LDPE, PVC, and urethane are all compatible with wood-particulate 

filler. A challenge in their manufacture is the thin walls of the tube, in many cases less 

than 1/8‟‟. This could affect material shear characteristics during the injection molding 

process, as well as important mechanical properties in the finished product. 
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Manufacture and testing 

The FHWA Manual on Uniform Traffic Control Devices (MUTCD) governs 

the standards for tubular markers. They need to be flexible and withstand multiple 

impacts without damage to itself or a vehicle. They must be bright orange in color, and 

have wide, reflectorized bands adhered to them (FHWA 2009; ODOT 2009). 

Additional requirements may need to be met based on an individual state‟s department 

of transportation. 

The substitute composite material needs to remain very compliant and tough. 

Thus, it can be assumed that this product is not a candidate for inclusion of high 

percentages of wood filler. Unless a plasticizer is added to the composition, brittleness 

and elastic modulus of WPCs increase substantially as the load of wood filler 

increases. 

Preliminary tests can be made on small samples and coupons. Testing should 

include mechanical characteristics, durability, coloring, and ability to accept 

adhesives.  

For ultimate approval for use on roadways, the National Transportation 

Product Evaluation Program (NTPEP) carries out full-scale tests. These are primarily 

field tests focusing on weathering and vehicle collision. 

 

Cost-benefit evaluation 

The environmental impact of material substitution will depend on the amount 

of the biomass the product can tolerate without loss of function. In particular, if only 
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very small percentages of woody biomass filler can be used to maintain desired 

mechanical characteristics, the cost of process adjustment must be weighed carefully 

against the potential benefits. Additional benefits may be realized if recycled plastics 

are used for matrix. 

 

Sound Barrier Wall 

Sound barriers are structures along roadways used to mitigate noise from 

passing traffic, especially in residential areas. They are large installations designed for 

long service life. Performance characteristics of sound walls include sound 

transmission loss, structural requirements, weathering durability, and aesthetic 

acceptance(Land 2004). However in many cases they do not need to meet stringent 

collision requirements because they are generally offset from the road. 

 

Evaluating direct filler addition 

Sound barrier walls are made of many components. There are many designs of 

sound walls and various materials such as precast concrete panels, masonry blocks, 

wood, and even plastics may be used. The material and style are chosen based on 

performance as well as aesthetic qualities, and are commonly decided on with input 

from local government and citizens(VDOT 2008). 

There are several designs on the market today based on a hollow, extruded 

plastic profile which is filled with a sound-absorptive material (Carsonite 2007; SFS 

2007; HLH 2010). WPCs are commonly extruded; hence the direct addition of woody 
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biomass filler may be very feasible without much change to the manufacturing 

process. Currently there are a few manufacturers of WPC sound barrier walls, 

including Polyplank AB from Sweden. Adapting this product to include low-grade 

forest slash filler would address the needs of biomass utilization and increasing the 

sustainability of highway related products as presented in this paper. 

 

Manufacture and testing 

The critical properties of a sound wall are weathering and visual 

characteristics, sound absorption and reflectivity, structural loading including dead and 

live loads, and impact requirements. The Oregon Department of Transportation Noise 

Manual mandates that a sound wall must obtain substantial noise reduction, defined as 

minimum decrease of 5 dBA (decibels) (ODOT 2007). Depending on the design, not 

all the components of a sound wall should need to meet these requirements, even 

though the sound wall does. A sound wall could be designed where components using 

a biomass composite may only need to provide a few of the requirements needed by 

the whole. As an example, a multi-component wall could use post and foundations that 

will conform to structural requirements, while a WPC planking system can function 

solely as the sound barrier. 

Small-scale testing should be focused on weathering and the acoustics of the 

material. The stiffness and overall mass of a product directly influences its sound 

characteristics. Wood fillers may directly affect the product‟s acoustic properties. 

Testing a wood plastic for sound transmission loss can help create a baseline 
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characterization of the changes made from the addition of wood filler. Consideration 

should also be given to using woody biomass as the sound absorptive material within 

the extruded profile. However some jurisdictions do have fire resistance requirements, 

which need to be taken into account. Tests evaluating mechanical properties can 

investigate changes to impact properties and structural performance of the composites. 

 

Cost-benefit evaluation 

There may be several benefits of this material substitution including cost 

savings and material property improvement. The Oregon Department of 

Transportation limits the amount of money that it can allocate on noise abatement 

features depending on the magnitude of noise affecting local communities (ODOT 

2007). Lowering the cost of such a feature may give small communities more 

flexibility in the sound wall they choose to build. The savings may even increase if the 

elements are manufactured locally. Low-grade fillers may create some desired 

acoustic affects that a more expensive additive may normally provide. Additional 

benefits may be realized if recycled plastics are used for matrix. 

 

Conclusions 

 1) A conceptual framework has been developed for systematically 

assessing the potential of replacing, or partially substituting materials 

used currently in highway related hardware, with sustainable woody 

biomass-based composites. 
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 2) The procedure is intended to guide the decision making process on 

whether WPCs using low-grade woody biomass are a suitable material 

substitution in products currently employing non-renewables such as 

concrete, metals or petroleum-based plastics. It requires consideration 

of how material substitution impacts the manufacturing process, 

material properties, product design, and functionality. Cost-benefit 

analysis and sustainability of the material substitution in highway 

products is measured not exclusively in terms of direct savings on their 

ticket price, but is assessed in the context of benefits to the 

environment, local economies, and communities. 

 3) Three model highway products were selected for evaluation: raised 

pavement markers (Botts‟ dots), tubular markers, and sound barrier 

walls. All these products show potential of incorporating low-grade 

wood fillers. Current manufacturing methods can be modified to accept 

the addition of low grade filler; however the effects on the 

manufacturing process and desired material properties, as well as full 

cost benefit analysis and feasibility require more in-depth exploration. 

 

Acknowledgements 

The authors are grateful for the support of the U.S. Department of Agriculture 

National Needs Fellowship Program, Grant. No. 2008-03569, and the Oregon State 

University Center for Wood Utilization Research.   



 

 

38 

 

References Cited 

 

(2001). Oregon Sustainability Act. ORS 184.421. 

Barnard, J. (2009). Studies Foresee dilemma over forest carbon storage, Associated 

Press. 

Bourne, P. J., S. G. Bajwa, et al. (2007). "Evaluation of cotton gin waste as a 

lignocellulosic substitute in woodfiber plastic composites." Forest Products 

Journal 57(1-2): 127-131. 

Bouafif, H., A. Koubaa, et al. (2009). "Effects of fiber characteristics on the physical 

and mechanical properties of wood plastic composites." Composites Part a-

Applied Science and Manufacturing 40(12): 1975-1981. 

Bowyer, J., R. Lord, et al. (2006). Biomass Energy and Biofuels from Oregon's 

Forests, Oregon Forest Resources Insitiute: 417. 

Caltrans (2006). Method of testing for specification compliance of nonreflective and 

reflective pavement markers. S. o. C. D. o. Transportation. Sacramento, 

California. 

Caltrans. (2010). "Botts' dots fact sheet." 2010, from 

http://www.dot.ca.gov/hq/paffairs/about/botts.htm. 

Cameron, T. R. (2009). Alaskan Timber Resources for Wood-Plastic Composites. 

Civil Engineering. Pulman, WA, Washington State University. Master of 

Science: 92. 

Carsonite. (2007). "AcoustaShield." from 

http://www.carsonite.com/pdf/sound_barrier_brochure.pdf. 

Caulfield, D. F., C. Clemons, et al. (2005). Wood thermoplastic composites. 

Handbook of wood chemistry and wood composites. Boca Raton, Fla., CRC 

Press: 365-378. 

Chang, F.-C., F. Lam, et al. (2010). "Feasibility of using mountian pine beetle attacked 

wood to produce wood-plastic comosites." Wood and Fiber Science 42(3): 

377-397. 

http://www.dot.ca.gov/hq/paffairs/about/botts.htm
http://www.carsonite.com/pdf/sound_barrier_brochure.pdf


 

 

39 

Clemons, C. M. and N. M. Stark (2007). Use of saltcedar and Utah juniper as fillers in 

wood–plastic composites. Madison, WI, U.S. Department of Agriculture, 

Forest Service, Forest Products Laboratory: 17. 

Daly, M. (2008). Forest Budget Called Disastrous., Associated Press. 

Eisenbies, M. H., E. D. Vance, et al. (2009). "Intensive utilization of harvest residues 

in southern plantations: quantities available and implications for nutrient 

budgets and sustainable site productivity." Bioenergy Resources 2009(2): 90-

98. 

English, B., C. M. Clemons, et al. (1996). Waste-wood-derived fillers for plastics. 

General Technical Report. F. P. Labratory. Madison, WI, U.S. Department of 

Agriculture, Forest Service. FPL-GTR-91: 15. 

FHWA (2009). Manual on Uniform Traffic Control Devices. F. H. Administration, 

Federal Register. 

GAO (2005). Federal agencies are engaged in numerous woody biomass utilization 

activities, but significant obstacles may impede their efforts. Subcommittee on 

Forests and Forest Health, Committee on Resources. Washington D.C., 

Government Accountability Office, Natural Resources: 13. 

Ginsberg, S. (2010). Mountainair sign maker goes after the green. New Mexico 

Business Weekly. Albuquerque, NM. 

Han, H. S., J. Halbrook, et al. (2010). "Economic evaluation of a roll-off trucking 

system removing forest biomass resulting from shaded fuelbreak treatments." 

Biomass & Bioenergy 34(7): 1006-1016. 

Harrill, H. and H.-S. Han (2010). "Application of hook-lift trucks in centralized 

logging slash grinding operations." Biofuels 1(3): 399-408. 

HLH. (2010). "Industry noise barrier wall solutions - HLH Walls." from 

http://www.hlhwalls.com/. 

Hudiburg, T., B. Law, et al. (2009). "Carbon dynamics of Oregon and northern 

California forests and potential land-based carbon storage." Ecological 

Applications 19: 163–180. 

Hunnicutt, B. (2007) "Injection molding wood-plastic composites." Plastics 

Technology. 

Krankina, O. (2010). Personal Communication. 

http://www.hlhwalls.com/


 

 

40 

Land, R. D. (2004). Soundwall Design Criteria. Memo to Designers. C. Metric, 

California Department of Transportation. 

Mason, L. C., B. R. Lippke, et al. (2006). "Investments in fuel removals to avoid forest 

fires result in substantial benefits." Journal of Forestry 104(1): 27-31. 

Milbrandt, A. (2005). A Geographic Perspective on the Current Biomass Resource 

Availability in the Unites States. Golden, Colorado, National Renewable 

Energy Laboratory. 

ODOT (2007). Oregon Department of Transportation Noise Manual. O. D. o. 

Transportation. 

ODOT (2009). Guidelines for Product Review. Highway Construction, Oregon 

Department of Transportation. 

ODOT (2010). Qualified Products List. O. D. o. Transportation. 

Parsens, R. (2009). Personal Communication. Portland, OR. 

Ross Jr., H. E., D. L. Sickling, et al. (1993). Recomended procedures for the safety 

performance evaluation of highway features. NCHRP Report 350, National 

Cooperative Highway Research Program. 

SFS. (2007). "Noise Barrier Wall Design an Sound Wall Engineering Options." from 

http://www.soundfighter.com/content.asp?page=5. 

Thompson, D. W., E. N. Hansen, et al. (2010). "Opportunities for wood-plastic 

composite products in the U.S. highway construction sector." Bioresources 

5(3): 1336-1353. 

TSSCO. (2010). "Cones.pdf." from http://www.tssco.com. 

USDA. (2008). "Woody biomass utilization glossary of terms." from 

http://www.fs.fed.us/woodybiomass/glossary.shtml. 

VDOT (2008). Highway Noise Wall. Commonweath of Virginia. V. D. o. 

Transportaion. Richmond, Virginia. 

Viksne, A., R. Berzina, et al. (2007). "Study of Plastic Compounds Containing 

Polypropylene and Wood Derived Fillers from Waste of Different Origin." 

Journal of Applied Polymer Science 117(1): 368-377. 

WesternSafety. (2010). "Flint Index Page." from 

http://www.westernsafety.com/FlintTrading/flintIndex.html. 

http://www.soundfighter.com/content.asp?page=5
http://www.tssco.com/
http://www.fs.fed.us/woodybiomass/glossary.shtml
http://www.westernsafety.com/FlintTrading/flintIndex.html


 

 

41 

Winandy, J. E., C. M. Clemons, et al. (2005). Evaluation and process development of 

salt cedar and juniper biocomposites as tools to utilize exotic and invasive 

species and restore native ecosystems. 3rd International Workshop on Green 

Composites. J. S. o. M. Science. Doshisha University, Kyoto, Japan. The 

Society, 2005: 56-60. 

Youngquist, J. A., G. E. Myers, et al. (1994). Composites from recycled wood and 

plastics. Project Summary. Cincinnati, OH, prepared for U.S. Environmental 

Agency. 

 



 

 

42 

Sustainable Bio-Composites for West Coast Highways 

 

 

 

 

 

 

CHAPTER 3 – EFFECT OF LOW-GRADE WOODY BIOMASS CONTENT 

ON TENSILE PROPERTIES OF WOOD-HDPE COMPOSITES 

 

 

Michael Karas, Lech Muszyński 

 

 

Manuscript prepared for Holzforschung 



 

 

43 

Abstract 

While wood plastic composites are commonly made using relatively clean 

sources of biomass, there are several sources of wood waste which are currently 

underutilized. Raw material can be generated from sources such as forest residues 

from burn fuel removal, invasive plant species eradication, and urban wood waste. 

This project investigated a potential outlet for such low-grade woody biomass, 

as substitutive fillers for standard “clean” wood fillers in wood-plastic composites. In 

the future, hybrid particulate composites may be used in many plastic products. This 

would open a pathway to add value to wood waste, utilize material which is 

commonly burned as a means of disposal, and potentially reduce plastic consumption 

in high volume products. 

The objective of this study is to determine how various content levels of 

woody biomass generated in forest thinning operations, invasive species (juniper) 

removal, and urban wood waste, affect the tensile properties of wood-high-density 

polyethylene composites. Results indicate that in most cases, WPCs made with low-

grade woody biomass fillers do not perform significantly different to WPCs made with 

commercial wood fillers. 
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Introduction 

Particulate composites consist of particles or short fibers, commonly referred 

to as fillers dispersed in a continuous solid medium referred to as matrix. In many 

cases, cheap fillers are added with more expensive matrix material to substitute 

volume and reduce the amount of matrix needed to produce a part or product. In 

industries creating large volumes of plastic products, even moderate amounts of 

inexpensive fillers will reduce the volume needed for petroleum-based polymers and 

generate significant savings. Fillers also often increase the stiffness and strength of 

composites creating a more durable material than the just the matrix is alone. 

Wood-plastic composites are an example of particulate composites where 

addition of wood flour is used to reduce consumption of petroleum-based plastics and 

to alter mechanical properties of the resulting material. In order to facilitate a durable 

bond between hydrophilic polymers making up the wood tissue and the hydrophobic 

polyolefins in the matrix materials a small amount of compatibilizer is added to the 

formulation. The most commonly used compatibilizers are maleic anhydride modified 

polyethylene (MAPE) and maleic anhydride modified polypropylene (MAPP). 

The popularity of wood-plastic composites (WPCs) has steadily increased 

since the mid 1990s (Caulfield, Clemons et al. 2005), especially in decking products 

for the residential housing market. WPC materials are also present and becoming more 

common in the automotive industry, and increasingly in household consumer products 

(Caulfield, Clemons et al. 2005). Recently, a commercially marketed and patented 

product, Altree™ made by P&M Plastics has demonstrated that WPCs can be used in 
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road signs. A study by Karas and Muszyński (Karas and Muszyński 2010c) pointed at 

a much larger potential of using WPCs in a family of products in public infrastructure. 

Wood flour for wood plastic composites is derived from various scrap wood 

from the manufacture of forest products. These scraps can currently be utilized in a 

variety of ways. Some processes can recycle the by-products and use them in products 

such as particleboard and fiberboard. If the scraps are not refined enough for these 

secondary products, they are commonly burned for energy within a mill. 

Consequently, there is little unclaimed waste in the forest product industry. Wood 

scrap is sold to a willing buyer if the price exceeds what the mill would otherwise 

have to pay for the equivalent amount of energy it could produce from the wood. 

Thus, the price and availability for wood scrap may not always be desirable. 

Commercial wood flour manufactures process and screen the scrap wood 

which they can acquire, and offer a variety of flours grouped by particle size and wood 

species. High quality wood flour must be of a specific species or species group and 

must be free from bark, dirt, and other foreign matter (Clemons and Caufield 2005). 

With the increasing demand for wood fiber within the mill supply chain, wood flour 

has become a commodity offered for a premium. Consequently, alternative supply 

streams of woody biomass that could be utilized in WPCs need to be evaluated as 

options. In this project, we focused on forest slash, material generated in invasive 

species eradication programs, and demolition waste. 

The US produces nearly 57 million bone-dry tons (BDT) of forest residues and 

31 million BDT of urban wood waste yearly (Milbrandt 2005). In Oregon, it is 
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estimated that the volume of immediately available woody biomass, including wood 

from forest fire prevention, urban wood waste, and invasive species removal, is about 

two million BDT (Bowyer, Lord et al. 2006).  Juniper biomass in the state of Oregon 

alone represents a significant volume of available material needing to be utilized and 

has few conventional uses in forest products. The control and eradication of juniper is 

a significant issue for range management and ecology in eastern Oregon. Oregon‟s 

rangelands could produce 0.60 million BDT of juniper biomass annually over 20 years 

of removal (Bowyer, Lord et al. 2006). Woody biomass from these sources is 

composed of trees and woody plants, including limbs, tops, needles, leaves, and other 

woody parts, that are the by-products of forest management (USDA 2008). Urban 

wood includes construction/demolition wood, wood chips, pallets, utility and private 

tree trimming, and yard waste (Milbrandt 2005). 

