
Leaching, hydration and physical-mechanical 
properties of spent chromated copper arsenate 

(CCA)-treated wood-cernent composites 

Hucheng Qi 

A thesis subrnitted in conformity with the requirements 

for the degree of Master of Science in Forestry 

Graduate Department of Forestry 

University of Toronto 

@Copyright by Hucheng Qi 2001 



National Library 1*1 of Canada 
Bibliothèque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographie Services services bibliographiques 

395 Wellington Street 395, nie Wellington 
Ottawa ON K1A O N 4  Ottawa ON K1A ON4 
Canada Canada 

The author has granted a non- 
exclusive licence allowing the 
National Library of Canada to 
reproduce, loan, distribute or sell 
copies of this thesis in microfom, 
paper or electronic formats. 

The author retains ownership of the 
copyright in this thesis. Neither the 
thesis nor substantid extracts fiom it 
may be printed or otherwise 
reproduced without the author's 
permission. 

L'auteur a accordé une licence non 
exclusive permettant à la 
Bibliothèque nationale du Canada de 
reproduire, prêter, distribuer ou 
vendre des copies de cette thèse sous 
la fonne de rnicrofiche/film, de 
reproduction sur papier ou sur format 
électronique. 

L'auteur conserve la propriété du 
droit d'auteur qui protège cette thèse. 
Ni la thèse ni des extraits substantiels 
de celle-ci ne doivent être imprimés 
ou autrement reproduits sans son 
autorisation. 



FACUCTY OF FORESTRY 
University of Toronto 

DEPARTMENTAL ORAL EXAMINATION FOR THE DEGREE OF 
MASTER OF SCIENCE IN FORESTRY 

Examination of Mr. Hucheng 01 

m 
f 

r / f  (A, . 
Examination Chair's Signature: - 

We approve this thesis 
requirements set down 

and affirm that it meets the departmental oral examination 
for the degree - of Master of Science in Forestry. 

Examination Cornmittee: 

Date: 38 



Leaching, hydration and physical-mechanical 
properties of spent chromated copper arsenate 

(CCA)-treated wood-cernent composites 

By Hucheng Qi 

M. Sc. F. 

200 1 

Graduate Department of Forestry 

University of Toronto 

Abstract 

With the rapidly increasing amount of the spent chromated copper 

arsenate (CCA)-treated wood, measures should be taken to recycle it in a 

more practical, economic and environrnentally fi-iendly manner. One 

promising approach is to use this material as fumish in wood-cernent 

composites, but a better understanding of the interaction between treated 

wood and cernent is needed. 

This thesis was mainly focused on: 

1. Considering the effects of hot water extraction, CCA retention and 

woodhement ratio on wood-cernent compatibility, by hydration 

characteristic measurement, x-ray diffiactometer (XRD) analysis 

and strength test; 



Attempting to increase physical-mechanical properties of cement- 

bonded particleboard (CBPB) made fiom spent CCA-treated 

wood, by adding silica fume and adjusting waterkement ratio. 

Studying the leaching properties of CCA-treated wood-cernent 

composites; h d i n g  the origin of leachable CCA components and 

considering the effect of FeS04, silica fume, accelerators, 

waterkement ratio, wood,cernent ratio, CCA retention and 

hydration time on the leaching properties of CCA-treated wood- 

cernent composites. 

The following conclusions were obtained aeer conducting the experiment 

and analyzing the collected data: 

1. CCA treatrnent more effectively increased wood-cernent 

compatibility than hot water extraction. This resulted fiom the 

extensive reduction of water extractive contents and the change of 

available sugars afier wood was treated by CCA preservative. 

Wood-cernent compatibility did not increase with the continuous 

increase of CCA retention, especially at high woodcement ratio. At 

low woodkement ratio, the hydration characteristics were very well 

correlated with the splitting tensile strength of wood-cernent 

composites. The maximum hydration temperature was found to be 



related to 28 day strength when the woodlcement ratio was high and 

CaC12 was added. 

2. Waterkement ratio played the most important role in determinhg 

the physical-mechanical properties and leachùig properties of CBPB. 

Silica fume demonstrated a positive effect on the physical- 

mechanical properties of CBPB when waterkement ratio was high 

and superplasticizer was not added. The optimum processing 

condition for CBPB from spent CCA-treated wood appeared to be a 

waterkement ratio of 0.45, a 12 % silica fume replacement of 

cernent and the absence of superplasticizer. 