In contrast to commercial wood flour, wood flour made from these low-grade 

sources contains substantial fractions of leaves, needles, bark and dirt, and therefore 

considered nearly useless for most forest products. In fact, forest residues are 

commonly collected in slash piles and burned onsite, while the urban wood waste 

commonly ends up in landfills. However, increased public focus on sustainability and 

environmental awareness has lead to interests in utilization of these raw materials. 

The increased use of woody biomass to generate electricity in cogeneration 

plants has focused research efforts toward more efficient harvesting methods and in-

situ processing for cogeneration fuel conversion (Han, Halbrook et al. 2010; Harrill 

and Han 2010). Public popularity of sustainable construction and standards such as the 
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LEED system has resulted in wood from demolitions being sorted out from waste and 

recycled for uses such as mulch and boiler fuel (America 2002).  

WPCs have long been studied as potential alternatives for utilizing low-grade 

woody biomass (Hamilton and Youngquist 1991; Wegner, Youngquist et al. 1992; 

Youngquist, Myers et al. 1994; English, Clemons et al. 1996). More recent research of 

low-grade woods has focused on WPCs using low grade woods such as invasive 

species (Winandy, Clemons et al. 2005), pine beetle damage wood (Cameron 2009; 

Chang, Lam et al. 2010), carton fiber (Viksne, Berzina et al. 2007), and even cotton 

gin waste (Bourne, Bajwa et al. 2007). Studies from the USDA Forest Products 

Laboratory (Youngquist, Myers et al. 1994; Winandy, Clemons et al. 2005) have lead 

to a commercially marketed and patented product Altree™ made by P&M Plastics, 

Inc. from New Mexico, utilizing whole juniper and other invasive wood species chips 

to produce road sign substrates. These studies inspected the effect of low grade woody 

biomass in WPCs on mechanical properties, and in many cases showed that there were 

small decreases in mechanical properties, but depending on material application, 

would not rule out their possible use. However there has been little research on WPCs 

using low-grade woody biomass from forest thinning operations. Further, little 

research has compared the affect WPCs using low-grade woody biomass at a range of 

loading levels, within the practical limits of current WPC manufacture. 

The objective of this study was to evaluate the performance of wood plastic 

composites using low-grade woody biomass derived from a) forest thinning, b) 

invasive species eradication, and c) urban waste from a demolition project, against a 
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reference composite using commercial pine flour. The evaluated properties included: 

tensile modulus, ultimate tensile stress, and toughness. The evaluation was performed 

at three loading levels of 20%, 40% and 60% of woody biomass by weight. In addition 

the effect of 4% MAPE compatibilizer in the composite formulation was investigated. 

 

Materials and Methods 

The tensile modulus (E) and the ultimate tensile stress (UTS) of small samples 

of WPC with four types of woody biomass content were determined using a modified 

ASTM D 638 standard procedure (ASTM 2008c). In addition, the tensile toughness of 

these samples was determined from stress-strain data obtained from the same tests. 

Twenty-five different specimen formulations were examined, including a unfilled 

HDPE control. 

 

Woody biomass sources 

Low-grade woody biomass from three sources: a) forest thinning, b) invasive 

juniper eradication program, and c) urban waste from a demolition project, were 

processed into wood flour, approximately matching in particle size and shape 

distributions to a commercial pine flour wood-flour standard from American Wood 

Fibers used here as a standard. Forest thinning slash was collected in July of 2009 

from a hemlock stand in Blodgett, Oregon that had recently undergone thinning. 

Whole tree juniper was provided by Bear Mountain Forest Products Company in the 

form of compressed wood briquettes for wood stoves. Urban waste wood was 
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collected from a building demolition and remodeling project on Oregon State 

University campus. The urban wood waste was primarily old plywood and some solid-

wood framing members, with some paint and tar on the surfaces, and metal fasteners 

(nails and staples). The fasteners were manually removed before further processing. 

 

Comminuting process 

The forest thinning slash and urban wood waste were chipped on site with a 

Vermeer 6‟‟ Chipper (Model BC625A). The chips were then transported on campus 

and sun-dried for 2 days to an average moisture content of 7.5% MC. Thereafter, 

forest thinning chips and urban wood waste chips were reduced with a laboratory-

scale hammer mill.  

Juniper burning briquettes consisted of comminuted biomass compressed into 

shape without any binder and could be easily broken down without powered 

equipment.  

Particles from all three sources were subsequently ground with a Wiley mill #1 

to flour. This flour was then screened, capturing only particles falling through a #40 

mesh screen, but retained by a #60 mesh in order to match roughly the size and shape 

(aspect ratio) distribution found in the commercial wood flour. The wood flours were 

dried in an oven at 50° C overnight. At time of compounding the moisture content was 

measured to be approximately 7% MC. 
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Particle characteristics 

Bulk density of each wood filler type was measured per ASTM D 5057. Bulk 

densities of the wood flours derived from low-grade biomass (0.32, 0.31 and 0.26 

g/cm3 for whole juniper, forest thinning and urban waste material respectively) were 

somewhat higher than that of commercial pine flour (0.22 g/cm3). The results are 

summarized in Table 1. Particle size distribution and aspect ratios were determined 

using optical methods, as described by Wang (2007). Wood flour was evenly 

dispersed in the field of view of the dissecting microscope (Nikon SMZ 2-T), so that 

the contact between individual particles was minimized in order to enhance image 

analysis (Figure 5). Ten images for each wood flour type, each containing about 80-

120 individual wood flour particles, were recorded with a digital camera attached to 

the microscope (Roper Scientific CoolSnap™, at 1392 x 1040 pixel resolution). The 

digital images were analyzed with the open source image processing and analysis 

software, ImageJ, available online from the National Institutes of Health (NIH 2010). 

Size and aspect ratio distributions were determined from the major and minor axis 

dimensions of ellipses fitted by the software to the particle outlines within the field of 

view. 

In the micrographs of forest thinning slash and whole juniper particles, bark 

was visually identified as particles with dark brown to brown-orange areas covering 

more than 50% of the computer-identified particle, an example of this is shown in 

Figure 5. Bark content percentages were then determined from a ratio of the area of 

bark particles to total area covered by all particles. A histogram displaying relative 
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bark content and bulk density for the different biomass sources is shown in Figure 6. 

Note, that no bark was expected in the urban waste material. The dark brown color in 

this case indicated tar, dirt, or cured PF adhesive from chipped plywood.  

Wood particles from most sources showed a similar size and aspect ratio 

distribution. Comparative histograms show that lengths of the wood particles across 

all wood flour types were between 0.4 and 1.4 mm. Aspect ratios (length/width) 

ranged between 1 and 3. The histograms of measured length and aspect ratio 

distributions can be seen in Figure 7 and Figure 8.  

It may be generally concluded that the biomass comminuting procedures 

resulted in particulate fillers of very similar morphological characteristics (save for 

relatively high content of fine particles in whole juniper) and very similar bulk 

densities. The crucial difference between wood flours derived from the different 

sources was the bark/foreign matter content. 

 

Matrix material and compatibilizer 

High Density Polyethylene (BP Solvay B53-35H-FLK, density 0.955 g/cm2) 

was used as the matrix material in wood plastic samples. Samples with wood flour 

loading levels of 20%, 40%, and 60% by weight were prepared for each type of the 

biomass source. Half of the samples for each loading level were made by adding 4% 

(by weight of the total mixture) maleic anhydride modified polyethylene (MAPE 

Crompton Polybond 3009). Altogether, twenty-five different specimen formulations 

were examined, including a virgin HDPE control with a repetition of three samples per 



 

 

52 

formulation, per test. Specimens for each mixture were cut from the same coupon. The 

formulations for each sample type are summarized in Table 2. Virgin HDPE samples 

manufactured with the MAPE compatibilizer were not included in the study because it 

is not a formulation common to unfilled plastics. Altogether, twenty-five different 

specimen formulations were examined, including a clear HDPE control. The 

formulations for each sample type are summarized in Table 2. 

 

Specimen fabrication 

HDPE powder and compatibilizer, if required, were initially compounded in a 

C.W.Brabender Plasti-Corder Torque Rheometer at 180°C until its viscosity 

stabilized, as indicated by constant torque readout from the mixing head, but no longer 

than 5 minutes. The wood flour was then added and mixed for an additional 20 

minutes, within which constant torque had again been achieved. 

This compounded mixture was then removed from the mixing bowl, and cast 

in a steel mold (dimensions 101 mm x 101 mm x 2 mm) in an automatic Carver® hot 

press at 680 kPa and 180°C for 10 minutes. The mold was then moved to a cold 

manual press (Carver®) and cooled under pressure at 340 kPa for at least 30 minutes 

or until cool enough to handle with bare hands. 

The resulting (101 mm x 101 mm x 2 mm) wood-plastic composite material 

was smooth-surfaced with evenly dispersed wood particles. There was a color 

variation between filler types from a light-tan color for the pine flour composite, to 

very dark-brown for the juniper flour composite. 
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 The coupons were cut into dog-bone specimens, with neck width of 11mm 

and gauge length of 35mm, allowing for a gripping distance of 50 mm, as shown in 

Figure 9. Three samples were prepared for each of the 25 material combinations. 

Density of each dog-bone was calculated from mass (weighed to 0.01 g), face-area 

determined by digital image analysis using ImageJ software (to 0.01 mm
2
), and 

thickness determined from an average of three measurements with a digital caliper (to 

the 0.01 mm). Higher wood flour content resulted in slightly higher density of the 

composites. The pure HDPE mixture was measured to have a mean value of 0.90 

g/cm3, which is slightly lower than the material datasheet value of 0.9545 g/cm3. This 

is most likely due to air voids, which were generated during the mixing and 

compression molding process. Measured mean values of densities for the WPCs 

ranged from approximately 0.91 g/cm3 for 20% wood blends, to 1.07 g/cm3 for 60% 

wood blends. The graph in Figure 10 displays the specimen densities in relation to the 

ratio of filler content and two theoretical lines: the lower one representing the mixture 

of HDPE with pine wood particles with the assumption that the polymer does not 

penetrate the cell lumens, and the top line representing a theoretical mixture of HDPE 

with wood cell wall material at about 1.5 g/cm3 assuming all cell lumens are filled. 

The measured densities of the samples tend to follow the top line suggesting either 

substantial damage to the cell structure in the particles or significant penetration of the 

polymer into the cell lumens. 

All samples were conditioned at 25°C and 60% RH for at least 48 hours prior 

to testing. 
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Testing procedures 

Tests for the WPC tensile properties were conducted using a modified 

approach based on ASTM D 638 (ASTM 2008c). An Instron ElectroPuls E1000 test 

instrument with integrated data acquisition system was used to conduct tensile tests. 

Three samples were tested for each material combination. Testing was conducted at 

22°C and 34% RH. An extensometer (Epsilon Tech. Corp. 3442-005M-100-ST) was 

used to measure strain. Trial runs of the tensile tests were conducted to determine the 

safe extension range within about 60% UTS to protect the instrument from damage. 

Load was applied at a ramp rate of 1mm/minute in two steps. In the first step the 

specimen was loaded until a crosshead displacement of 0.4 mm (this was at about 60% 

of UTS) was reached with the extensometer clipped on in order to record the load-

deflection curve. At this point, the specimen was unloaded and the extensometer was 

removed to avoid damage. In the second step the specimens were loaded until failure 

in order to determine the maximum load. The deformations in the second step were 

recorded from the crosshead movements of the testing machine. 

Data recorded by the data acquisition system was used to generate stress-strain 

curves and for data analysis. Ultimate tensile strength (UTS) was calculated from the 

maximum load recorded and the cross-sectional area in the gauge length of the 

specimen. Since the load-extension curve had no linear regions, secant modulus (stress 

to strain proportion) was calculated at 0.005 strains (mm/mm). Strain at the maximum 

stress was found as well. Toughness was calculated from the area under the stress-
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strain curve to the failure point, using trapezoidal approximation for the numerical 

integration. A graphical representation of these values can be seen in Figure 11, on a 

sample specimen stress-strain curve. 

 

Results and Discussion 

The tensile properties for all tested materials are summarized in Table 2 and in 

graphs in Figures 12-14. 

 

Secant modulus 

Graphs of secant modulus versus filler loading level are shown in Figure 12. 

The general trend for all WPC specimens was an increase in secant modulus as the 

biomass loading increased between 20% and 60%. The effect was almost linear for 

samples loaded with forest thinning (FT) and urban wood (UW) and gradually weaker 

for samples loaded with whole juniper (WJ) and commercial pine flour (PF) for which 

no increase between 40% and 60% loading was observed . This may be attributed to 

the higher content of finely sized particles in these two filler types. 

Modest effect of compatibilizer was observed at 40% and 60% biomass 

loadings. Greatest gains were observed for samples with whole juniper (WJ)  and 

commercial pine flour (PF)  for which the addition of MAPE improved the modulus to 

levels observed for composites with low-grade fillers this is consistent with MAPE‟s 

effect on UTS. However, specimens with commercial pine flour still did not appear to 

be the best performers. 
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Ultimate tensile stress (UTS) 

The mean values of the ultimate tensile strength ranged from 12.6 MPa to 26.1 

MPa depending on the material combination. A plot of mean UTS values versus 

biomass loading level displays similar trends among WPC specimens with different 

filler types (Figure 13a). The error bars indicate standard deviation of the mean values. 

In WPCs without compatibilizer, UTS values at 20% loading were higher than that for 

the pure HDPE control. At 40% biomass loading, most UTS values were lower than at 

20%, indicating an optimum mixture between 20% and 40% loading level. At 60% 

biomass loading, UTS decreased for all composite types, but to various degrees. The 

samples filled with forest thinning (FT) and urban wood (UW) retained UTS 

significantly above the clear HDPE control, while those filled with whole juniper (WJ) 

and commercial pine flour (PF) plunged below the reference mark. This could be due 

to the higher content of fine particles and higher content of extractives in the leaves 

and bark of the juniper wood flour. Commercial pine flour was consistently the lowest 

performer. This behavior is similar in many particulate composites, where particles 

initially reinforce the composite, yet as particle concentration increases interface 

effects between the particles and matrix effect the strength of a composite increasingly 

more. At a certain point the concentration of particles is high enough that the matrix 

becomes discontinuous and the composite weakens. 

The effect of 4% MAPE compatibilizer is illustrated in Figure 13b. While the 

effect is not clear at 20% loading level, the mean UTS for all composite combinations 

at 40% and 60% loading levels is higher than the clear HDPE reference. For all 
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samples except the whole-tree juniper samples, the UTS increased with loading. A 

similar behavior was seen by Clemons and Stark (2007) and could be due to some 

effect of extractives within the mixture on the effectiveness of the compatabilizer. 

Commercial pine flour composites seemed to benefit the most from the addition of 

MAPE, the performance of pine flour becoming similar to that of WPCs with the low-

grade fillers. 

 

Toughness 

Graphs summarizing mean toughness values vs. increasing biomass loading for 

composite samples with different woody biomass types are shown in Figure 14. The 

general trend is that the toughness decreased with increasing biomass content. 

However, for composites containing low-grade wood fillers, the greatest changes were 

observed at biomass loadings of 40% and 60% while at 20% biomass loading the 

effect was negligible. In contrast, for the commercial pine flour (PF), the most 

dramatic decreases in toughness were observed between the clear HDPE reference and 

40% biomass loading, and no changes were observed between 40% and 60% loading. 

It is interesting to note that despite of these differences the toughness values of all 

composites at 60% biomass loading were very similar (about a third of the clear 

HDPE reference). The toughness of the composite appeared to decrease as the matrix 

material became increasingly discontinuous with the inclusion of the wood particle 

filler. 
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The effect of MAPE compatibilizer, shown in the graph in Figure 14b, was 

small. The exceptions to this were specimens with 40% wood flour. However, given 

small sample size of a limited population (three specimens per composite 

combination) and since specimens for each mixture were cut from the same coupon, 

this value may not be representative of true values. 

 

Statistical analysis 

A multi-way ANOVA test was used to measure the significance of factor 

variables: filler type, loading level, and the presence of compatibilizer on the 

responses of UTS, E, and toughness. The results are summarized in (Table 3). A 

statistically significant difference in means was found for all formulation variables. 

Further comparison of mean values was therefore needed, so a method of contrast was 

used. 

In order to verify the hypothesis that the commercial wood flour in WPCs can 

be safely replaced by wood flour derived from low-grade biomass sources without loss 

of key mechanical properties, each mixture using commercial pine flour was 

contrasted with the corresponding composites made from mixtures with low-grade 

woody biomass sources. Each comparison of means was calculated with a 95% 

confidence interval using the residual sum of squares and residual degrees of freedom 

from the ANOVA analysis. Where significant differences in means were found, the 

mean values were compared to determine whether composites loaded with the 

commercial pine flour showed a superior property value over the composites loaded 
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with the low-grade woody biomass. The outcomes are summarized in Table 4, Table 

5, and Table 6.  

The mean contrast tests revealed that while the ultimate tensile strength of 

composites containing low-grade wood fillers were found to be significantly different 

from composites using pine flour in about half of the cases, the composites with low-

grade woods outperformed composites loaded with commercial pine flour in most 

cases. Pine flour composites only consistently had higher UTS in formulations with 

40% wood content and 4% MAPE compatibilizer content.  

The contrasts in means for the secant modulus and toughness revealed that in 

most cases, the differences between the composites with low-grade biomass and 

commercial pine flour were statistically insignificant with a 95% confidence interval. 

Where a statistically significant difference was found, composites made with the 

commercial pine flour never outperformed the corresponding formulations using low-

grade woody biomass. 

 

Conclusion 

WPC samples produced using HDPE and wood flour derived from three 

different sources of low-grade woody biomass were subjected to tensile tests in order 

to investigate the effect of low-grade woody biomass on selected tensile properties of 

WPCs. Specimens manufactured with unfilled HDPE as well as composite specimens 

loaded with commercial pine wood flour were used as references. The following 

conclusions can be drawn from this experiment: 
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 It may be generally concluded that the biomass comminuting 

procedures resulted in particulate fillers of very similar morphological 

characteristics (save for relatively high content of fine particles in 

whole juniper) and very similar bulk densities. The crucial difference 

between wood flours derived from the different sources was the 

bark/foreign matter content. 

 

 Test results showed that at 20% filler content ultimate tensile strength 

of all composites was higher than unfilled HDPE. In samples without 

MAPE, UTS decreased in formulations with wood flour content above 

20%. All mixtures containing MAPE showed higher values of UTS. In 

most cases, WPCs with low-grade wood did not perform significantly 

different from composites with commercial pine flour. 

 

 The secant modulus of composites was higher as filler loading level 

increased. The addition of compatibilizer resulted only in modest 

increases in most cases. The 60% pine flour formulation saw a large 

increase in secant modulus with the inclusion of compatibilizer. WPCs 

made with commercial pine flour did not have a significantly higher 

secant modulus than any low-grade wood plastic composite. 

 



 

 

61 

 Toughness decreased with increase loading levels. WPCs made with 

low-grade wood maintained high toughness at 20% loading levels 

while commercial wood flour composites had a large drop, in relation 

to clear HDPE. At higher loading levels toughness decreased with 

every loading level increment, except for commercial wood flour 

formulations at 60% loading. The inclusion of MAPE seemed to have 

little effect. Where there were significant differences in toughness 

values found, WPCs made from low-grade were always tougher than 

WPCs with commercial grade flours. 

 

 Addition of 4% MAPE did affect the WPC formulations in most cases 

by increasing strength and toughness; however the most significant 

effects were seen in composites using pine flour. This is probably due 

to the compatibilizer not boning well to particles that were foreign 

matter, i.e. not wood.  In these cases, pine flour composites with 4% 

MAPE content performed on a similar level to WPCs with low-grade 

fillers. 

 

The outcomes of this study seem to confirm the hypothesis that commercial 

wood flour in WPCs can be safely replaced by wood flour derived from low-grade 

biomass sources without loss of key mechanical properties. However, it should be 

stressed that the conclusions are based on relatively small number of tests per loading 
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combination and more research is needed in order to verify the effect of the 

substitution on the ultimate tensile strength at 40% biomass loading level with the 

addition of a compatibilizing agent.  

The future work will focus on the effect of the substitution on the resistance of 

the composites to environmental exposure will be addressed in another paper in this 

series (Chapter 4). 
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Tables 

 

Filler Type 
Bulk Density, 

(g/cm
3
) 

St. Dev. 

Pine Flour 0.22 0.0052 

Whole Juniper 0.32 0.0020 

Forest Thinning 0.31 0.015 

Urban Wood 0.26 0.0036 

 

Table 1 Bulk Density of wood flours by filler type. 



 

 

66 

 

Sample 
Filler 

Type 

Loading 

Level 
MAPE 

UTS  

(MPa) 

Es, (MPa) ε. at UTS (%) Toughness, 

(kJ/mm3) 

HDPE - 0% - 
19.9  

(0.09) 
1122 

(162.9) 

9.84 

(0.38) 

1610 

(58.82) 

PF20 

PF 

20% 

- 
20.6  

(0.06) 
1646 

(49.22) 

4.28 

(0.53) 

841.7 

(255.2) 

PF20M 4%  
21.7  

(0.14) 
1649 

(233.4) 

4.76 

(0.64) 

887.0 

(225.7) 

PF40 

40% 

- 
18.5  

(0.26) 
1873 

(280.6) 

1.96 

(0.53) 

441.4 

(51.61) 

PF40M 4%  
25.7  

(0.14) 
2022 

(454.9) 

2.95 

(0.38) 

1226.3 

(313.9) 

PF60 

60% 

- 
12.6  

(0.20) 
2322 

(473.2) 

0.79 

(0.08) 

103.2 

(66.46) 

PF60M 4%  
26.1  

(0.17) 
2603 

(343.3) 

1.83 
(0.17) 

595.6 
(308.7) 

WJ20 

WJ 

20% 

- 
22.9 

(1.34) 
1595 

(55.79) 
6.53 

(0.35) 
1586 

(277.6) 

WJ20M 4%  
22.5 

(3.85) 

1609 

(126.4) 

5.79 

(0.12) 

1349 

(162.6) 

WJ40 

40% 

- 
20.3 

(0.203) 

1707 
(181.7) 

3.16 
(0.25) 

734.8 
(238.5) 

WJ40M 4%  
22.0 

(1.02) 

1800 
(192.3) 

3.39 
(0.42) 

869.7 
(221.4) 

WJ60 

60% 

- 
16.3 

(1.19) 

2178 
(70.89) 

1.19 
(0.11) 

272.9 
(47.28) 

WJ60M 4%  
20.6 

(2.32) 

2559 
(245.2) 

1.79 
(0.43) 

540.5 
(194.2) 

FT20 

FT 

20% 

- 
22.6 

(0.562) 

1650 

(98.48) 

5.74 

(0.57) 

1547 

(50.94) 

FT20M 4%  
22.4 

(1.04) 

1567 
(138.6) 

6.19 
(0.16) 

1529 
(144.0) 

FT40 

40% 

- 
23.3 

(1.55) 

1959 
(60.97) 

3.17 
(0.50) 

951.8 
(294.9) 

FT40M 4%  
22.9 

(1.39) 

1994 

(53.26) 

3.25 

(0.40) 

1043 

(113.4) 

FT60 

60% 

- 
21.8 

(0.594) 

2663 

(40.97) 

1.57 

(0.03) 

516.1 

(64.03) 

FT60M 4%  
24.7 

(2.93) 

2523 

(362.7) 

2.55 

(0.06) 

922.9 

(85.72) 

UW20 

UW 

20% 

- 
23.7 

(0.418) 

1637 

(221.7) 

5.90 

(0.34) 

1397 

(477.1) 

UW20M 4%  
23.5 

(0.474) 

1586 

(98.09) 

5.78 

(0.36) 

1568 

(168.8) 

UW40 

40% 

- 
22.9 

(1.29) 

2151 

(146.0) 

2.81 

(0.71) 

846.2 

(281.8) 

UW40M 4%  
23.2 

(1.58) 

2127 

(80.12) 

3.03 

(0.39) 

952.2 

(229.1) 

UW60 

60% 

- 
20.3 

(0.809) 

2820 

(256.7) 

1.46 

(0.27) 

382.4 

(198.9) 

UW60M 4%  
26.1 

(2.64) 

2950 

(347.8) 

1.91 

(0.25) 

642.3 

(189.5) 

Table 2 Mixtures and tensile property values, values in parentheses are standard 

deviations. PF = Commercial Pine Flour, WJ = Whole-tree Juniper, FT = Forest 

Thinning, UW = Urban Wood (demolition waste) 
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Response: UTS      

    Sum Sq Df F value Pr(>F)   Significance 

Compatibilizer 1.57E+02 1 69.4874 6.88E-11 *** 

Filler   9.62E+01 3 14.1704 9.63E-07 *** 

Loading   2.95E+01 2 6.5218 0.003122 ** 

Compatibilizer:Filler 1.15E+02 3 16.9285 1.23E-07 *** 

Compatibilizer:Loading 1.36E+02 2 29.955 3.60E-09 *** 

Filler:Loading 5.22E+01 6 3.8423 0.003294 ** 

Compatibilizer:Filler:Loading 4.14E+01 6 3.051 0.013084 * 

Residuals  1.09E+02 48    

       

 

Response: E      

    Sum Sq Df F value Pr(>F)   Significance 

Compatibilizer 1.67E+05 1 3.2441 0.077966 . 

Filler   9.87E+05 3 6.3919 9.86E-04 *** 

Loading   1.23E+07 2 119.8286 < 2.2e-16 *** 

Compatibilizer:Filler 2.89E+05 3 1.8713 0.147033  

Compatibilizer:Loading 2.38E+05 2 2.3095 0.110251  

Filler:Loading 5.60E+05 6 1.8125 0.11654  

Compatibilizer:Filler:Loading 2.36E+05 6 0.7628 0.60268  

Residuals  2.47E+06 48    

 

 

Response: Toughness     

    Sum Sq Df F value Pr(>F)   Significance 

Compatibilizer 7.83E+11 1 16.1417 0.000206 *** 

Filler   1.54E+12 3 10.59 1.85E-05 *** 

Loading   8.51E+12 2 87.705 < 2.2e-16 *** 

Compatibilizer:Filler 3.64E+11 3 2.4996 0.070675 . 

Compatibilizer:Loading 4.49E+11 2 4.6244 0.014567 * 

Filler:Loading 8.83E+11 6 3.0344 0.013473 * 

Compatibilizer:Filler:Loading 3.38E+11 6 1.1599 0.343341  

Residuals  2.33E+12 48    

 

Table 3 . ANOVA outputs for UTS, Es, and toughness. P-values smaller than 0.05 

indicate convincing evidence that one or more response mean value is differs. 

Significance codes:  0 '***' for 0.001 or less; '**' for 0.01; '*' for 0.05; '.' for 0.1 or 

more. 
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Contrast, UTS γ SE(γ) 

95% CI 

upper 

95% CI 

lower Difference 

Is Pine 

Flour 

Superior? 

            

PF20 WJ20 -2.3 1.2 -4.8 0.1 NO NO 

PF20 FT20 -2.0 1.2 -4.5 0.4 NO NO 

PF20 UW20 -3.1 1.2 -5.6 -0.6 YES NO 

            

PF40 WJ40 -1.9 1.2 -4.3 0.6 NO NO 

PF40 FT40 -4.8 1.2 -7.2 -2.3 YES NO 

PF40 UW40 -4.4 1.2 -6.9 -2.0 YES NO 

            

PF60 WJ60 -3.7 1.2 -6.1 -1.2 YES NO 

PF60 FT60 -9.2 1.2 -11.7 -6.7 YES NO 

PF60 UW60 -7.7 1.2 -10.1 -5.2 YES NO 

            

PF20M WJ20M -0.8 1.2 -3.2 1.7 NO NO 

PF20M FT20M -0.7 1.2 -3.2 1.7 NO NO 

PF20M UW20M -1.8 1.2 -4.3 0.7 NO NO 

            

PF40M WJ40M 3.7 1.2 1.2 6.1 YES YES 

PF40M FT40M 2.8 1.2 0.3 5.3 YES YES 

PF40M UW40M 2.5 1.2 0.0 5.0 YES YES 

            

PF60M WJ60M 5.5 1.2 3.0 8.0 YES YES 

PF60M FT60M 1.4 1.2 -1.1 3.9 NO NO 

PF60M UW60M 0.0 1.2 -2.5 2.4 NO NO 

 

Table 4 Contrasts for values of UTS, using residual sum of squares and residual 

degrees of freedom from ANOVA outputs to calculate upper and lower bounds of the 

95% confidence interval. γ = difference in means, SE(γ) = standard error of mean. 
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Contrast, Es γ SE(γ) 

95% CI 

upper 

95% CI 

lower Difference 

Is Pine 

Flour 

Superior? 

            

PF20 WJ20 50.3 185.2 -322.1 422.7 NO NO 

PF20 FT20 -3.8 185.2 -376.2 368.6 NO NO 

PF20 UW20 8.6 185.2 -363.8 381.0 NO NO 

            

PF40 WJ40 165.8 185.2 -206.6 538.2 NO NO 

PF40 FT40 -85.8 185.2 -458.2 286.6 NO NO 

PF40 UW40 -277.9 185.2 -650.3 94.5 NO NO 

            

PF60 WJ60 -304.9 185.2 -677.3 67.5 NO NO 

PF60 FT60 -789.9 185.2 -1162.3 -417.5 YES NO 

PF60 UW60 -947.3 185.2 -1319.8 -574.9 YES NO 

            

PF20M WJ20M 39.6 185.2 -332.8 412.1 NO NO 

PF20M FT20M 81.3 185.2 -291.1 453.7 NO NO 

PF20M UW20M 62.3 185.2 -310.1 434.7 NO NO 

            

PF40M WJ40M 222.7 185.2 -149.7 595.2 NO NO 

PF40M FT40M 28.2 185.2 -344.2 400.6 NO NO 

PF40M UW40M -104.9 185.2 -477.3 267.5 NO NO 

            

PF60M WJ60M 44.1 185.2 -328.3 416.5 NO NO 

PF60M FT60M 80.2 185.2 -292.2 452.7 NO NO 

PF60M UW60M -346.8 185.2 -719.2 25.6 NO NO 

 

Table 5 Contrasts for values of Es, using residual sum of squares and residual degrees 

of freedom from ANOVA outputs to calculate upper and lower bounds of the 95% 

confidence interval. γ = difference in means, SE(γ) = standard error of mean. 
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Contrast, Toughness γ SE(γ) 

95% CI 

upper 

95% CI 

lower Difference 

Is Pine 

Flour 

Superior? 

            

PF20 WJ20 -7.45E+05 1.80E+05 -1.11E+06 -3.83E+05 YES NO 

PF20 FT20 -7.06E+05 1.80E+05 -1.07E+06 -3.44E+05 YES NO 

PF20 UW20 -5.56E+05 1.80E+05 -9.17E+05 -1.94E+05 YES NO 

            

PF40 WJ40 -2.93E+05 1.80E+05 -6.55E+05 6.81E+04 NO NO 

PF40 FT40 -5.10E+05 1.80E+05 -8.72E+05 -1.49E+05 YES NO 

PF40 UW40 -4.05E+05 1.80E+05 -7.66E+05 -4.32E+04 YES NO 

            

PF60 WJ60 1.68E+05 1.80E+05 -1.93E+05 5.30E+05 NO NO 

PF60 FT60 -7.47E+04 1.80E+05 -4.36E+05 2.87E+05 NO NO 

PF60 UW60 5.90E+04 1.80E+05 -3.03E+05 4.21E+05 NO NO 

            

PF20M WJ20M -4.62E+05 1.80E+05 -8.23E+05 -1.00E+05 YES NO 

PF20M FT20M -6.42E+05 1.80E+05 -1.00E+06 -2.80E+05 YES NO 

PF20M UW20M -6.81E+05 1.80E+05 -1.04E+06 -3.19E+05 YES NO 

            

PF40M WJ40M 3.57E+05 1.80E+05 -4.97E+03 7.18E+05 NO NO 

PF40M FT40M 1.83E+05 1.80E+05 -1.78E+05 5.45E+05 NO NO 

PF40M UW40M 2.74E+05 1.80E+05 -8.74E+04 6.36E+05 NO NO 

            

PF60M WJ60M 5.51E+04 1.80E+05 -3.07E+05 4.17E+05 NO NO 

PF60M FT60M -3.27E+05 1.80E+05 -6.89E+05 3.44E+04 NO NO 

PF60M UW60M -4.67E+04 1.80E+05 -4.08E+05 3.15E+05 NO NO 

 

Table 6 Contrasts for values of Toughness, using residual sum of squares and residual 

degrees of freedom from ANOVA outputs to calculate upper and lower bounds of the 

95% confidence interval. γ = difference in means, SE(γ) = standard error of mean. 
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Figures 

 

 

Figure 5 Wood flour was evenly dispersed in the field of view of the dissecting 

microscope. Bark visually identified as a particle with dark brown to brown-orange 

areas covering more than 50%. 
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Figure 6 Bulk densities and bark content of wood fillers. PF = Commercial Pine Flour, 

WJ = Whole-tree Juniper, FT = Forest Thinning, UW = Urban Wood. An „M‟ 

designates presence of compatibilizer. 
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Figure 7 Length distributions of wood fillers. PF = Commercial Pine Flour, WJ = 

Whole-tree Juniper, FT = Forest Thinning, UW = Urban Wood (demolition waste) 
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Figure 8 Aspect ratio distributions of wood fillers. PF = Commercial Pine Flour, WJ = 

Whole-tree Juniper, FT = Forest Thinning, UW = Urban Wood (demolition waste) 
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Figure 9 Scan of dog-bone specimens with dimensions. 
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Figure 10 Density plot of WPCs, the upper dashed line represents a theoretical rule of 

mixtures between pure HDPE and wood cell wall material (1.5 g/cm3) where the 

wood lumens become filled. The lower dashed line represents a theoretical rule of 

mixtures between pure HDPE and bulk density of pine flour (0.22 g/cm3) where the 

wood lumens remain unfilled. PF = Commercial Pine Flour, WJ = Whole-tree Juniper, 

FT = Forest Thinning, UW = Urban Wood (demolition waste) 
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Figure 11 A graphical representation of measurements from stress-strain curve. 
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Figure 12 Plot of Es versus filler loading level. PF = Commercial Pine Flour, WJ = 

Whole-tree Juniper, FT = Forest Thinning, UW = Urban Wood (demolition waste) M 

designated the presence of MAPE.
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Figure 13 Plot of UTS versus filler loading level. PF = Commercial Pine Flour, WJ = 

Whole-tree Juniper, FT = Forest Thinning, UW = Urban Wood (demolition waste) M 

designated the presence of MAPE.