3. M e r  CCA-treated wood was mixed with cernent, arsenic was 

cornpletely immobilized, and leached copper was mainly from the 

cernent. There were small amounts of chrornium leached, of which 

~ r + ~  accounted for at least half. The addition of FeS04 and silica 

fume reduced the leaching of chromium and ~ r + ~  in sorne cases. The 

leaching of CCA components fiom CCA-treated wood-cernent 

composites was not affected by CCA retention and wood/cement 

ratio. Although an increase in hydration tirne led to a minor increase 

of chromium and crc6 leaching, the total amounts leached were still 

very low. 
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1. Introduction 

1.1 The importance and necessity of this research 

Since it was developed in the early 1930s, the use of CCA preservative 

for treated wood production has grown dramatically, especially in the past 

two decades. Approximately 12 million m3 of CCA-treated wood were 

produced in the United States in 1990, compared to only 3 million m3 in 

1980. In 1995, the output of CCA-treated wood accounted for around three 

quarters of the total volume of preservative treated wood. Due to its good 

preservation performance, attractive appearance, economic feasibility and 

low leachability, the dominant market share of CCA-treated wood is 

expected to persist for some years to corne (Bames et al., 1995, Munson et 

al., 1998, Richardson 1993, Smith 1990, Smith 1998). 

Accompanying the rapid growth of CCA-treated wood production is the 

increasing amount of CCA-treated wood that has already been or will be 

removed from service. Based on an average service life of 25 years for 

ordinary CCA-treated wood, it is estimated that there was about 1 million m3 

spent CCA-treated wood produced in the United States in 1990, and this 

number will increase to about 16 million m3 in 2020. By that time, 



approximately 90 % of the wood removed fiom seMce might be CCA- 

treated products (Munson et al., 1998, McQueen et al., 1998). Therefore, 

how to deal with such a large amounts of spent CCA-treated wood is a very 

prominent issue, not only fiom the economic point of view, but also fiom the 

intensiQing concem of environmental protection. 

In order to cornpletely and economically recycle CCA-treated wood with 

the least impact on the environment, some efforts have been made in recent 

years to find alternatives to disposa1 by landfill and incineration, the 

traditional methods for handling treated wood wastes. Several options have 

been proposed, such as re-usïng, extraction, or biodegradation. Another 

promising option is applying spent CCA-treated wood into the manufacture 

of wood composites (de Groot 1995, Munson et al., 1998, Smith 1998 ). 

Several reasons inspired our interest to recycle spent CCA-treated wood 

into wood-cernent composites production. 

1. Cement imrnobilization is a conventional option for the safe 

disposa1 or recycling of wastes containing heavy metals, because 

of its effectiveness, availability and economy. 

2. CCA-treated wood has been found to be surprisingly compatible 

with cernent (Hsu 1994, Huang & Cooper, 2000, Schmidt et al., 

1994). 



The processing of CCA-treated wood-cernent composites does not 

need drying and hot-pressing and the blender's speed is lower, 

which means that the possibility o f  releasing CCA preservatives or 

the emission of wood dust during composite production may be 

reduced, which would pose less e f  a problem for workers health 

(Ligna Technologies Ltd. 1987, Moslemi 1974). 

1.2 The objectives of this research 

Wood-cement composites may be a viable option for the recycling of 

spent CCA-treated wood. Research on this topic is in its initial phase, 

however, and much more information is stiPl required. For example, some 

advanced analysis techniques (such as x-ray diffraction (XRD)) rnay be 

applied to improve our understanding about the compatibility of CCA- 

treated wood with cernent. In addition, o n e  reasonable assumption for the 

better compatibility of CCA-treated wood to cernent is the removal of some 

water extractives in wood, due to the high pressure, acidic CCA 

impregnation. Some of these extractives may also be stabilized by fixed 

CCA preservatives. To test these assumptions, a hot water extraction of 

wood can be camed out before CCA treatment and subsequent rnixing with 

cernent, 



As wood will be treated with different presewative contents for various 

markets, it is also necessary to know the effects of CCA retention on the 

wood cement compatibility. 

It was reported that the leaching of CCA components £kom wood-cernent 

composites was unexpectedly high (Hsu 1994). In contrast, Huang & 

Cooper (2000) reported good fmation of arsenic and copper in CCA-treated 

wood-cement composites; there were, however, significant amounts of 

chromium in the leachate. Systematic research is needed to understand the 

leaching properties of CCA-treated wood-cernent composites. 