 

 

80 

0

500

1,000

1,500

2,000

2,500

0.00 0.20 0.40 0.60 0.80

To
u

gh
n

e
ss

, (
kJ

/m
3
)

Loading Ratio, (kg/kg)

PF WJ FT UW HDPE

0

500

1,000

1,500

2,000

2,500

0.00 0.20 0.40 0.60 0.80

To
u

gh
n

e
ss

, (
kJ

/m
3
)

Loading Ratio, (kg/kg)

PFM WJM FTM UWM HDPE

 

Figure 14 Plot of toughness versus filler loading level. PF = Commercial Pine Flour, 

WJ = Whole-tree Juniper, FT = Forest Thinning, UW = Urban Wood (demolition 

waste) M designated the presence of MAPE.
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Abstract 

Wood plastic composites are commonly made using relatively clean sources of 

biomass; however there are several sources of wood waste, which need to be used. 

Raw material can be generated from sources such as forest residues from burn fuel 

removal, invasive plant species eradication, and urban wood waste. 

This project investigated a potential outlet for such low-grade woody biomass 

as substitutive fillers for standard “clean” wood fillers in wood-plastic composites. In 

the future, hybrid particulate composites may be used in many plastic products. This 

would open a pathway to add value to wood waste, and potentially reduce plastic 

consumption in high volume products.  

The objective of this study is to determine how various levels of content of 

woody biomass generated in forest thinning operations, invasive species (juniper) 

removal, and urban wood waste, affect the weathering durability of wood-high-density 

polyethylene composites. Tests performed were tensile tests after 1000 hours of 

accelerated weathering, and mass loss from ground contact. Results indicate that low-

grade wood fillers may be viable not only as a substitution to clean wood fillers, but in 

certain applications may improve desired material characteristics. 
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Introduction 

Wood-plastic composites (WPCs) are bio-based composites comprised of 

wood flour particles dispersed in thermoplastic polymer matrix. The addition of wood 

flour is used primarily to reduce consumption of petroleum-based plastics. It has been 

shown however, that adding small amounts of a compatibilizing agent facilitates 

bonds between hydrophilic components of wood and hydrophobic thermoplastic 

polyolefins. These improved bonds between the matrix and filler particles may also 

substantially improve certain mechanical properties of the resulting material.  

While wood plastic composites are commonly made using commercial wood 

flour, alternative fillers derived from underutilized low-grade woody biomass have 

been investigated (Youngquist, Myers et al. 1994; Stark 1999; Winandy, Clemons et 

al. 2005; Viksne, Berzina et al. 2007; Cameron 2009; Yadama, Lowell et al. 2009; 

Chang, Lam et al. 2010). There are substantial volumes of low-grade woody biomass 

available with a potential for utilization in WPCs, which include invasive plant 

species, forest residues from burn fuel removal, and urban wood waste (GAO 2005; 

Milbrandt 2005; Bowyer, Lord et al. 2006; 2007). 

The primary hypothesis of the presented research project is that commercial 

wood flour in WPCs could be safely replaced by wood flour derived from low-grade 

biomass sources without loss of key mechanical properties. This being the case, a 

pathway could be opened adding value to woody biomass currently considered useless 

and/or waste. Low-grade woody biomass could be used in value-added products and 

potentially reduce plastic consumption in high volume products.  
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In a recent study (Karas and Muszyński 2010a) this hypothesis was tested on 

WPC samples produced using HDPE and wood flour derived from three different 

sources of low-grade woody biomass which were subjected to tensile tests in order to 

investigate the effect of low-grade woody biomass on selected tensile properties of 

WPCs. Biomass loading levels of 20%, 40% and 60% (by weight) were investigated. 

Specimens manufactured with clear HDPE as well as composite specimens loaded 

with commercial pine wood flour were used as references. The evaluated properties 

included: tensile modulus, ultimate tensile stress, and toughness.  

It has been found that in most cases WPC samples filled with low-grade 

biomass performed as well or better than WPC samples filled with commercial pine 

flour regardless of the level of biomass loading. Addition of 4% maleic anhydride 

modified polyethylene (MAPE) compatibilizer in the combinations did substantially 

improve the performance of composites loaded with commercial pine flour, 

particularly at higher loading levels, but the effect on the composites with low-grade 

biomass was moderate. Even with compatibilizer, the performance of samples loaded 

with commercial pine flour did not significantly outperform all composites loaded 

with low-grade biomass. The exception was the ultimate tensile stress at 40% biomass 

loading level where the samples made with commercial pine flour ranked significantly 

better than other material combinations.  

However all the tests in the previous study were performed on virgin 

composites without substantial environmental exposure, except for routine 

conditioning in a climate chamber as required by testing standards. 
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Previous research on the resistance of environmental exposure of WPCs shows 

that that they are easily compromised by physical abrasion and wearing, and photo-

degradation of the polymer matrix, which results in exposing the wood particle to 

moisture and fungal attack (Mankowski and Morrell 2000; Pendleton, Hoffard et al. 

2002). While generally this effect is a surface phenomenon (Stark and Matuana 2004), 

prolonged exposure to weather cycles or ground contact may lead to gradual extension 

of the damage deeper inside the material, resulting with measurable changes in 

modulus, strength, and brittleness (Stark and Matuana 2003; Lundin, Cramer et al. 

2004; Stark and Matuana 2004). Little research has been done regarding ground 

contact with WPCs made from forest thinning slash and other sources of low-grade 

woody biomass. 

The current study was focused on the effect of the substitution on the 

environmental exposure resistance of the composites. The objective of this research 

was to investigate the effect of low-grade woody biomass content derived from a) 

forest thinning, b) invasive species eradication, and c) urban waste from a demolition 

project on tensile properties of wood-HDPE composites subjected to environmental 

exposure simulated by accelerated weathering. The evaluated properties included: 

tensile modulus, ultimate tensile stress, and toughness. Specimens of clear HDPE and 

of composites loaded with commercial wood flour were used as references. In 

addition, mass loss due to ground contact was evaluated on samples of weathered and 

un-weathered composite combinations. The effect of 4% MAPE compatibilizer in the 

composite formulation was also investigated. 
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Materials and Methods 

The tensile modulus (E) and the ultimate tensile stress (UTS) of small samples 

of WPC with four types of woody biomass content, exposed to a standard accelerated 

weathering procedure ASTM G151 (ASTM 2006a)), were determined using a 

modified ASTM D 638 standard test (ASTM 2008c). In addition, the tensile toughness 

of these samples was determined from stress-strain data obtained from the same tests. 

Ground contact tests on samples of weathered and un-weathered composite 

combinations were conducted according to AWPA standard method of testing wood 

preservatives by laboratory soil-block cultures, AWPA E10-09 (AWPA 2009). 

Twenty-five different specimen formulations were examined, including a clear 

HDPE control. The properties of the weathered specimens were compared to matched 

unexposed composite combinations reported by Karas and Muszyński (Karas and 

Muszyński 2010a). 

 

Raw materials and specimen fabrication 

Low-grade woody biomass from three sources:  a) forest thinning, b) invasive 

species eradication, and c) urban waste from a demolition project, were processed into 

wood flour, approximately matching the morphological characteristics of a 

commercial pine flour wood-flour standard (American Wood Fibers) (Karas and 

Muszyński 2010a). Formulations of wood flour, high-density polyethylene (BP Solvay 

B53-35H-FLK, density 0.955 g/cm2) at 20%, 40% and 60% biomass loading (by 

weight) were compression molded into 101 mm x 101 mm x 2 mm coupons, and then 
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cut into dog bone specimens with neck width of 11mm and gauge length of 35mm, 

allowing for a gripping distance of 50 mm. An equal number of specimen 

combinations with addition of 4% maleic anhydride modified polyethylene (MAPE 

Crompton Polybond 3009) were prepared. Reference specimens were manufactured 

with the same mixture concentrations of commercial pine flour, as well as HDPE 

specimens without any wood filler. HDPE specimens with MAPE content were not 

included in this study. 

The appearance of the wood-plastic composite material was smooth-surfaced 

with evenly dispersed wood particles. There was a color variation between filler types 

from a light-tan color for the pine flour composite, to very dark-brown for the juniper 

flour composite.  

A detailed description of the raw materials characteristics and specimen 

preparation procedures is provided in the preceding paper by Karas & Muszynki 

(Karas and Muszyński 2010a). A summary of sample types and composite 

combinations used in this study is provided in Table 7. 

 

Weathering procedures 

After specimens were cut into dog-bone specimens, they were subject to 

weathering in an accelerated weathering tester (Q-Lab QUV™ "Original"). This was 

performed at SolarSystems & Solutions, LLC. in Clifford, PA. All 75 samples, were 

exposed for 1,000 hours using ASTM G 154 Cycle 1 (ASTM 2006a; ASTM 2010), at 
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cycles of eight hours of light using UVA-340 bulbs at 60° C, alternating with four 

hours of condensation at 50° C. 

 

Soil contact test 

Soil contact decay tests were performed on broken un-weathered from the 

previous study (Karas and Muszyński 2010a) and weathered dog-bone specimens used 

for tensile testing in this study. The tests were based on a procedure outlined in 

AWPA E10-09 (AWPA 2009).  There was enough material for 5-6 soil test 

specimens, weighing 0.7g to 1.0g, for each material formulation. Prior to the test, the 

specimens were oven dried, for at least 12 hours at 103° C and then weighed to the 

closest 0.01 gram. To help facilitate fungal growth, they were submerged underwater 

and left to soak for half an hour. The soaked specimens were then sterilized by 

exposure to 2.5 mrad of ionizing radiation from a cobalt 60 source. 

Specimens were placed individually in separate jars containing soil and a 

western hemlock feeder wafer. The soil was "Fertile Mix" purchased from The Bark 

Place, Corvallis, OR and mixed with purchased bagged compost until the water 

holding capacity was brought up to 60%. The soil was moistened to 130% of the water 

holding capacity and sterilized by autoclaving at 0.103 MPa and 121° C for 45 

minutes. The feeder wafer functioned as a start for the fungus (Gloeophyllum trabeum 

(Pers.ex. Fr.) Murr. (Isolate # Madison 617)). Each feeder wafer was inoculated by 

placing a 3 mm agar plug on one corner. The jars were then sealed and placed in a 

conditioned chamber and incubated at 28° C for 7 weeks. 



 

 

89 

After the exposure each sample was removed, cleaned, and oven-dried for 12 

hours at 103° C before being weighed again to the closest 0.01 gram. Mass loss from 

fungal attack while in contact with soil was used as a measure of degradation. Mass 

loss was calculated from initial and final oven-dried masses and expressed as 

percentage of the initial mass. The standard deviation was determined based on the 

loss observed for 5-6 specimens in each mixture group. 

 

Mechanical testing procedures 

Tests for the WPC tensile properties were conducted using a modified 

approach based on ASTM D 638 (ASTM 2008c). An Instron ElectroPuls E1000 test 

instrument with integrated data acquisition system was used to conduct tensile tests. 

Three samples were tested for each material combination. Testing was conducted at 

22°C and 34% RH. An extensometer (Epsilon Tech. Corp. 3442-005M-100-ST) was 

used to measure strain. Load was applied at a ramp rate of 1 mm/minute in two steps. 

In the first step the specimen was loaded until a crosshead displacement of 0.4 mm 

(equivalent to about 60% of UTS as determined in the previous study (Karas and 

Muszyński 2010a)) was reached with the extensometer clipped on in order to record 

the load-deflection curve. At this point, the specimen was unloaded and the 

extensometer was removed to avoid damage. In the second step, the specimens were 

loaded until failure in order to determine the maximum load. The deformations in the 

second step were recorded from the crosshead movements of the testing machine. 
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Data recorded by integrated data acquisition system was used for further 

analysis and to generate stress-strain curves. Ultimate tensile strength (UTS) was 

calculated from the maximum load recorded and the cross-sectional area in the gauge 

length of the specimen. Percent elongation at yield (max stress) was found from the 

extension recorded from crosshead movement. Since the load-extension curve had no 

linear regions, secant modulus was calculated at extension of 0.005 strains. Toughness 

was calculated from the area under the stress-strain curve, using the trapezoidal 

approximation of the numerical integration. A graphical representation of these values 

can be seen in Figure 15 on a sample specimen stress-strain curve. 

 

 

Results and Discussion 

The mean tensile properties of all composite combinations are summarized in 

Table 7 and in Graphs in Figures 16 to 18. In the graphs, a reference value of the 

respective property for an un-weathered clear HDPE reference sample as determined 

in the previous study is included as a horizontal reference line marked HDPE(N). The 

results of the ground contact test are summarized in Table 7 and in graphs in Figures 

19 and 20. 
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Secant modulus 

Weathering seemed to have little effect on the secant modulus of the matrix. 

The average secant modulus of the HDPE control changed very little from the 

unweathered to the weathered samples. 

Graphs of secant modulus versus filler loading level are shown in Figure 17. 

Mean secant modulus values ranged from 1094 MPa to 2740 MPa. The general trend 

for all WPC specimens was an increase in secant modulus as loading increased. In 

composites made without MAPE, the effect was almost linear for samples loaded with 

forest thinning (FT) and urban wood (UW). Samples loaded with whole juniper (WJ) 

had a slightly lower secant modulus at 40%, and then a slight increase again with a 

60% loading. Commercial pine flour (PF) for which had no increase between 40% and 

60% loading. 

The effect of compatibilizer seemed varied among the specimen types. While 

WPCs made with urban wood waste (UW) had little change in secant modulus after 

accelerated weathering, samples loaded with forest thinning (FT) appear to possibly 

have been negatively affected by the presence of compatibilizer during weathering. 

Modest improvements in secant modulus were observed in whole-tree juniper (WJ) 

specimens, and composites made with commercial pine flour (PF) saw the greatest 

improvement, especially at 60% loading. When MAPE was present, commercial pine 

flour specimens seemed to perform the highest after accelerated weathering of all the 

WPC formulations. 
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Ultimate tensile stress (UTS) 

A plot in Figure 16 summarizes UTS values for WPC samples at all loading 

levels including clear HDPE reference after the accelerated weathering. Comparing 

the UTS for weathered HDPE reference (HDPE) with that of un-weathered 

(HDPE(N)) shows a substantial decrease in strength due to the weathering procedure. 

The mean ultimate tensile strength of all samples ranged from 10.3 MPa to 

23.0 MPa. The lowest mean values for UTS were for clear HDPE and 60% 

commercial pine flour composites. However, when MAPE was added to the 60% pine 

flour mixture, it greatly improved the strength over pure HDPE after accelerated 

weathering. The highest UTS values for all WPCs without MAPE were at 20% 

loading levels. At 40% loading, average UTS for urban wood (UW) composites had 

increased, the samples filled with forest thinning (FT) retained UTS somewhat above 

the clear HDPE control, while those filled with whole juniper (WJ) and commercial 

pine flour (PF) plunged below the reference mark. Commercial pine flour was 

consistently the worst performer. 

The effect of 4% MAPE compatibilizer is illustrated in Figure 16b. While the 

effect is not clear at 20% loading level, the mean UTS for all composite combinations 

at 40% and 60% loading levels is higher than the clear HDPE reference. Urban wood 

mixtures performed consistently high regardless of compatibilizer presence. The 60% 

mixture of whole-tree juniper (WJ) had an average value dramatically lower than the 

other composite mixtures of the same loading level. However, given small sample size 

(three specimens per composite combination) this value may be erratic. Since a small 
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number of specimens for each mixture were made, one uncharacteristic sample can 

change the mean significantly. 

Commercial pine flour composites benefited the most from the addition of 

MAPE, the performance of pine flour becoming similar to that of WPCs with the low-

grade fillers. 

 

Toughness 

The effect of weathering appeared to be the most substantial on the matrix. The 

HDPE control had a dramatic drop in toughness of more than 75%. 

Graphs summarizing mean toughness values vs. increasing biomass loading for 

composite samples with different woody biomass types are shown in Figure 18. 

Average toughness values for the specimen types ranged from 67.5 kJ/m3 to 1090 

kJ/m3. In specimens formulated without MAPE, the 20% and 40% loading levels all 

maintained much better toughness than the HDPE standard. Loading levels above 20% 

showed a steady decrease in toughness. In samples made without MAPE, urban waste 

wood composites (UW) showed the highest toughness, followed by whole-tree juniper 

(WJ), and forest thinning (FT). Commercial pine flour composites (PF) were the 

lowest performers. All specimens except forest thinning filled composites had lower 

toughness than clean HDPE at 60% loading levels. 

The effect of MAPE compatibilizer, shown in the graph in Figure 18b, was a 

general increase in toughness. From 20% to 40% wood filler, the properties increased 

for all composites except commercial pine flour. For these low-grade wood 



 

 

94 

composites, there appears to be a maximum in toughness somewhere between 40% 

and 60% loading. 

 

Ground contact 

Ground contact tests resulted in average sample mass loss of WPCs between 

0.33% and 3.63% in unweathered samples, and between 0.81% and 6.28% in 

weathered samples. Graphs illustrating the mass loss due to ground contact of 

unweathered samples can be seen in Figure 19. Data from sample subject to ground 

contact after 1000 hours of accelerated weathering are summarized in graphs in Figure 

20.  

As expected the clear HDPE reference samples did not show any appreciable 

weight loss regardless of the weathering history because the fungus cannot feed on 

HDPE. For all the composite samples, the weight loss increased with the biomass 

loading level. At each biomass loading level the weight loss in composite samples 

exposed to the weathering regime was almost twice as high as in un-weathered 

samples. This is believed to be the effect of HDPE matrix degradation at the surface 

due to the UV exposure in the weathering test. The surface cracks in the matrix 

compromise the integrity of the encapsulation and expose particles close to the surface 

to direct fungus attack.  

Regardless of whether samples had been weathered, the addition of MAPE 

appeared to have little or no effect on the weight loss in samples with low-grade 
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woody biomass, but substantially mitigated the weight loss in samples with 

commercial pine flour (PF). 

Samples with urban wood (UW) experienced the least mass loss for weathered 

and unweathered samples, whether or not the mixtures contained MAPE. This may be 

due to resistance of the wood filler to decay, resulting from either wood preservatives, 

or other chemicals present in the building demolition waste. 