The relatively high levels of chrornium leaching obsewed in previous 

research (Huang & Cooper 2000) has provided impetus towards determining 

the valence state of chromium in the leachate. This will in tum determine 

whether the conversion of c r 3  into ~ r + ~  is the main reason for the leaching 

of chromium fi-om wood-cernent composites. Furthermore, if ~ r + ~  is the 

prirnary valence state being leached as assumed, it is fairly important to - 

distinguish the origin of this chemical and to fmd an appropriate solution to 

reduce this amount to a minimum level. It has been reported that the 

utilization of FeS04 and the addition of silica fume is very effective in 

reducing chrornium leaching kom solidified hazardous wastes, and that the 

effectiveness of FeS04 on reduction can be more significant if the pH 



value of the system can be decreased initially (Corner 1990, Conner 1997, 

Gould 1982). 

In addition, because accelerators are important additives in cement- 

bonded particleboard production, their effects on CCA leaching should also 

be studied, 

Finally, measures should be taken to improve the physical and 

mechanical properties of cernent-bonded particleboard fkom spent CCA- 

treated wood, since its flexural strength as tested previously in our lab was 

lower than the standard requirement, although it was higher than that of 

untreated-wood-cernent composites (Huang & Cooper, 2000). The effect of 

the waterkement ratio should be re-addressed because of the positive 

relationship between strength and water amount in our previous work. On 

the other hand, some cementitious supplementary materials can be added to 

improve the properties of wood-cernent composites. Silica fume has been 

proved to be a very good additive to cernent-based materials by increasing 

their strength and decreasing the leachability of heavy metals (Neville 1995, 

Conner 1997). Because the use of silica fume usually increases water 

requirement and is accompanied by the addition of superplasticizer (also 

known as water reducer), the effect of waterkement ratio and the addition of 

superplasticizer on physical-mechanical properties and leaching properties 



of CBPB from spent CCA-treated wood should therefore be studied with the 

utilization of silica fume. 

With respect to the proceeding observations and assumptions, the 

objectives of this research were as following: 

1. To develop a better understanding of the interaction of CCA- 

treated wood with Portland cernent, by tracing the hydration 

process of cement in CCA-treated wood-cernent composites, with 

the aid of hydration heat measurement, x-ray diffraction (XRD) 

analysis and strength tests. 

2. To determine whether CCA treatment has the same effect as hot- 

water extraction on the hydration of cement, and on the properties 

of final products. 

3. To determine the influences of CCA retention on the hydration 

and leaching properties of CCA-treated wood-cernent composites. 

4. To study the leaching properties of CCA-treated wood-cernent 

composites, and to find the ongin of leachable CCA components 

and the effectiveness of the addition of FeS04, the reduction of pH 

value of mixing water and the addition of different kinds of 

accelerators on the leaching properties of CCA-treated wood- 

cernent composites. 
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5. To evaluate the effects of addition of silica funie and 

superplasticizer, and the adjustment of water to cernent ratio, on 

the physical-mechanical and leaching properties of CCA-treated 

wood-cernent composites. 



2. Literature Review 

2.1 Methods to trace the hydration process of cernent 

Cernent is a material with both adhesive and cohesive properties, which 

make it capable of bonding other fi-agrnents into a compact whole (Neville 

1995). Although the chemical composition of Portland cernent is quite 

complicated and raw material dependent, its main components are: 60 - 67 

% Cao, 17 - 25 % Sioz, 3 - 8 % A1203 and 0.5 - 0.8 % Fe203. These 

oxides usuaily exist as four minera1 compounds that comprise about 90 - 
95% of Portland cernent (by mass). These four compounds are: tricalcium 

silicate (CsS), dicalcium silicate (C2S), tricalcium aluminate (C3A) and 

tetracalcium aluminofemte ( C a )  (Neville, 1995, Taylor 1990). 

The hydration of Portland cement refers to the reaction of anhydrous 

mineral compounds with water, associated with both chemical and physical- 

mechanical changes of the system. In order to study the complex nature of 

cernent hydration, a large amount of work has been carried out to apply 

special techniques to this area, which are usually based on the identification 

of one or several of the following specifications (Neville 1995): 
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The nature of hydration products related to four mineral compounds, 

such as portlandite (Ca(OH)& calcium silicate hydrate (C3S2H2) and 

ettrulgite (C3A. 3CaS04. 26H20). 

The heat evolved during hydration, because the hydration of these 

four rnineral compounds is exotherrnic. 