In absence of the compatibilizer, specimens loaded with pine flour at 60% 

experienced the higher mass loss than any sample loaded with low-grade woody 

biomass. 

It is also interesting to note differences in graphs showing mass loss divided by 

the amount of wood content in the specimens Figure 21 and 22. These indicate that the 

fungus attacked the wood content of the composites at a similar amount regardless of 

filler content. Further, differences in mass loss of the woody biomass types are more 

apparent. 

 

Statistical analysis 

A multi-way ANOVA test was used to measure the significance of factor 

variables: filler type, loading level, and the presence of compatibilizer on the 

responses of UTS, E, and toughness. The results are summarized in Table 9. 

Statistically significant differences in means were found for all formulation variables. 

However, in order to verify the hypothesis that the commercial wood flour in 

WPCs can be safely replaced by wood flour derived from low-grade biomass sources 



 

 

96 

without loss of key mechanical properties a contrast of means was produced to 

determine the significance of the differences in properties between filler types after 

environmental exposure. Each mixture using commercial pine flour was contrasted 

with the corresponding composites made from mixtures with low-grade wood sources. 

Each comparison of means was calculated with a 95% confidence interval. Where 

significant differences in means were found, the mean values were compared to 

determine whether commercial pine flour showed a superior property value over the 

composites loaded with the low-grade woody biomass. Additionally, these outcomes 

were compared with values found in the preceding study on un-weathered samples 

(Karas and Muszyński 2010a), to see if accelerated weathering had an effect on filler 

effectiveness (Table 10, Table 11, and Table 12). 

The ultimate tensile strength of composites containing low-grade wood fillers 

were found to be significantly different from that of the composites loaded with 

commercial pine flour (PF) in every contrast. However, composites with low-grade 

woods outperformed pine flour WPC in most cases. Composites with pine flour 

content had marginally higher UTS in formulations with 20% and 40% wood content 

and MAPE. In the tests on un-weathered specimens reported in the preceding paper 

(Karas and Muszyński 2010a), the UTS for composites loaded with the commercial 

pine flour at 20% was lower than that of the composites with low-grade woody 

biomass content.  
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In secant modulus contrasts four significant differences in means were found, 

however pine flour composites were not found to have consistently superior properties 

over the composites loaded with low-grade biomass in any of these cases.  

In the toughness contrasts five statistically significant differences in means 

were found, but again in none of these cases the composites loaded with the 

commercial pine flour proved to be superior over these loaded with the low-grade 

woody biomass. 

 

Conclusion 

WPC samples were produced using HDPE and wood flour derived from three 

different sources of low-grade woody biomass for a comparative test of weathering 

performance of WPCs made from low-grade wood to those made with industrial pine 

flour. Specimens manufactured with clear HDPE; as well as composite specimens 

loaded with commercial pine wood flour were used as references. The following 

conclusions can be drawn from this experiment: 

 Test results showed that at 20%, 40%, and 60% filler content, ultimate 

tensile strength for almost all weathered composites was higher than 

unfilled HDPE. In samples without MAPE, UTS decreased in 

formulations with wood flour content above 20%, however urban 

wood-filled samples maintained a high UTS. All mixtures containing 

MAPE showed higher values of UTS. A statistical analysis showed that 

MAPE helped pine flour composites perform better than low-grade 
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wood composites at 20% and 40% loading. 

 

 The secant modulus of the composites was increased as filler loading 

level increased. The addition of compatibilizer resulted only in modest 

gains in most cases. The 60% pine flour formulation saw a large 

increase in secant modulus with the inclusion of compatibilizer. Only in 

limited cases did WPCs made with commercial pine flour have a 

significantly higher secant modulus than any low-grade wood plastic 

composite. 

 

 Composites generally maintained toughness much better than the 

HDPE control. As wood filler content increased, toughness decreased. 

At higher loading levels toughness decreased with every loading level 

increment. The inclusion of MAPE seemed to increase toughness in 

formulations with 40% low-grade wood. Where significant differences 

in toughness values were found, WPCs made from low-grade always 

outperformed WPCs with commercial grade flour. 

 

 The results of the ground contact tests were increased mass loss with 

increase in loading levels. Samples made with urban waste wood had 

consistently lower mass loss with and without formulations including 

MAPE. Compatibilizer had almost no effect in composites made with 
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forest thinning and urban wood, while they seemed to decrease mass 

loss in pine flour composites. 

 

 Mass loss from samples previously subjected to accelerated weathering 

was almost double. Again samples made from urban wood saw the 

lowest mass changes. Without the presence of compatibilizer, pine 

flour composites had the highest mass loss. 

 

 Addition of 4% MAPE did positively affect the WPC formulations in 

most cases; however the most significant effects were seen in 

composites using pine flour. In these cases, pine flour composites with 

4% MAPE content performed on a similar level to WPCs with low-

grade fillers. 

 

The outcomes of this study confirm the hypothesis that the replacement of 

commercial wood flour in WPCs with wood flour derived from low-grade biomass 

sources should not result in lower resistance of the composite to the environmental 

exposures. The effect of the accelerated weathering on the key mechanical properties 

as well as the weight loss due to ground contact was essentially very similar in both 

cases. However, it should be stressed that the conclusions are based on relatively small 

number of tests per loading combination and more research is needed in order to 

verify the effect of the substitution on the ultimate tensile strength between 20% and 
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40% of the biomass loading when the compatibilizing agent is added to the 

formulation.  

Based on this research it may be concluded that the commercial wood flour in 

wood plastic composites may be safely replaced with wood flour derived from low-

grade biomass without negative impact to the mechanical properties and 

environmental resistance of the composites. 
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Sample 
Filler 

Type 

Biomass 

Loading 
Level 

MAPE 

UTS 

(MPa) 

Es, (MPa) % Elongation at 

max stress 

Toughness, 

(kJ/mm3) 

Change in Mass 

in un-weathered 
samples (%) 

Mass Loss 

after QUV 
(%) 

HDPE - 0% - 
10.3 

(1.42) 

1094 

(215) 

2.0 

(3.4) 

335.9 

(102) 

0.48 

(.09) 

-0.06 

(0.38) 

PF20 

PF 

20% 

- 
18.5 
(1.18) 

1577 
(134) 

3.3 
(0.39) 

600.3 
(206) 

-0.43 
(0.11) 

-0.87 
(0.15) 

PF20M 4%  
19.7 

(0.57) 

1678 

(203) 

4.4 

(0.14) 

769.2 

(44.0) 

-0.38 

(0.22) 

-1.34 

(0.29) 

PF40 

40% 

- 
16.4 

(1.98) 

2001 

(257) 

1.6 

(0.28) 

376.8 

(108) 

-1.18 

(0.28) 

-2.48 

(0.79) 

PF40M 4%  
23.0 
(4.13) 

2214 
(402) 

2.4 
(0.29) 

608.8 
(320) 

-0.82 
(0.16) 

-2.25 
(0.40) 

PF60 

60% 

- 
10.3 

(0.62) 

1960 

(105) 

0.8 

(0.03) 

67.5 

(28.6) 

-3.63 

(0.67) 

-6.28 

(1.32) 

PF60M 4%  
22.1 

(2.58) 

2740 

(365) 

1.4 

(0.14) 

498.9 

(96.1) 

-2.14 

(0.47) 

-4.62 

(0.72) 

WJ20 

WJ 

20% 

- 
20.1 

(1.25) 

1617 

(100.9) 

4.36 

(0.68) 

820.9 

(348.8) 

-0.50 

(0.20) 

-1.18 

(0.25) 

WJ20M 4%  
19.2 

(3.62) 

1654 

(136.0) 

4.00 

(0.51) 

722.8 

(292.5) 

-0.55 

(0.15) 

-1.45 

(0.27) 

WJ40 

40% 

- 
17.3 
(0.855) 

1545 
(141.5) 

2.28 
(0.24) 

598.9 
(99.28) 

-0.98 
(0.23) 

-2.04 
(0.40) 

WJ40M 4%  
22.3 

(0.797) 

1799 

(27.11) 

3.45 

(0.25) 

1090 

(152.1) 

-1.10 

(0.22) 

-1.80 

(0.29) 

WJ60 

60% 

- 
12.8 

(1.46) 

1826 

(224.5) 

1.13 

(0.30) 

172.3 

(104.1) 

-2.31 

(0.68) 

-5..51 

(1.13) 

WJ60M 4%  
17.7 
(3.02) 

2173 
(218.9) 

1.56 
(0.36) 

298.1 
(255.8) 

-1.89 
(0.38) 

-4.27 
(0.98) 

FT20 

FT 

20% 

- - - - - 
-0.96 

(0.18) 
- 

FT20M 4%  
18.1 

(1.07) 

1448 

(113.3) 

4.06 

(0.16) 

679.3 

(101.6) 

-0.99 

(0.15) 

-1.41 

(0.69) 

FT40 

40% 

- 
19.9 

(1.98) 

2068 

(388.2) 

2.19 

(0.16) 

592.7 

(260.1) 

-1.78 

(0.33) 

-2.72 

(0.54) 

FT40M 4%  
21.4 

(1.22) 

1785 

(37.38) 

2.97 

(0.22) 

979.6 

(200.2) 

-1.55 

(0.26) 

-2.40 

(0.66) 

FT60 

60% 

- 
18.6 
(1.91) 

2717 
(215.3) 

1.35 
(0.20) 

352.5 
(82.21) 

-3.00 
(0.32) 

-5.34 
(1.11) 

FT60M 4%  
22.9 

(4.18) 

2375 

(334.8) 

2.03 

(0.43) 

665.4 

(242.7) 

-2.70 

(0.51) 

-4.15 

(1.79) 

UW20 

UW 

20% 

- 
20.1 

(2.03) 

1636 

(137.5) 

3.96 

(0.84) 

956.7 

(100.5) 

-0.33 

(0.14) 

-1.06 

(0.22) 

UW20M 4%  
19.4 
(1.35) 

1654 
(128.5) 

3.58 
(0.79) 

664.4 
(222.4) 

-0.38 
(0.26) 

-0.85 
(0.43) 

UW40 

40% 

- 
22.4 

(1.54) 

2102 

(348.9) 

2.60 

(0.18) 

782.7 

(314.8) 

-0.52 

(0.24) 

-1.36 

(0.29) 

UW40M 4%  
22.8 

(0.875) 

1931 

(647.0) 

2.79 

(0.56) 

997.4 

(202.2) 

-0.95 

(0.27) 

-0.81 

(0.26) 

UW60 

60% 

- 
18.9 
(1.55) 

2684 
(306.7) 

1.33 
(0.05) 

227.2 
(107.0) 

-1.11 
(0.33) 

-2.48 
(1.10) 

UW60M 4%  
22.8 

(0.657) 

2461 

(417.3) 

1.72 

(0.21) 

553.9 

(99.16) 

-1.11 

(0.53) 

-1.96 

(0.61) 

 

Table 7 Mixtures and tensile property values; values in parentheses are standard 

deviations. PF = Commercial Pine Flour, WJ = Whole-tree Juniper, FT = Forest 

Thinning, UW = Urban Wood (demolition waste)
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Sample Filler Type Loading Level MAPE 
UTS  

(MPa) 

Es, (MPa) ε. at UTS (%) Toughness, 

(kJ/mm3) 

HDPE - 0% - 
19.9  
(0.09) 

1122 
(162.9) 

9.84 

(0.38) 

1610 

(58.82) 

PF20 

PF 

20% 

- 
20.6  
(0.06) 

1646 
(49.22) 

4.28 

(0.53) 

841.7 

(255.2) 

PF20M 4%  
21.7  
(0.14) 

1649 
(233.4) 

4.76 

(0.64) 

887.0 

(225.7) 

PF40 

40% 

- 
18.5  
(0.26) 

1873 
(280.6) 

1.96 

(0.53) 

441.4 

(51.61) 

PF40M 4%  
25.7  
(0.14) 

2022 
(454.9) 

2.95 

(0.38) 

1226.3 

(313.9) 

PF60 

60% 

- 
12.6  
(0.20) 

2322 
(473.2) 

0.79 

(0.08) 

103.2 

(66.46) 

PF60M 4%  
26.1  
(0.17) 

2603 
(343.3) 

1.83 

(0.17) 

595.6 

(308.7) 

WJ20 

WJ 

20% 

- 
22.9 

(1.34) 

1595 

(55.79) 

6.53 

(0.35) 

1586 

(277.6) 

WJ20M 4%  
22.5 
(3.85) 

1609 

(126.4) 

5.79 

(0.12) 

1349 

(162.6) 

WJ40 

40% 

- 
20.3 
(0.203) 

1707 

(181.7) 

3.16 

(0.25) 

734.8 

(238.5) 

WJ40M 4%  
22.0 
(1.02) 

1800 

(192.3) 

3.39 

(0.42) 

869.7 

(221.4) 

WJ60 

60% 

- 
16.3 
(1.19) 

2178 

(70.89) 

1.19 

(0.11) 

272.9 

(47.28) 

WJ60M 4%  
20.6 
(2.32) 

2559 

(245.2) 

1.79 

(0.43) 

540.5 

(194.2) 

FT20 

FT 

20% 

- 
22.6 
(0.562) 

1650 

(98.48) 

5.74 

(0.57) 

1547 

(50.94) 

FT20M 4%  
22.4 
(1.04) 

1567 

(138.6) 

6.19 

(0.16) 

1529 

(144.0) 

FT40 

40% 

- 
23.3 
(1.55) 

1959 

(60.97) 

3.17 

(0.50) 

951.8 

(294.9) 

FT40M 4%  
22.9 
(1.39) 

1994 

(53.26) 

3.25 

(0.40) 

1043 

(113.4) 

FT60 

60% 

- 
21.8 
(0.594) 

2663 

(40.97) 

1.57 

(0.03) 

516.1 

(64.03) 

FT60M 4%  
24.7 
(2.93) 

2523 

(362.7) 

2.55 

(0.06) 

922.9 

(85.72) 

UW20 

UW 

20% 

- 
23.7 
(0.418) 

1637 

(221.7) 

5.90 

(0.34) 

1397 

(477.1) 

UW20M 4%  
23.5 
(0.474) 

1586 

(98.09) 

5.78 

(0.36) 

1568 

(168.8) 

UW40 

40% 

- 
22.9 
(1.29) 

2151 

(146.0) 

2.81 

(0.71) 

846.2 

(281.8) 

UW40M 4%  
23.2 
(1.58) 

2127 

(80.12) 

3.03 

(0.39) 

952.2 

(229.1) 

UW60 

60% 

- 
20.3 
(0.809) 

2820 

(256.7) 

1.46 

(0.27) 

382.4 

(198.9) 

UW60M 4%  
26.1 
(2.64) 

2950 

(347.8) 

1.91 

(0.25) 

642.3 

(189.5) 

 

Table 8 Mixtures and tensile property values before weathering, values in parentheses 

are standard deviations. PF = Commercial Pine Flour, WJ = Whole-tree Juniper, FT = 

Forest Thinning, UW = Urban Wood (demolition waste)
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Anova Table (Type II tests)     

Response: UTS      

       

    Sum Sq Df F value Pr(>F)  Significance 

Compatibilizer 1.97E+02 1 46.8608 1.55E-08 *** 

Filler   1.04E+02 3 8.2077 1.76E-04 *** 

Loading   7.03E+01 2 8.3581 0.0008011 *** 

Compatibilizer:Filler 7.97E+01 3 6.3119 0.0011209 ** 

Compatibilizer:Loading 1.16E+02 2 13.8319 1.98E-05 *** 

Filler:Loading 7.68E+01 6 3.0401 0.013733 * 

Compatibilizer:Filler:Loading 2.48E+01 5 1.1774 0.3348044  

Residuals  1.94E+02 46    

 

Anova Table (Type II tests)     

Response: E      

       

    Sum Sq Df F value Pr(>F)  Significance 

Compatibilizer 7.24E+04 1 0.954 0.333823  

Filler   1.02E+06 3 4.4835 7.65E-03 ** 

Loading   5.85E+06 2 38.5394 1.48E-10 *** 

Compatibilizer:Filler 1.16E+06 3 5.0881 0.003993 ** 

Compatibilizer:Loading 1.22E+05 2 0.8024 0.454431  

Filler:Loading 7.88E+05 6 1.7298 0.135446  

Compatibilizer:Filler:Loading 4.02E+05 5 1.0603 0.394591  

Residuals  3.49E+06 46    

 

Anova Table (Type II tests)     

Response: Toughness      

       

    Sum Sq Df F value Pr(>F)  Significance 

Compatibilizer 7.21E+11 1 18.656 8.27E-05 *** 

Filler   5.00E+11 3 4.3115 9.23E-03 ** 

Loading   2.36E+12 2 30.5067 3.68E-09 *** 

Compatibilizer:Filler 9.00E+10 3 0.7754 0.513714  

Compatibilizer:Loading 4.31E+11 2 5.5667 0.006838 ** 

Filler:Loading 4.00E+11 6 1.723 0.137024  

Compatibilizer:Filler:Loading 2.22E+11 5 1.147 0.349563  

Residuals  1.78E+12 46    

 

Table 9 ANOVA outputs for UTS, Es, and toughness. P-values smaller than 0.05 

indicate convincing evidence that one or more response mean value is different. 

Significance codes:  0 '***' for 0.001 or less; '**' for 0.01; '*' for 0.05; '.' for 0.1 or 

more. 
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Comparison: UTS γ SE(γ) 
95% CI 

upper 

95% CI 

lower 
Difference 

Is pine 

flour 

superior? 

Was pine flour 

superior before 

UV? 

         

PF20 WJ20 -1.57E+06 1.67 -1.57E+06 -1.57E+06 YES NO NO 

PF20 UW20 -1.55E+06 1.67 -1.55E+06 -1.55E+06 YES NO NO 

         

PF40 WJ40 -8.73E+05 1.67 -8.73E+05 -8.73E+05 YES NO NO 

PF40 FT40 -3.51E+06 1.67 -3.51E+06 -3.51E+06 YES NO NO 

PF40 UW40 -6.39E+06 1.67 -6.39E+06 -6.39E+06 YES NO NO 

         

PF60 WJ60 -2.48E+06 1.67 -2.48E+06 -2.48E+06 YES NO NO 

PF60 FT60 -8.29E+06 1.67 -8.29E+06 -8.29E+06 YES NO NO 

PF60 UW60 -1.24E+07 1.67 -1.24E+07 -1.24E+07 YES NO NO 

         

PF20M WJ20M 4.24E+05 1.67 4.24E+05 4.24E+05 YES YES NO 

PF20M FT20M 1.59E+06 1.67 1.59E+06 1.59E+06 YES YES NO 

PF20M UW20M 2.25E+05 1.67 2.25E+05 2.25E+05 YES YES NO 

         

PF40M WJ40M 7.37E+05 1.67 7.37E+05 7.37E+05 YES YES YES 

PF40M FT40M 1.56E+06 1.67 1.56E+06 1.56E+06 YES YES YES 

PF40M UW40M 2.14E+05 1.67 2.14E+05 2.14E+05 YES YES YES 

         

PF60M WJ60M 4.40E+06 1.67 4.40E+06 4.40E+06 YES YES YES 

PF60M FT60M -7.41E+05 1.67 -7.41E+05 -7.41E+05 YES NO NO 

PF60M UW60M -6.20E+05 1.67 -6.20E+05 -6.20E+05 YES NO NO 

 

Table 10 Contrasts for values of UTS, using residual sum of squares and residual 

degrees of freedom from ANOVA outputs to calculate upper and lower bounds of the 

95% confidence interval. P-values below 0.05 indicate statistically significant 

differences in means. γ = difference in means, SE(γ) = standard error of mean. 
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Comparison:Es γ SE(γ) 
95% CI 

upper 

95% CI 

lower 
Difference 

Is pine flour 

superior? 

Was pine flour 

superior 

before UV? 

         

PF20 WJ20 -39.8 224.9 -492.6 413.0 NO NO NO 

PF20 UW20 -59.0 224.9 -511.7 393.8 NO NO NO 

         

PF40 WJ40 456.3 224.9 3.6 909.1 YES YES NO 

PF40 FT40 -67.0 224.9 -519.7 385.8 NO NO NO 

PF40 UW40 -100.9 224.9 -553.7 351.9 NO NO NO 

         

PF60 WJ60 134.0 224.9 -318.8 586.8 NO NO NO 

PF60 FT60 -757.2 224.9 -1210.0 -304.5 YES NO NO 

PF60 UW60 -724.4 224.9 -1177.2 -271.7 YES NO NO 

         

PF20M WJ20M 23.9 224.9 -428.9 476.7 NO NO NO 

PF20M FT20M 230.5 224.9 -222.3 683.3 NO NO NO 

PF20M UW20M 24.5 224.9 -428.3 477.2 NO NO NO 

         

PF40M WJ40M 415.3 224.9 -37.5 868.1 NO NO NO 

PF40M FT40M 429.2 224.9 -23.6 882.0 NO NO NO 

PF40M UW40M 282.8 224.9 -169.9 735.6 NO NO NO 

         

PF60M WJ60M 567.5 224.9 114.7 1020.2 YES YES NO 

PF60M FT60M 365.4 224.9 -87.3 818.2 NO NO NO 

PF60M UW60M 279.4 224.9 -173.4 732.1 NO NO NO 

 

Table 11 Contrasts for values of Es, using residual sum of squares and residual 

degrees of freedom from ANOVA outputs to calculate upper and lower bounds of the 

95% confidence interval. γ = difference in means, SE(γ) = standard error of mean. 
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Comparison: 

Toughness 
γ SE(γ) 

95% CI 

upper 

95% CI 

lower 
Difference 

Is pine flour 

superior? 

Was pine 

flour 

superior 

before UV? 

         

PF20 WJ20 -2.21E+05 1.61E+05 -5.44E+05 1.03E+05 NO NO NO 

PF20 UW20 -3.56E+05 1.61E+05 -6.80E+05 -3.32E+04 YES NO NO 

         

PF40 WJ40 -2.22E+05 1.61E+05 -5.45E+05 1.01E+05 NO NO NO 

PF40 FT40 -2.16E+05 1.61E+05 -5.39E+05 1.07E+05 NO NO NO 

PF40 UW40 -4.06E+05 1.61E+05 -7.29E+05 -8.27E+04 YES NO NO 

         

PF60 WJ60 -1.05E+05 1.61E+05 -4.28E+05 2.18E+05 NO NO NO 

PF60 FT60 -2.85E+05 1.61E+05 -6.08E+05 3.82E+04 NO NO NO 

PF60 UW60 -1.60E+05 1.61E+05 -4.83E+05 1.64E+05 NO NO NO 

         

PF20M WJ20M 4.65E+04 1.61E+05 -2.77E+05 3.70E+05 NO NO NO 

PF20M FT20M 8.99E+04 1.61E+05 -2.33E+05 4.13E+05 NO NO NO 

PF20M UW20M 1.05E+05 1.61E+05 -2.18E+05 4.28E+05 NO NO NO 

         

PF40M WJ40M -4.81E+05 1.61E+05 -8.04E+05 -1.58E+05 YES NO NO 

PF40M FT40M -3.71E+05 1.61E+05 -6.94E+05 -4.76E+04 YES NO NO 

PF40M UW40M -3.89E+05 1.61E+05 -7.12E+05 -6.55E+04 YES NO NO 

         

PF60M WJ60M 2.01E+05 1.61E+05 -1.22E+05 5.24E+05 NO NO NO 

PF60M FT60M -1.66E+05 1.61E+05 -4.90E+05 1.57E+05 NO NO NO 

PF60M UW60M -5.51E+04 1.61E+05 -3.78E+05 2.68E+05 NO NO NO 

 

Table 12 Contrasts for values of Toughness, using residual sum of squares and 

residual degrees of freedom from ANOVA outputs to calculate upper and lower 

bounds of the 95% confidence interval. γ = difference in means, SE(γ) = standard error 

of mean. 
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Figure 15 A graphical representation of measurements from stress-strain curve. 
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Figure 16 Plot of UTS versus filler loading level after 1000 hours of weathering. PF = 

Commercial Pine Flour, WJ = Whole-tree Juniper, FT = Forest Thinning, UW = 

Urban Wood (demolition waste), HDPE (N) = HDPE control before weathering. M 

designates the presence of MAPE.
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Figure 17 Plot of Es versus filler loading level after 1000 hours of weathering. PF = 

Commercial Pine Flour, WJ = Whole-tree Juniper, FT = Forest Thinning, UW = 

Urban Wood (demolition waste), HDPE (N) = HDPE control before weathering. M 

designates the presence of MAPE.



 

 

112 

0

500

1,000

1,500

2,000

2,500

0.00 0.20 0.40 0.60 0.80

To
u

gh
n

e
ss

, (
kJ

/m
m

3
)

Loading Ratio, (kg/kg)

PF WJ FT

UW HDPE HDPE (N)

0

500

1,000

1,500

2,000

2,500

0.00 0.20 0.40 0.60 0.80

To
u

gh
n

e
ss

, (
kJ

/m
m

3
)

Loading Ratio, (kg/kg)

PFM WJM FTM

UWM HDPE HDPE (N)

 

Figure 18 Plot of toughness versus filler loading level after 1000 hours of weathering. 

PF = Commercial Pine Flour, WJ = Whole-tree Juniper, FT = Forest Thinning, UW = 

Urban Wood (demolition waste), HDPE (N) = HDPE control before weathering. M 

designates the presence of MAPE.
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Figure 19 Plot of mass loss from soil contact decay versus filler loading level. The 

HDPE control did not have mass loss. PF = Commercial Pine Flour, WJ = Whole-tree 

Juniper, FT = Forest Thinning, UW = Urban Wood (demolition waste). M designates 

the presence of MAPE.
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Figure 20 Plot of mass loss from soil contact decay versus filler loading level after 

1000 hours of weathering. PF = Commercial Pine Flour, WJ = Whole-tree Juniper, FT 

= Forest Thinning, UW = Urban Wood (demolition waste). M designates the presence 

of MAPE.
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Figure 21  Graphs of mass loss divided by filler content versus filler loading level. PF 

= Commercial Pine Flour, WJ = Whole-tree Juniper, FT = Forest Thinning, UW = 

Urban Wood (demolition waste). M designates the presence of MAPE.
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Figure 22  Graphs of mass loss divided by filler content versus filler loading level after 

1000 hours of weathering. PF = Commercial Pine Flour, WJ = Whole-tree Juniper, FT 

= Forest Thinning, UW = Urban Wood (demolition waste). M designates the presence 

of MAPE. 
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Abstract 

While wood plastic composites are made using relatively clean sources of 

biomass, there are several underutilized types of wood waste which have the 

possibility of being used. Raw material can be generated from sources such as 

invasive plant species, forest residues from burn fuel removal, and urban wood waste. 

In this project we investigated a potential outlet for such low-grade woody 

biomass as substitutive fillers for standard “clean” wood fillers in wood-plastic 

composites. In the future, hybrid particulate composites may be used in many plastic 

products. This would open a pathway to add value to wood waste, and potentially 

reduce plastic consumption in high volume products.  

The objective of this study is to determine how various levels of content of 

woody biomass generated in forest thinning operations, forest fire fuel removal, and 

urban wood waste, and invasive species (Juniper) removal affect high speed puncture 

properties of wood-high-density polyethylene composites. Results indicate that WPCs 

using low-grade wood fillers have no significant difference in properties to WPCs 

using clean wood fillers. 
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Introduction 

Wood-plastic composites (WPCs) are bio-based composites comprised of 

wood flour particles dispersed in thermoplastic polymer matrix. The addition of wood 

flour is used primarily to reduce consumption of petroleum-based plastics. It has been 

shown however, that adding small amounts of a compatibilizing agent facilitates 

bonding between hydrophilic components of wood and hydrophobic thermoplastic 

polyolefins used in matrices. This results in substantially improving certain 

mechanical properties of the resulting composite. 

While wood plastic composites are commonly made using commercial wood 

flour, alternative fillers derived from underutilized low-grade woody biomass have 

been investigated (Stark 1999; Winandy, Clemons et al. 2005; Viksne, Berzina et al. 

2007; Cameron 2009; Yadama, Lowell et al. 2009; Chang, Lam et al. 2010). There are 

substantial volumes of low-grade woody biomass available with a potential for 

utilization in WPCs, which include invasive plant species, forest residues from burn 

fuel removal, and urban wood waste (GAO 2005; Milbrandt 2005; Bowyer, Lord et al. 

2006). 

The primary hypothesis of the presented research project is that commercial 

wood flour in WPCs can be safely replaced by wood flour derived from low-grade 

biomass sources without loss of key mechanical properties. Proving this hypothesis 

true would open a pathway for adding value to woody biomass currently considered 

useless waste, and potentially reduce plastic consumption in high volume products.  
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In recent studies by Karas and Muszyński (Karas and Muszyński 2010a; Karas 

and Muszyński 2010b) this hypothesis was tested on WPC samples produced using 

HDPE and wood flour derived from three different sources of low-grade woody 

biomass. The composite samples were subjected to tensile tests in order to investigate 

the effect of low-grade woody biomass on selected tensile properties of WPCs. 

Biomass loading levels of 20%, 40% and 60% (by weight) were tested. Specimens 

manufactured with clear HDPE as well as composite specimens loaded with 

commercial pine wood flour were used as references. The evaluated properties 

included: tensile modulus, ultimate tensile stress, and toughness. In the second study 

(Karas and Muszyński 2010b) the effect of environmental exposure in composites 

loaded with low-grade biomass was compared to that in composites loaded with 

commercial pine flour. 

Conclusions of recent studies by Karas and Muszyński (Karas and Muszyński 

2010a; Karas and Muszyński 2010b) indicate that commercial wood flour can be 

safely substituted with low-grade woody biomass in WPCs. Results showed that 

WPCs using low grade woody biomass in many cases performed similarly to 

composites made with commercial wood flour in tensile, accelerated weathering, and 

ground contact tests. 

In both studies the performance of composites loaded with wood flour derived 

from low-grade biomass was very similar and in many cases better than that of the 

reference composites loaded with the commercial pine flour. 
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In many applications where WPCs are considered as a material option, impact 

properties are an important concern. This is true for automotive dashboard elements as 

well as for the potential use of wood-plastics loaded with low-grade biomass in 

highway related products as proposed by Karas and Muszynski (Karas and Muszyński 

2010c). 

Therefore, the objective of this study was to investigate the effect of low-grade 

woody biomass content derived from a) forest thinning, b) invasive species 

eradication, and c) urban waste from a demolition project on the high-speed impact 

performance of wood- HDPE composites. Specimens of clear HDPE and of 

composites loaded with commercial wood flour were used as references. The effect of 

4% MAPE compatibilizer in the composite formulation was also investigated. 

 

Materials and Methods 

Of several types of test methods for evaluating the impact strength of 

polymers, the most commonly used methods are Charpy and Izod (ASTM 2006b; 

ASTM 2008a), and are used for relative comparisons between plastic materials at high 

strain rates. This is also true for WPCs (Winandy, Clemons et al. 2005; Clemons and 

Sanadi 2007; Viksne, Berzina et al. 2007; Cameron 2009). However Duan et al. 

(Duan, Saigal et al. 2002) pointed out that the specimen geometry and loading mode 

for a multi-axial impact test may provide a closer correlation to practical impact 

conditions. Therefore, this configuration was used in the experiment. 
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ASTM D 3763 standard test method for high speed puncture properties of 

plastics using load and displacement sensors (ASTM 2008b) was used to determine 

the maximum load, deflection at failure, and total energy until failure of small samples 

of WPC with four types of woody biomass content. Twenty-five different specimen 

formulations were examined, including a clear HDPE control. 

Low-grade woody biomass from three sources:  a) forest thinning, b) invasive 

species eradication, and c) urban waste from a demolition project, were processed into 

wood flour, approximately matching the morphological characteristics of a 

commercial pine flour wood-flour standard (American Wood Fibers) (Karas and 

Muszyński 2010a). Formulations of wood flour, high-density polyethylene (BP Solvay 

B53-35H-FLK, density 0.955 g/cm2) at 20%, 40% and 60% biomass loading (by 

weight were compression molded into 101 mm x 101 mm x 2 mm plaques. The 

plaques were cut into three 50 mm diameter disks, to fit the testing clamp in the 

Instron impact tester. An equal number of specimen combinations with addition of 4% 

maleic anhydride modified polyethylene (MAPE Crompton Polybond 3009) were 

prepared. In addition, reference specimens of HDPE with no wood filler were 

manufactured. 

The appearance of the wood-plastic composite material was smooth-surfaced 

with evenly dispersed wood particles. There was a color variation between filler types 

from a light-tan color for the pine flour composite, to very dark-brown for the juniper 

flour composite. There appeared to be no exposed fibers on the surface. 
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All samples were conditioned at 25° C and 60% RH for at least 48 hours prior 

to testing.  

A detailed description of the raw materials characteristics and specimen 

preparation procedures is provided in the preceding paper by Karas and Muszyński 

(Karas and Muszyński 2010a). A summary of sample types and composite 

combinations used in this study is provided in Table 13. 

 

Impact Testing Procedures 

Impact testing was performed following the ASTM D3763, Standard test 

method for high-speed puncture properties of plastics using load and displacement 

sensors. An Instron 9200 Drop Weight Tower was used to perform the experiments. 

The drop weight tower consists of a free-falling crosshead with adjustable mass, with 

an instrumented tup (impacting head) with a load-displacement sensor (Figure 23). A 

velocity detector (optical sensor tripped by a flag on the cross head) determines the 

speed just before impact. A data acquisition system records the output of the tup and 

velocity sensor. 

The drop height of the drop weight assembly was set so the speed of the 

plunger head just before impact with the specimen was 2.0 m/s. The mass of the drop 

weight assembly was 3.88 kg. The calculated energy of the impact was about 7.8 kJ. 

Specimens were mounted in a ring clamp with an internal diameter of 38.1 mm, such 

that the edges were fully restrained. Drawings for the clamp with all dimensions can 

be found in Appendix D. Three samples of each mixture type were tested. 
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Data analysis 

A typical graph of load-versus-deflection trace from data recorded from the 

data acquisition system is shown in Figure 24. From this graph the peak load and 

deflection at peak load were determined. The total energy absorbed was calculated 

from the area under the load-deflection curve, using trapezoidal approximation for the 

numerical integration. Normalized energy absorption was found by dividing the 

energy absorbed by the thickness of each sample. An average value and standard 

deviation was calculated for each specimen set. 

 

Results and Discussion 

The impact properties measured in the tests are summarized in Table 13 and in 

graphs in Figure 25 and 26.  

Upon removing specimens from the testing clamp after testing, each sample 

was inspected to check whether there was sample slipping from impacting. Slippage 

would give a false value, allowing the specimen to deflect more and resulting in 

loading conditions not consistent with other tests. None was observed for any sample. 

 

Peak Load 

Figure 25 displays graphs of peak load versus filler loading level for 

composites with and without compatibilizer. The peak impact load recorded for all 

composite specimens regardless of the biomass-loading ratio decreased by about 65 % 
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when compared with the reference specimen of clear HDPE. The unfilled HDPE 

sample had severe permanent deflection, but did not fully puncture. Increasing the 

biomass-loading ratio from 20% to 60% had minuscule effect on the property. No 

substantial difference between the peak load recorded on specimens loaded with low-

grade biomass, and those loaded with commercial pine flour (PF) was observed at any 

loading level. However, the lowest average peak load was consistently recorded for 

specimens with the commercial pine flour. Addition of 4% MAPE compatibilizer in 

the composites had no measureable effect on the average peak loads, except for a 

slight increase in property for pine flour composites at 60% loading. 