The specific gravity of the hydrated cernent paste. 

The amount of chemically bonded water, which is a part of calcium 

silicate hydrate. 

The amounts and description of rernaining un-hydrated rnineral 

compounds. 

The strength of the hydrated cernent pastes. 

Microstructure development during the hydration. 

The techniques most often applied are: x-ray difiaction ( X R D ) ,  scanning 

electron microscopy (SEM), thermal analysis techniques (TGA, etc.), 

nuclear magnetic resonance spectroscopy (NMR) and calorimetry. The 

results of some of these methods were found to be very weli correlated 

(Parrott 1990). 



2.1.1 X-ray diffraction (XRD) 

X-ray dieaction is a versatile, non-destructive analytical technique for 

identification andor quantitative detennination of the various crystalline 

compounds, h o w n  as ccphases", present in solid materials and powders. 

These objectives are achieved by comparing the x-ray diffraction pattern - or 

ccdiffkactograrn7' - obtained from an unlaiown sarnple with an intemationally 

recognized database containing reference patterns for a large number of 

phases. 

The XRD system normally works in the following way. According to 

Bragg's Law nA = 2d sin6, when a monochromatic x-ray bearn with specified 

wavelength h is projected ont0 a crystalline material at a certain angle 8, 

diffraction occurs only when the distance traveled by the rays reflected fkom 

successive planes differs by a complete number n of wavelengths. By 

varying the angle 8, the Bragg's Law conditions are satisfied by different d- 

spacings in polycrystalline materials. Plotting the angular positions and 

intensities of the resultant dieacted peaks of radiation produces a pattern 

that is characteristic for the sample. Where a mixture of different phases is 

present, the resultant diffractogram is formed by addition of the individual 

patterns, showing phases present (peak positions), phase concentrations 

(peak heights), crystallite size @eak widths) and amorphous content 

(background hump) (http://www-us. analytical.philips.com~technologies/). 



XRD is one of the established techniques used in cernent science. With 

the measwernent of the consumption rate of the four main mineral 

compounds and of gypsurn in Portland cernent, as well as the formation rate 

of Ca(OH)2 and ettringite, the kinetics of hydration of Portland cernent can 

be detennined. 

XRD is not only applied for phase identification, but can also be used for 

quantitative determination. If the samples are prepared well and the data 

processing software (reference data) is adequate, the relative error of the 

quantitative analysis can be reduced to less than 5 % (James 1991, Taylor 

1990). 

XRD can only speciQ crystal substances, and it cannot be effectively 

used for interpreting calcium silicate hydrates and other phases which are 

extremely fme grained and nearly amorphous. Other problems are that 

overlapping of peaks may sometimes exist, and the samples should be very 

carefully prepared in quantitative work (James 199 1, Taylor 1990). 

In spite of the extensive application of XRD in the study of concrete and 

other cernent based composites, there is an information gap about its 

utilization in research on wood-cernent composites, mainly due to the 

amorphous nature of wood components. 



2.1.2 Calorimetry 

Calorimetry is used to study heat liberation associated with Portland 

cernent hydration. Measurement of the rate of heat evolution (heat amount 

within a particular interval) provides information about the rate of hydration 

that can help to understand the effect of admixtures (accelerators or 

retarders) and the compatibility between cement and reinforced materials 

(James 199 1, Moslemi et al., 1983, Taylor 1990). Though each calorirnetric 

experiment is lengthy, which can sometimes be a disadvantage, it provides a 

means to follow the hydration process continuously. 

Fig. 2.1 Rate of heat evolution at 20 OC for a typical Portland cernent paste (Taylor 1990) 



Figure 2.1 shows 

paste, detemined by 

the heat evolution curve for a typical Portland cernent 

conduction calorimetry. The first peak (1) corresponds 

to the initial hydration at the surface of the cernent particles, largely 

involving instantaneous hydration of CsA. The duration of this high rate 

hydration is very short, followed by a so-called "dormant period". This 

penod Iasts one or two hours, during which the cement paste is workable. 

The main peak (2) corresponds to the middle stage reaction, in which the 

main products, coming largely from C3S hydration, are calcium silicate 

hydrates and Ca(OH)2. Following this peak, the rate of hydration slows 

down over a long period (4). During this period, some kinds of cernent may 

also show a shoulder or more defmite peak (3) at the age between 18 and 30 

hous. This peak is related to a renewed reaction of C3A, following the 

exhaustion of gypsum (Taylor 1990). 

Calorimetry is the preferred method used to study wood-cernent 

compatibility, because the experiment is easy to follow and its result is 

straightfonvard (Hofstrand et al., 1984, Moslemi & Lim, 1984, Weathenvax 

& Tarkow, 1964). hstead of measuring heat amount evolved during cement 

hydration directly, the hydration temperature development is continuously 

measured, which represents hydration heat development quite well. By 

measuring the maximum hydration temperature, and the time to get to this 



temperature, the compatibility of wood to cernent can be clearly revealed. 

Moslemi & Lim (1984) developed the following equation to  calculate wood 

cernent compatibility (shown in Figure 2.2): 

Inhibitory index 1 = 1 00 * [(Tz'-T2)/ T ~ ]  * [(TE-TE')/TE] * [(s-S')/SI 

where, 

TE and TE' are maximum hydration temperatures of neat cernent and 

wood-cernent mixture, respectively; 

Tz and T; are times needed to reach TE and TE-, respectively; 

S and S' are slopes of neat cernent and wood-cernent, respectively. 

I 
Figure 2.2 Schematic representation of the derivation of inhibitory index ( Moslemi & Lim, 1984) 



2.1.3 Strength measurement 

In the early days of hydration, the strength of cernent-based composites 

steadily increases with the development of cernent hydration. Since wood- 

cernent composites are used primarily for structural applications, and many 

though not all, of the desirable characteristics of cement based materials are 

qualitatively related to its strength, it is logical to use strength as an indicator 

of the quality of cement hydration and the compatibility of raw materials in 

this mixture. 

Various strength properties can be evaluated for cernent-based materials. 

Compressive strength is the most comrnonly tested property for concrete, 

because it is easy to test and its value is important in concrete structural 

design. Splitting tensile strength is another common property evaluated for 

cement-based composites. It is especially suitable for reinforced 

cementitious materials . There is a positive correlation between splitting 

tensile strength and compressive strength (Neville 1995). 

In the studies of wood-cernent composites, both strength and hydration 

charactenstics are used to indicate the compatibility between wood and 

cernent, but the latter was used more often. Several researchers have tried to 

show a relationship between strength and hydration characteristics, and 



found that there appeared to be some uncertainty about this relationship, as it 

is affected by a variety of conditions. Lee & Hong (1986) found that 

compressive strength of wood-cernent composites without the addition of 

CaC12 was linearly related to maximum hydration temperature, but was 

independent of time to maximum hydration temperature. Miller & Moslemi 

(199 1b) found a similar relation between tensile strength and maximum 

hydration temperature. They found that although a general trend existed of 

higher hydration temperature corresponding to higher strength, this 

relationship did not hold in al1 cases and that variation existed arnong wood 

species and the location where wood samples were taken within the tree 

(heartwood or sapwood). From this relation, it appeared that the use of 

hydration characteristics as estimates of actual strength was not 

recommended if the strength of wood-cernent composites was a primary 

concem. In another study (Miller & Moslemi, 199 1 a), little correlation was 

found between splitting tensile strength and exothermic hydration results. 

So caution was raised again while assessing wood cernent compatibility 

based solely on hydration characteristics. 



2.2 Wood-cernent composites 

2.2.1 Properties of wood-cernent composites 

Bonding wood particles or fibers with cernent is an old concept. 

Ordinarily, if water is ignored, wood-cement composites contain 10 - 40 % 

by weight of wood and 60 - 90 % by weight of cernent. As a binder, cernent 

gives the board good bonding strength, fie,  decay and weather resistance, 

by completely encasing wood particles/fibers and by cohesive adhesion to 

wood particles/fibers. As a low cost reinforcement material, wood fibers are 

effective in stopping and deflecting the cracks propagating inside 

cementitious materials, thus substantially enhancing the toughness 

characteristics and cracking resistance of the final product. Other properties, 

such as strength to weight ratio, thermal insulation and sound absorption, 

could also be improved. In addition, water is needed as a homogenizer 

during the mixing and also as a component in the chemical hydration 

process. Furthermore, some other additives can be added in accordance with 

specific purposes, for example, the addition of calcium chloride as an 

accelerator (Ligna Technologies Ltd. 1987, Moslemi 1974, Simatupang et 

al., 1990). 

The main properties of wood-cernent composites are listed in Table 2.1 

(Simatupang et al., 1990). 