 

Impact Energy Absorbed 

The effect of biomass loading on the impact energy absorbed by the 

composites is summarized in Figure 26. Composites made with 20% wood flour 

absorbed about half the energy to that of unfilled HDPE for all wood flour types. It 

should be noted that the energy absorption values for unfilled HDPE samples do not 

accurately reflect its total energy absorption since none of the specimens fully 

punctured. 

From 20% to 60% filler levels, properties saw a gradual decrease. Similar 

behavior was seen after the addition of MAPE. Addition of 4% MAPE compatibilizer 

in the composites had no measureable effect on the energy absorbed by composites 

filled with the low-grade biomass, but did moderately improve the performance of 

composites loaded with commercial pine flour (PF) at 20% and 60% loading levels. 
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Deflection at Failure 

The defection at failure ranged from an average of 8.50 mm for HDPE without 

any filler, to 3.71 mm (60% urban wood waste). In general the higher the loading 

level, the smaller the deflection at failure. The addition of compatibilizer appeared to 

slightly decrease the deflection at failure (Table 13). 

 

Visual inspection of the breakthrough hole 

A progressively larger breakthrough hole diameter was observed as biomass 

content increased in the tested specimens Figure 27. This may be connected to the 

increased modulus that the WPCs were found to have in earlier studies (Karas and 

Muszyński 2010a). A material with higher modulus will resist deflection more, and 

likely transfer load to a greater area. 

 

Statistical Analysis 

A multi-way ANOVA test was used to measure the significance of factor 

variables on the responses of energy to failure. The results of the analysis are 

summarized in Table 14. Statistically significant differences in means were found only 

in the factors of loading level and presence of compatibilizer. The type of filler used 

resulted in statistically equal means. 

However, in order to verify the hypothesis that the commercial wood flour in 

WPCs can be safely replaced by wood flour derived from low-grade biomass sources 
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without loss of key mechanical properties a contrast of means was produced to 

determine the significance of the differences in the impact properties between filler 

types. Each mixture using commercial pine flour was contrasted with the 

corresponding composites using mixtures with low-grade wood sources. Each 

comparison of means was calculated with a 95% confidence interval. Where 

significant differences in means were found, the mean values were compared to 

determine whether commercial pine flour showed a superior property value. The 

summary of the contrast analysis is shown in Table 15.  

WPCs loaded with the low-grade wood fillers were never found to perform 

statistically different from these loaded with the commercial pine flour. 

 

Conclusion 

WPC samples were produced using HDPE and wood flour derived from three 

different sources of low-grade woody biomass for a comparative test of high speed 

impact performance of WPCs made from low-grade wood to those made with 

industrial pine flour. Specimens manufactured with clear HDPE; as well as composite 

specimens loaded with commercial pine wood flour were used as references. The 

following conclusions can be drawn from this experiment: 

 The addition of wood fillers decreases the impact properties of the 

composite, resulting in lower peak impact load and lower impact 

energy absorption in composites at all loading levels. The effect was 
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slightly more gradual in case of the impact energy absorption. 

 

 The use of compatibilizer was found to create differences in impact 

properties, only in pine flour composites. 

 

 Impact properties of WPCs filled with low-grade woody biomass were 

nearly identical to these observed for composites filled with the 

commercial pine flour. 

 

 No significant effects from the use of different filler types were 

observed. 

  

Is has been seen from these results that WPCs using low-grade wood fillers do 

perform similarly to WPCs with commercial grade pine flour. The outcome of this 

work is favorable for the idea of substituting the traditional sources of commercial 

wood flours with low-grade woody biomass. 
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Sample Filler Type Loading Level MAPE Max. Load, (kN) Deflection at failure, (mm) Energy to failure, (J/mm) 

HDPE - 0% - 
i.666 

(0.01) 

8.50 

(0.08) 

3.02 

(0.06) 

PF20 

PF 

20% 

- 
0.489 

(0.02) 

5.35 

(0.47) 

1.32 

(0.05) 

PF20M 4%  
0.608 
(0.06) 

3.64 
(0.21) 

1.75 
(0.18) 

PF40 

40% 

- 
0.441 

(0.04) 

3.92 

(0.38) 

0.86 

(0.14) 

PF40M 4%  
0.510 

(0.05) 

4.55 

(0.21) 

1.01 

(0.09) 

PF60 

60% 

- 
0.479 

(0.04) 

3.96 

(1.62) 

0.86 

(0.15) 

PF60M 4%  
0.663 

(0.06) 

4.18 

(0.51) 

1.19 

(0.27) 

WJ20 

WJ 

20% 

- 
0.570 
(0.08) 

4.80 
(1.63) 

1.55 
(0.18) 

WJ20M 4%  
0.622 

(0.05) 

5.75 

(0.85) 

1.54 

(0.04) 

WJ40 

40% 

- 
0.576 

(0.07) 

4.61 

(0.29) 

1.02 

(0.14) 

WJ40M 4%  
0.556 
(0.08) 

4.63 
(0.26) 

1.16 
(0.18) 

WJ60 

60% 

- 
0.480 

(0.04) 

4.10 

(1.49) 

0.77 

(0.20) 

WJ60M 4%  
0.595 

(0.07) 

4.10 

(0.23) 

0.94 

(0.20) 

FT20 

FT 

20% 

- 
0.641 

(0.02) 

5.67 

(0.05) 

1.62 

(0.09) 

FT20M 4%  
0.612 

(0.08) 

5.27 

(0.49) 

1.69 

(0.31) 

FT40 

40% 

- 
0.566 
(0.01) 

4.82 
(0.21) 

1.09 
(0.19) 

FT40M 4%  
0.642 

(0.11) 

4.80 

(0.35) 

1.37 

(0.28) 

FT60 

60% 

- 
0.641 

(0.07) 

4.60 

(1.00) 

0.90 

(0.12) 

FT60M 4%  
0.748 
(0.10) 

4.03 
(0.71) 

1.02 
(0.30) 

UW20 

UW 

20% 

- 
0.561 

(0.06) 

4.64 

(0.66) 

1.41 

(0.18) 

UW20M 4%  
0.622 

(0.09) 

4.47 

(0.85) 

1.53 

(0.16) 

UW40 

40% 

- 
0.584 
(0.07) 

4.47 
(0.23) 

1.14 
(0.17) 

UW40M 4%  
0.678 

(0.12) 

4.62 

(0.15) 

1.30 

(0.17) 

UW60 

60% 

- 
0.616 

(0.07) 

3.71 

(0.57) 

0.99 

(0.07) 

UW60M 4%  
0.714 
(0.06) 

3.77 
(0.55) 

1.20 
(0.06) 

 

Table 13 Mixtures and impact property values; values in parentheses are standard 

deviations. PF = Commercial Pine Flour, WJ = Whole-tree Juniper, FT = Forest 

Thinning, UW = Urban Wood (demolition waste)
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Response: Impact      

    Sum Sq Df F value Pr(>F)   Significance 

Compatibilizer 7.55E-01 1 18.2238 9.21E-05 *** 

Filler   1.58E-01 3 1.2696 2.95E-01  

Loading   4.07E+00 2 49.0525 2.50E-12 *** 

Compatibilizer:Filler 2.30E-01 3 1.851 0.1506  

Compatibilizer:Loading 8.23E-02 2 0.9923 0.3782  

Filler:Loading 2.24E-01 6 0.8989 0.5035  

Compatibilizer:Filler:Loading 1.04E-01 6 0.4195 0.8624  

Residuals  1.99E+00 48    

 

Table 14 ANOVA outputs for impact energy. P-values smaller than 0.05 indicate 

convincing evidence that one or more response mean value is different. Significance 

codes:  0 '***' for 0.001 or less; '**' for 0.01; '*' for 0.05; '.' for 0.1 or more. 
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Comparison, impact 

energy γ SE(γ) 

95% CI 

upper 

95% CI 

lower Difference 

Is pine flour 

superior? 

            

PF20 WJ20 -0.226 0.166 -0.560 0.108 NO NO 

PF20 FT20 -0.305 0.166 -0.639 0.030 NO NO 

PF20 UW20 -0.087 0.166 -0.421 0.247 NO NO 

            

PF40 WJ40 -0.165 0.166 -0.500 0.169 NO NO 

PF40 FT40 -0.228 0.166 -0.563 0.106 NO NO 

PF40 UW40 -0.282 0.166 -0.616 0.053 NO NO 

            

PF60 WJ60 0.084 0.166 -0.250 0.418 NO NO 

PF60 FT60 -0.039 0.166 -0.374 0.295 NO NO 

PF60 UW60 -0.137 0.166 -0.472 0.197 NO NO 

            

PF20M WJ20M 0.136 0.166 -0.198 0.471 NO NO 

PF20M FT20M -0.014 0.166 -0.349 0.320 NO NO 

PF20M UW20M 0.148 0.166 -0.187 0.482 NO NO 

            

PF40M WJ40M 0.310 0.166 -0.024 0.644 NO NO 

PF40M FT40M 0.092 0.166 -0.242 0.426 NO NO 

PF40M UW40M 0.169 0.166 -0.165 0.503 NO NO 

            

PF60M WJ60M 0.137 0.166 -0.197 0.471 NO NO 

PF60M FT60M 0.053 0.166 -0.281 0.387 NO NO 

PF60M UW60M -0.132 0.166 -0.466 0.202 NO NO 

 

Table 15 Contrasts for values of impact energy, using residual sum of squares and 

residual degrees of freedom from ANOVA outputs to calculate upper and lower 

bounds of the 95% confidence interval. P-values below 0.05 indicate statistically 

significant differences in means. γ = difference in means, SE(γ) = standard error of 

mean. 
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Figure 23 Photo of drop tower and impact testing clamp. 
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Figure 24 A graphical representation of measurements from the load-deflection curve. 
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Figure 25 Plot of peak impact load versus filler loading level. PF = Commercial Pine 

Flour, WJ = Whole-tree Juniper, FT = Forest Thinning, UW = Urban Wood 

(demolition waste). M designates the presence of MAPE.



 

 

138 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.00 0.20 0.40 0.60 0.80

A
ve

. N
o

rm
al

o
ze

d
 E

n
e

rg
y,

 (
J/

m
m

)

Loading Ratio, (kg/kg)

PF WJ FT UW HDPE

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.00 0.20 0.40 0.60 0.80

A
ve

. N
o

rm
al

iz
e

d
 E

n
e

rg
y,

 (
J/

m
m

)

Loading Ratio, (kg/kg)

PFM WJM FTM UWM HDPE

 

Figure 26 Plot of normalized impact energy versus filler loading level. PF = 

Commercial Pine Flour, WJ = Whole-tree Juniper, FT = Forest Thinning, UW = 

Urban Wood (demolition waste). M designates the presence of MAPE.



 

 

139 

 

 

Figure 27 Photo of increased puncture hole size with increase in loading. Samples 

increase with loading level from left to right, 20%, 40%, and 60%. 
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Low-grade woods such as forest thinning slash, burn fuel removal, invasive 

species, and demolition wood generally cannot be used to make traditional forest 

products. However, when these sources are reduced to small particles, they can be 

used in wood plastic composites. WPCs create an avenue by which these raw material 

sources, which are generally considered waste, can be incorporated into a value-added 

product. This can help create a consistent demand for woody biomass, which in turn 

will help promote forest health maintenance, reduce the need for burning slash piles, 

and create new business opportunities in rural areas. 

The objective of this study was to evaluate the performance of wood plastic 

composites using low-grade woody biomass derived from a) forest thinning, b) 

invasive species eradication, and c) urban waste from a demolition project, against a 

reference composite using commercial pine flour. The objectives of this thesis were to 

a) develop a methodology which outlines a conceptual framework for the systematic 

assessment of replacement or partial substitution of currently used materials in 

highway products with sustainable alternatives containing woody biomass; and b) 

evaluate the performance WPCs made with low-grade woody biomass against WPCs 

made from commercial pine flour in basic tensile tests, weathering performance, and 

high-speed impact tests. The following is a summary of conclusions found in this 

research: 

 

 A conceptual framework for the assessment of potential replacement or 

partial substitution of currently used materials with sustainable 
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alternatives containing low-grade woody biomass in selected highway 

products has been developed. 

 

The procedure is designed to guide the decision making process on 

whether WPCs using low-grade woody biomass are a suitable material 

substitution in products currently employing non-renewable materials 

such as concrete, metals or petroleum-based plastics. It requires 

consideration of how material substitutes impact the manufacturing 

process, material properties, product design, and functionality. An 

entrepreneur or business can use this framework to evaluate whether a 

WPC is an appropriate material to use in a selected product. 

 

 In most cases, WPCs made with low-grade woody biomass did not 

perform significantly different from composites with commercial pine 

flour in ultimate tensile strength, secant modulus and tensile toughness. 

The addition of 4% MAPE did positively affect the WPC formulations 

in most cases; however the most significant effects were seen in 

composites using pine flour. In these cases, pine flour composites with 

4% MAPE content performed on a similar level to WPCs with low-

grade fillers. 
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 The replacement of commercial wood flour in WPCs with wood flour 

derived from low-grade woody biomass sources did not result in lower 

resistance of the composite to the environmental exposures. Specimens 

made with low-grade woody biomass fillers did not perform 

significantly different to composites made with commercial wood flour 

in many cases after accelerated weathering or ground contact tests. 

Mixtures containing compatibilizing agent seemed to show higher 

mechanical properties weathering than mixtures without compatibilizer 

after 1000 hours of accelerated.  

 

 The addition of wood fillers decreases the impact properties of the 

composite resulting in lower peak impact load and lower impact energy 

absorption in composites at all loading levels. Impact properties of 

WPCs filled with low-grade woody biomass were not significantly 

different to those observed for composites filled with the commercial 

pine flour. No significant effects from the use of different filler types 

were observed. 

 

In conclusion there is strong evidence that there is no significant drawback to 

substitute commercial wood flour in WPCs with fillers derived from low-grade woody 

biomass. It has been seen from these results that WPCs using low-grade wood fillers 

do perform similarly to WPCs with commercial grade pine flour in various testing and 
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environmental conditions. However, many composite formulations loaded with low-

grade biomass were less responsive to the addition of compatibilizing agent than 

composites made with commercial pine flour. More research needs to be done 

regarding the effect of compatibilizer interactions with particles derived from low-

grade woody biomass sources. 

The outcomes of this research open a pathway for adding value to woody 

biomass currently considered useless waste, and potentially reduce plastic 

consumption in high volume products. Products related to highway infrastructure seem 

to be particularly promising outlet for large volumes of sustainable composites 

utilizing low-grade woody biomass. 
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Appendix A – Summary of data from tensile testing 

 

Maxuimum Stress, [Pa]         

  0% 20% 40% 60% Ave. St. Dev. 

Control (HDPE)  1.99E+07      9.29E+05 

Control QUV  1.03E+07      1.42E+06 

            

Pine Flour 1.99E+07 2.06E+07 1.85E+07 1.26E+07 1.53E+06 

Pine Flour (C)   2.17E+07 2.57E+07 2.61E+07 1.69E+06 

Pine Flour QUV 1.03E+07 1.85E+07 1.64E+07 1.03E+07 1.26E+06 

Pine Flour (C) QUV   1.97E+07 2.30E+07 2.21E+07 2.43E+06 

            

Whole Juniper 1.99E+07 2.29E+07 2.03E+07 1.63E+07 9.14E+05 

Whole Juniper (C)   2.25E+07 2.20E+07 2.06E+07 1.24E+06 

Whole Juniper QUV 1.03E+07 2.01E+07 1.73E+07 1.28E+07 1.19E+06 

Whole Juniper (C) QUV   1.92E+07 2.23E+07 1.77E+07 2.48E+06 

            

Forest Thinning 1.99E+07 2.26E+07 2.33E+07 2.18E+07 9.01E+05 

Forest Thinning (C)   2.24E+07 2.29E+07 2.47E+07 1.78E+06 

Forest Thinning QUV 1.03E+07   1.99E+07 1.86E+07 1.94E+06 

Forest Thinning (C) QUV   1.81E+07 2.14E+07 2.29E+07 2.16E+06 

            

Urban Wood 1.99E+07 2.37E+07 2.29E+07 2.03E+07 8.39E+05 

Urban Wood (C)   2.35E+07 2.32E+07 2.61E+07 1.56E+06 

Urban Wood QUV 1.03E+07 2.01E+07 2.28E+07 2.28E+07 1.72E+06 

Urban Wood (C) QUV   1.94E+07 2.28E+07 2.28E+07 9.61E+05 
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Elastic Modulus, [MPa]         

  0% 20% 40% 60% Ave. St. Dev. 

Control (HDPE)  1122      163 

Control QUV  1094      216 

            

Pine Flour 1122 1646 1873 1873 268 

Pine Flour (C)   1649 2022 2603 344 

Pine Flour QUV 1094 1577 2001 1960 165 

Pine Flour (C) QUV   1678 2214 2740 323 

            

Whole Juniper 1122 1595 1707 2178 103 

Whole Juniper (C)   1609 1800 2559 188 

Whole Juniper QUV 1094 1617 1545 1826 156 

Whole Juniper (C) QUV   1654 1799 2173 127 

            

Forest Thinning 1122 1650 1959 2663 99 

Forest Thinning (C)   1567 1994 2523 152 

Forest Thinning QUV 1094   2068 2717 302 

Forest Thinning (C) QUV   1448 1785 2375 162 

            

Urban Wood 1122 1637 2151 2820 208 

Urban Wood (C)   1586 2127 2950 175 

Urban Wood QUV 1094 1636 2102 2684 264 

Urban Wood (C) QUV   1654 1931 2461 398 
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Toughness, (J/m
3
)           

  0% 20% 40% 60% Ave. St. Dev. 