Table 2.1 Some technologka1 properties of wood-cernent composites 
Composite Density Binder/ MORa IBb TS LE 

matenal k d  wood MPa MPa '%O YO 

CBPB 1000 - 1350 2.9 6-15 0.4-0.6 1.2-1.8 0.1-0.4 

a. Modulus of Rupture; b. Interna1 Bonding Strength; c. Thickness Swelling, 24 hour 
soak; d. Linear Expansion, 30 to 90 % RH; e. Cernent-bonded exceIsior board; f: 
Wood fiber reinforced cernent composites; g. Resin bonded particleboard. 

2.2.2 Factors affecting properties of wood-cernent composites 

The performance of wood-cernent composites is raw material dependent. 

It is affected by the kind of cernent used (Moslemi & Pfister, 1987, Schwarz 

& Sirnatupang, 1983), and wood species (softwood is, in general, more 

compatible to cernent hydration than hardwood). It even depends on the 

tune of the year when the wood is cut (spring cutting wood increases the 

setting time) or the location where particles are taken fkom the wood 

(heamivood is more hazardous to cernent hydration than sapwood) 

(Hofstrand et al., 1984, Miller & Moslemi, 1991b, Weathenvax & 

Simatupang, 1964). However, when cernent type and the condition of wood 

raw matenals are controlled, the properties of wood-cernent composites can 

be improved by adjusting the following factors. 



2.2.2.1 Woodkement ratio 

Unlike the production of thermosetting resin bonded wood composites, 

where wood fibers are "spot welded" by the binder applied in a fmely 

distributed fom,  wood-cernent composites need enough cernent to fully 

encapsulate wood fibers to get a cohesive material with acceptable 

properties (Simatupang et al., 1990). A lower cement/wood ratio will result 

in weak bonds. However, if the arnount of cernent is too high, the 

compaction ratio (mat-to-board thickness) will be reduced, leading to a 

brittle material. So woodcement ratio strongly influences the properties of 

the fmal product. 

It has been reported that hydration temperature was drastically increased, 

hydration time was shortened and compressive strength was increased with 

decreasing woodkement ratio. The effect of wood/cement ratio on the 

bending properties of wood-cernent composites was more controversial. Lee 

et al. (1987) found that MOE was reduced lhearly and that MOR also 

decreased with decreasing wood/cement ratio, after adjusting the density of 

al1 excelsior boards to a cornrnon value. A wood/cement ratio below 0.5 had 

an adverse effect on strength of excelsior boards (Lee 1984). Conversely, 

Moslemi & Pfister (1987) reported that an increase in cernent arnount 

significantly increased MOR, while the stifhess of the composites was 



20 

reduced. This difference rnay corne fiom the variation of particle geometry 

used in their experiments. The decrease of woodcement ratio was also 

found to reduce thickness swelling and water absorption ability of wood- 

cernent composites (Moslemi & Pfister, 1987). 

2.2.2.2 Water extraction and/or chemical modification of wood particles 

Pretreatment of particles with hot water andor mild chemical 

modification has become the most often used method to mitigate the 

deleterious effects of wood on the hydration of cernent, especially for those 

strong inhibitors, since water extractives in wood are considered to have the 

greatest inhibitory effect on cement hydration (Gnanaharan & Dhamodaran, 

1985, Blankenhom et al., 1994, Hachmi & Moslemi, 1989, Taypin 1990). 

The mechanism of inhibition of cernent hydration and crystallization by 

water extractives is poorly understood. Simple wood sugars may migrate to 

the wood surface during drying or storage and some reactions may retard 

cernent hydration and weaken physical and mechanical bonds. Some 

organic acids, such as acetic and tannic acids, etc., may not only inhibit 

cernent hydration, but may also slowly attack and destroy the bond between 

cernent and wood fiber, resulting in the reduction of composites strength 



(Hachmi & Moslemi, 1989, Miller & Moslemi, 199 la, Blankenhorn et al., 

1994). 

Sugars, sugar acids, hemicellulose, etc., appear to significantly affect 

cernent setting; lignin appears to have minimal effect on cernent setting. In a 

study to measure the effect of mode1 wood components on cernent 

hydration, Miller & Mosiemi (199 la) found that glucose decreased tensile 

strength by nearly 50 % with only 0.1 % addition (based on the cernent 

mass), while quercetin, acetic acid, alpha-pinene, oleic acid, abietic acid and 

beta-sitosterol lowered tensile strength to a lesser extent. 

2.2.2.3 The addition of accelerators 

The interest in using accelerators in cement-based materials can be traced 

back to the early 18803, when people added calcium chloride (CaC12) to 

speed up cernent hydration (Rixom & Mailvaganam, 1999). Among the 

many kinds of accelerators, CaC12 is now still the most commonly used one 

because of its effectiveness and availability (Rixom & Mailvaganam, 1 999). 

Although there has been controversy over the application of CaC12 into 

reinforced concrete in view of the possibility of corrosion of embedded bars, 

"chloride-fkee" accelerator may not be an urgent requirement in wood- 



cernent composites production, and the usage of CaC12 in this area will 

continue in the future. 

In concrete construction, CaC12 is usually preferred to be added as a 20 - 
30 % solution, with an amount not exceeding 2 % by mass of cement 

(Ramachandran 1976, Rixom & Mailvaganam, 1999). 

In order to shorten the long hydration time of cernent mixed with wood, 

increase wood-cernent compatibility and irnprove the properties of wood- 

cernent composites, a number of studies have been conducted to identim 

appropriate accelerator type and amounts for wood-cement composites 

production (Liu & Moslemi, 1985, Moslerni et al., 1983, Nagadomi et al., 

1996, Zouladian 1996). CaClz is considered the most effective accelerator 

available. It can not only increase cernent hydration speed and the 

mechanical properties of wood-cernent composites, it can also change some 

formerly "incompatible" wood species into suitable raw materials for wood- 

cernent composites production (Liu et al., 1985, Moslemi et al., 1983). 

Zouladiam (1996) assurned that accelerators could overcome the action of 

inhibitory chernicals released f?om wood, and it could as well limit the 

difision activity of these inhibitory chemicals. 

In addition to CaC12, many compounds (such as FeC13, MgC12, NazSi03, 

A12(S04)3, Na2C03, and NaHC03) are al1 found to be effective in 
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accelerating cernent hydration (Liu & Moslemi, 1985, Nagadomi et al., 

1996). 

2.2.2.4 Waterkement ratio 

Sufficient water amount is the prerequisite for high quality cement based 

products. However, because water can increase the distance between 

cement particles before and during hydration, and increase the volume of 

capillary pores, i.e. the porosity of the hydrated products, excess water may 

adversely affect the physical-mechanical properties of the hydrated products. 

Duff Abrams used the following equation to represent the inverse proportion 

of strength (f,) to waterkement ratio (w/c) for a fully compacted concrete: 

k1 where kl and k2 are empirical constants (Illston 1994, Neville f, =,,,,, 
1995, Taylor 1990). 

Few studies have been done on the effect of watedcernent ratio on wood- 

cernent composites. It seems that it is not easy to specie an optimal 

waterkement ratio for al1 kinds of wood-cement composites, because of the 

wide varieties of raw materials and the dependence of water requirement on 

woodkernent ratio. Geiver et al. (1992) and Pablo et al. (1994) al1 f o n d  

that with the increase of waterkement ratio, the strength of the wood-cernent 



composites was reduced. However, Huang & Cooper (2000) reported a 

positive relation between watedcement ratio and strength, perhaps because 

the range of watedcement ratio they used was below the optimal water 

requirement. Simatupang (1979) found that with an increase of 

woodcement ratio, more water was needed to obtain maximum bending 

strength. 

2.2.2.5 The addition of supplernentary cementitious materials 

The replacement of cernent with supplernentary cementitious materials 

(mainly fly ash, ground granulated blast fumace slag (ggbs) and silica fume) 

has now become a cornrnon practice in concrete construction. The hydration 

process of cernent is prolonged by the inclusion of fly ash or ggbs, while 

silica fume c m  accelerate cernent hydration. Thus the addition of silica 

fume seems to be more practical in wood-cernent composites production, 

considering the extreme importance of high early strength in the 

manufacturing process (Illston 1994, Neville 1995, Taylor 1990). 

Silica fume is also called microsilica or condensed silica fume. It is a by- 

product of the manufacture of silicon and ferrosilicon alloys fiom high 

purity quartz and coal burning in a submerged-arc electric fûmace. Its main 

characteristics are shown in Table 2.2 (Illston 1994). 



Table 2.2 Typical oxide composition and physical properties of silica fume 

Silica fume was first applied in Nonvay in 1969 but only began to be 

systematically employed in rest of the world in the early 1980s. Since then, 

the use of silica m e  in cernent-based materials has been increased 

drarnatically. This rapid growth is attributed to its beneficial effects on 

Silica fume 
1 I I I I I 

physical-mechanical properties of cernent based composites, such as 

increased strength and decreased permeability (Khayat & Aitcin, 1992, 

Toutanji & El-Korchi, 1995). 