Control (HDPE)  1610125      58819 

Control QUV  335903      102004 

            

Pine Flour 1610125 841703 441378 441378 124451 

Pine Flour (C)   887000 1226431 595640 282793 

Pine Flour QUV 335903 600349 376812 67505 114127 

Pine Flour (C) QUV   769248 608753 498865 153260 

            

Whole Juniper 1610125 1586432 734856 272912 187782 

Whole Juniper (C)   1348812 869774 540532 192748 

Whole Juniper QUV 335903 820877 598905 172330 184071 

Whole Juniper (C) QUV   722750 1090049 298172 233475 

            

Forest Thinning 1610125 1547649 951803 516107 380634 

Forest Thinning (C)   1529124 1043003 922895 426505 

Forest Thinning QUV     592658 352464 171166 

Forest Thinning (C) QUV   679334 979553 665362 181481 

            

Urban Wood 1610125 1397566 846241 382387 319308 

Urban Wood (C)   1567675 952172 642334 195788 

Urban Wood QUV 335903 956716 782726 227164 174153 

Urban Wood (C) QUV   664425 997414 553944 174599 
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Appendix B – Summary of data from ground contact tests 

 AVE. WEIGHT LOSS (g) St. Dev. Ave. % Weight Loss St. Dev. 

HDPE -0.003 0.0008 -0.40% 0.09% 

PF20 0.003 0.0008 0.43% 0.11% 

PF40 0.009 0.0021 1.18% 0.28% 

PF60 0.032 0.0042 3.63% 0.67% 

PF20M 0.003 0.0016 0.38% 0.22% 

PF40M 0.007 0.0010 0.82% 0.16% 

PF60M 0.017 0.0034 2.14% 0.47% 

WJ20 0.004 0.0013 0.50% 0.20% 

WJ40 0.008 0.0021 0.98% 0.23% 

WJ60 0.020 0.0058 2.31% 0.68% 

WJ20M 0.005 0.0014 0.55% 0.15% 

WJ40M 0.008 0.0012 1.10% 0.22% 

WJ60M 0.016 0.0027 1.89% 0.38% 

FT20 0.008 0.0017 0.96% 0.18% 

FT40 0.015 0.0024 1.78% 0.33% 

FT60 0.026 0.0017 3.00% 0.32% 

FT20M 0.008 0.0012 0.99% 0.15% 

FT40M 0.013 0.0023 1.55% 0.26% 

FT60M 0.023 0.0034 2.70% 0.51% 

UW20 0.003 0.0012 0.33% 0.14% 

UW40 0.004 0.0015 0.52% 0.24% 

UW60 0.009 0.0029 1.11% 0.33% 

UW20M 0.003 0.0020 0.38% 0.26% 

UW40M 0.008 0.0023 0.95% 0.27% 

UW60M 0.010 0.0040 1.11% 0.53% 

PINE WOOD 0.240 0.0410 46.17% 8.47% 
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Ground contact after 1000 hours accelerated weathering 

 AVE. WEIGHT LOSS (g) St. Dev. Ave. % Weight Loss St. Dev. 

HDPE 0.000 0.0020 0.06% 0.38% 

PF20 0.005 0.0019 0.87% 0.15% 

PF40 0.013 0.0053 2.48% 0.99% 

PF60 0.041 0.0130 6.28% 1.32% 

PF20M 0.007 0.0017 1.34% 0.29% 

PF40M 0.017 0.0057 2.25% 0.40% 

PF60M 0.032 0.0127 4.62% 0.72% 

WJ20 0.007 0.0015 1.18% 0.25% 

WJ40 0.013 0.0051 2.04% 0.40% 

WJ60 0.037 0.0142 5.51% 1.13% 

WJ20M 0.009 0.0031 1.45% 0.27% 

WJ40M 0.012 0.0015 1.80% 0.29% 

WJ60M 0.026 0.0068 4.27% 0.98% 

FT20 - - - - 

FT40 0.019 0.0090 2.72% 0.54% 

FT60 0.038 0.0127 5.34% 1.11% 

FT20M 0.008 0.0039 1.41% 0.69% 

FT40M 0.013 0.0046 2.40% 0.66% 

FT60M 0.028 0.0139 4.15% 1.79% 

UW20 0.007 0.0010 1.06% 0.22% 

UW40 0.010 0.0019 1.36% 0.29% 

UW60 0.014 0.0049 2.48% 1.10% 

UW20M 0.005 0.0020 0.85% 0.43% 

UW40M 0.005 0.0015 0.81% 0.26% 

UW60M 0.012 0.0037 1.96% 0.61% 
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Appendix C – Summary of data from impact testing 

 

Average Peak Load (kN)      

 0% 20% 40% 60% Ave. St. Dev. 

Control (HDPE)  1.67   0.01 

      

Pine Flour 1.67 0.49 0.44 0.48 0.03 

Pine Flour (C)  0.61 0.51 0.66 0.06 

      

Whole Juniper 1.67 0.57 0.58 0.48 0.06 

Whole Juniper (C)  0.62 0.56 0.60 0.07 

      

Forest Thinning 1.67 0.64 0.57 0.64 0.06 

Forest Thinning (C)  0.61 0.64 0.75 0.10 

      

Urban Wood 1.67 0.58 0.62 0.62 0.07 

Urban Wood (C)  0.68 0.71 0.71 0.09 

 

Average Normalized Energy (J/mm)     

 0% 20% 40% 60% Ave. St. Dev. 

Control (HDPE)  3.02   0.06 

      

Pine Flour 3.02 1.32 0.86 0.86 0.11 

Pine Flour (C)  1.75 1.01 1.19 0.18 

      

Whole Juniper 3.02 1.55 1.02 0.77 0.17 

Whole Juniper (C)  1.54 1.16 0.94 0.14 

      

Forest Thinning 3.02 1.62 1.09 0.90 0.13 

Forest Thinning (C)  1.69 1.37 1.02 0.30 

      

Urban Wood 3.02 1.41 1.14 0.99 0.14 

Urban Wood (C)  1.53 1.30 1.20 0.13 
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Appendix D – Drawings for impact testing clamp 
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Appendix E – Work instruction for impact testing 

 

Department of Wood Science & Engineering 

Oregon State University 
 

 
WI-xx-04 

WORK INSTRUCTION 
 

Page Number 
Page 161 of 9 

Effective Date 
 
   

 
Author: Michael Karas & Jacob Stark 

Revision 

 

 

P.I. Approval Date  

Approved by: (Name, Title, Signature) 
 
 

Date  

 
                        

 

 

1 Objective: 
To test and compare impacts for different wood-plastic composites (WPC) 

using an INSTRON
®
 dynatup

® 
Model 8200. 

 

2 Responsibility: 
Project Manager or designee:  

Michael Karas 

 

3 References:   

3.1 ASTM Standards: 

3.1.1 D3763 - 08 Standard Test Method for High Speed Puncture Properties of 

Plastics Using Load and Displacement Sensors 

3.1.2 D5628 - 07 Standard Test Method for Impact Resistance of Flat, Rigid 

Plastic Specimens by Means of a Falling Dart (Tup or Falling Mass) 

3.2 Instron Dynatup Model 8200 drop Weight Impact Testing Instrument 

Operating Instructions M14-14103-EN Revision D 



162 

 

 

1
6
2
 

3.3 Instron Dynatup Impulse Impact Testing System Operating Instructions 

M14-14168-EN Revision A. 

 

4 Data Forms:  

4.1 [   ] 
 

5 Instruction: 
5.1 Scope 

     This document describes the steps to compare how well the WPC samples react 

during impact versus how well normal plastics do, which will include the 

operation of an INSTRON
®
 dynatup

®
 to conduct the impacts on the WPC. 

 

5.2 Equipment and Materials and Personal Protection Equipment Needed  

5.2.1 Personal Protection Equipment:  

 Cushioning and shielding devices may be used

 A tube or cage may be placed around the tup if it rebounds

 An effective mechanical "rebound catcher"

5.2.2 Equipment and materials needed:  

 INSTRON
®
 dynatup

®
 Model 8200 with Impulse Data Acquisition program

 Mitutoyo electronic calipers 

 Mitutoyo micrometer 

 Metal clamp (see 5.3.1.4) and screws 

 Adjustable torque wrench 

 WPC samples 
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Fig. 1 

 

 

5.3 Procedures 

5.3.1 Conditioning: First all of the samples should be conditioned to the appropriate 

standards for the given test. 

5.3.1.1 ASTM Standards D3763 - 08 

Conditioning- Condition the test specimens in a room or enclosed space 

maintained 23 ± 2°C, and 50 % relative humidity, in accordance with Procedure 

A in Practice D 618 unless otherwise specified. 

Test Conditions- Conduct tests in the standard laboratory atmosphere of 23 ± 

2°C, and 50 ± 5 % relative humidity, unless otherwise specified. In cases of 

disagreement, the tolerances shall be ± 1°C, and ± 2 % relative humidity. By 

changing the conditioning and test temperature in a controlled manner for a given 

test velocity, the temperature at which transition from ductile to brittle failure 

occurs can be determined for most plastics. 

NOTE - To facilitate high throughput during automated testing at temperatures 

other than ambient, it is often necessary to stack the specimens in a column with 

no airflow in between. To assure compliance with Section 10 of Practice D 618, 

the time to equilibrium must be determined for a given material. A thermocouple 

may be placed at the center of a specimen stack in which its height is equal to its 

minimum width. Determine the time to reach equilibrium at the desired test 
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temperature. Experiments with materials having-low thermal conductivity values 

have shown that more than 7.5 hours of soak time was required before the stack 

center temperature fell within the tolerances specified in D 618 at a set point of -

40°C. Two and a half additional hours were needed to reach equilibrium. The 

opposite extreme was seen in a material of higher thermal conductivity that only 

required 2 hours to reach equilibrium at -40°C. 

 

5.3.1.2 ASTM Standards D5628 - 07 

Unless otherwise specified, condition the test specimens at 23 ± 2° C (73.4 ± 3.6° 

F) and 50 ± 5 % relative humidity for not less than 40 hours prior to test, in 

accordance with Procedure A of Test Methods D 618, for those tests where 

conditioning is required, In cases of disagreement, the tolerances shall be ± 1°C 

(± 1.8°F) and ± 2 % relative humidity. For compliance with ISO requirements, the 

specimens must be conditioned for a minimum of 16 hours prior to testing or post 

conditioning in accordance with ISO 291, unless the period of conditioning is 

stated in the relevant ISO specification for the material. Note that for some 

hygroscopic materials, such as polyamides, the material specifications (for 

example, Classification System D 6779) call for testing "dry as-molded 

specimens". Such requirements take precedence' over the above routine 

preconditioning to 50 % RH and require sealing the specimens in water vapor-

impermeable containers as soon as molded and not removing them until ready for 

testing. Conduct tests in the standard laboratory atmosphere of 23 ± 2° C (73.4 ± 

3.6° F) and at 50 ± 5 % relative humidity, unless otherwise specified. When 

testing is desired at temperatures other than 23° C, transfer the materials to the 

desired test temperature within 30 min, preferably immediately, after completion 

of the preconditioning. Hold the specimens at the test temperature for no more 

than 5 h prior to test, and, in no case, for less than the time required to ensure 

thermal equilibrium in accordance with Section 10 of Test Method D 618. 

 

5.3.2 Setting up the INSTRON
®
 dynatup

®
 for testing (Instron Dynatup Impulse 

Impact Testing System Operating Instructions M14-14168-EN Revision A 

and Instron Dynatup Model 8200 drop Weight Impact Testing Instrument 

Operating Instructions M14-14103-EN Revision D) 

5.3.2.1 Start by following the instructions on setting up the INSTRON
®
 dynatup

®  

and Impulse Data Acquisition program using the steps given in the Instron 

Dynatup Impulse Impact Testing System Operating Instructions M14-

14168-EN Revision A. 

5.3.2.2 Set up an appropriate velocity by following the instructions given in the 

section titled, “Adjusting the Velocity Detector” of the Instron Dynatup 

Model 8200 drop Weight Impact Testing Instrument Operating Instructions 

M14-14103-EN Revision D. 
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[Picture of flag and sensor] 

Fig. 2 

 

5.3.2.3 Create a circular clamp with a whole in the center that is up to ASTM 

standards for impact testing and mount it onto the INSTRON
®
 dynatup

®
. 

The clamp should be made of tool steel hardened to 54 HRC or harder. The 

hemispherical head needs to have a diameter of 38.1 ± 0.4 mm (1.5 ± 0.015 

in.). A steel shaft is also needed that is about 13 mm (0.5 in.) in diameter 

and is attached to the center of the flat surface of the head with its 

longitudinal axis at 90° to that surface. The length of this shaft needs to be 

large enough to accommodate the maximum mass (ASTM Standards 

D5628-07 p.227-228). 

5.3.2.4 The drop hammer should have the correct head attached for the experiment 

being performed. 

5.3.2.5 When creating the samples, the thickness of any specimen in a sample shall 

not differ by more than 5 % from the average specimen thickness of that 

sample. However, if variations greater than 5 % are unavoidable in a sample 

that is obtained from parts, the data shall not be used for referee purposes. 

For compliance with ISO 6603-1 the test specimen shall be 60 ± 2 mm (2.4 

± 0.08 in.) (although ours were about 50 mm in diameter) in diameter or 60 

± 2 mm (2.4 ± 0.08 in,) square with a thickness of 2 ± 0.1 mm (0.08 ± 0.004 

in,) (although ours were about 2.5 mm thick). Machining specimens to 

reduce thickness variation is not permissible. 

Specimen Diameter: 140 mm (5.5 in.) (ASTM Standards D5628 – 07 

p.229) 

5.3.2.6 Turn the power to the INSTRON
®
 dynatup

®
 and the computer on. 

5.3.2.7 Open the computer program called Impulse Data Acquisition. 

5.3.2.8 Record the thickness of each WPC sample three times using a micrometer 

and the diameter of each three times using the Mitutoyo electronic calipers. 

This is in the case that one of the samples needs to be remade for whatever 

reason. 
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Fig. 3 

 

5.3.2.9 In the Impulse Data Acquisition program, select the “Run an impact test” 

button from the toolbar. 

5.3.2.10  A new window will appear that is labeled “Define Your Impact Test.” 

 

 
Fig. 4 

 

5.3.2.11 Fill in the information in the boxes provided and continue through the 

following windows until you get to the one that asks the thickness and 

diameter of the sample. 

5.3.2.12 For the thickness of the sample, take an average of the three that were 

recorded earlier, which will be approximately 2.5 mm (or different 

depending on the experiment), and for the diameter enter the inside diameter 
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of the circle clamp, which should be 38.1 mm (or different depending on the 

experiment). 

5.3.2.13 Continue to fill in the other information and clicking the “Next” button until 

you get to the screen titled, “Impact Test Preparation.” 

5.3.2.14 There will be a list of instructions to follow and for the second one, when 

tightening down the clamp over the sample, have the torque wrench 

attachment to not allow more than 5psi and then only tighten the screws that 

much each. 

 

 
Fig. 5 

 

5.3.2.15 Once the screws have been tightened with the torque wrench to 5psi, 

continue on with the list of instructions. 

5.3.2.16 After completing the list of instructions, click “Next.” 

5.3.2.17 This next window will have a timer on it, allowing 30 seconds to use the 

“Release Mechanism” lever on the drop tower. 
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Fig. 6 

 

5.3.3 Analyzing and Finding Data After Impact (INSTRON
®
 dynatup

®
 Impulse 

Data Acquisition) 

5.3.3.1 Once the impact has occurred, the Impulse Data Acquisition program will 

calculate a number of things including the velocity of impact (m/s), total 

energy (J), energy to maximum load (J), total time (ms), deflection at max 

load (mm), and maximum load (kN). This information can be found in both 

a graph and a table. 

5.3.3.2  

 
Fig. 7 
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5.3.3.3 To view the test results, go to “View” and click on “Data Explorer.” This 

side bar allows the user to view saved results by double clicking on 

whichever file the user would like to see. By right clicking on a file, the user 

may view a group of samples together on the same graph and table. This can 

also be done by right clicking onto either the graph or the table and selecting 

“Show or exclude test results.” Here the user can check the box next to each 

sample to show them in the graph and table or uncheck it to take it off of the 

graph and table. 

 

 
Fig. 8 

 

5.3.3.4 Also by right clicking on the table, the statistics can be shown by hovering 

over “Statistics” and selecting whichever statistics are useful. The statistics 

include average, coefficient of variation, maximum, median, minimum, and 

standard deviation. By selecting one or all, the statistics that are checked will 

show up for each calculation that is shown in the table. 

5.3.3.5 When viewing the graph, by clicking on one of the buttons above the graph 

labeled either “Add Calculation,” “Remove Calculation,” or “Change 

Calculation,” the calculations may be changed to better suit the user‟s needs. 

5.3.3.6 To save the raw data points, click the “Export curve data to an ASCII file” 

button above the graph of the sample(s) wished to be saved.  The 

information will be saved in a spreadsheet. 

 

6 Hazard Assessment Statement 
Hazard Assessments for Personal Protective Equipment:  The Laboratory 

Operations Manager maintains Hazard Assessments and makes them available to 

all laboratory employees.  Individual employees working on the project outlined 
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by this WI are responsible for familiarizing themselves with the Hazard 

Assessments pertaining to the chemicals, processes, and equipment referred to in 

this WI. 
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Appendix F – An anecdotal comparison of costs for two biomass types collected for this project 

The costs incurred while collecting and processing forest thinning and urban waste wood biomass for this project. 



 

 

1
7
2
 

Appendix E – Design drawings for Bott‟s dot mold 
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