By far the largest use of silica fume is for the production of high 

performance cernent based materiais, with high early and later strength 

and/or low permeability. Because silica fume contains alrnost pure Si02, it 

reacts rapidly with Ca(OH)2 to form low CdSi ratio calcium silicate hydrate 

and then speeds up the cernent hydration process. Another beneficial effect 

comes kom the extrernely small size and nearly spherical s'aape of silica 

fume particles. Such h e  particles tend to fil1 the void spaces between 

relatively large cernent grains, which are othenvise occupied by water. They 

Cernent 1 20 1 5 4 1 64 1 3.15 1 0.5-100 1 350 

Oxide compositions ( % ) 

SiOz 

97 

P hysical properties 
Special 
gravity 

2.2 

A1203 

2 

Particle 
range 

(microns) 
0.0 1-0.5 

Fe203 

O. 1 

Specific 
mrface mes 

(m2/kg) 
15000 

Ca0  

-- 



can also fil1 in the weak and permeable transition zone between cernent and 

aggregates (or reinforcing materials). Subsequent pozzolanic reaction of 

silica fume m e r  increases the strength and decreases the permeability of 

this weak zone. The durability of the final product c m  also be improved. 

Silica fume is usually added to substitute about 8 - 15 % of Portland cernent 

(Kahayat & Aitcin, 1992, Illston 1994, Neville 1995, Taylor 1990). 

It should be noted that silica fume is a little darker and more expensive 

than ordinary Portland cernent. Its high specific surface area results in 

substantial loss of workability. Either increasing waterkement ratio or 

adding water reducer (mainly superplasticizer) is therefore usually required 

to maintain workability. The latter is a preferred option because of the 

adverse effect of excessive water (Illston 1994, Neville 1995, Taylor 1990). 

Superplasticizer is also known as high range water reducer in that it is 

formulated fiom materials that allow much greater water reduction, or 

alternatively, higher workability of concrete. The principle components in 

superplasticizer are surface active agents, which are adsorbed on the surface 

of cernent particles and give them a negative charge, resulting in the 

repulsion and fmally the deflocculating and dispersion of these particles 

(Illston 1994, Neville 1995, Rixom & Mailvaganam, 1 999). 



Reports on the effects of silica fume on properties of wood-cernent 

composites are very limited. Although silica fume has already been applied 

for commercial production of wood fiber reinforced cernent composites, the 

detailed information is still not available (Soroushian et al., 1992, 

Soroushian et al., 1994). The fünction of silica fume on the properties of 

cernent-bonded particleboard is still uncertain. Moslemi et al. (1994) found 

that the addition of silica fume did not affect the durability of the 

composites, but reduced most of the mechanical properties. Kuroki et al. 

(1994), on the contrary, obtained higher physical and mechanical properties 

of cernent-bonded particleboard after the addition of silica fume. 

There is no report available on the utilization of superplasticizer in wood- 

cernent composites production. 

2.2.2.6 Mlscellaneous 

Besides the methods mentioned above, there are also many options to 

improve the physical-mechanical propeties of wood-cernent composites, 

such as choosing appropnate storage rnethod (duration and condition) for 

wood raw materials before use (Lee et al., 1987, Rahim et al., 1989), 

applying thimer and longer particles (Badejo 1988) and choosing 



appropriate 

et al., 1996, 

curing procedure 

Soroushian et al., 

(temperature, hurnidity and duration) (Kuroki 

1996). 

2.3 Fixation of chromated copper arsenate (CCA) 
components 

2.3.1 Fixation of CCA components in treated wood 

There are usually three kinds of CCA preservative, defined in terms of 

the proportions of active elements on 100 % of their oxide basis, which are 

shown in Table 2.3 (AWPA standard P5-96). Among these three kinds of 

CCA preservatives, CCA-C is most commonly used in North America, 

because of its optimal cost and minimum leachability (Chen 1994). 

Table 2.3 Chemical com~osition of  CCA ~reservative 
Type A Type B Type C 

Hexavalent chromium, as Cr03 65.5 35.3 47.5 
Copper, as Cu0 18.1 19.6 18.5 
Arsenic, as As2o5 16.4 45.1 34.0 

It is generally agreed that the reduction of hexavalent chrornium to 

trivalent chromium can be used to trace the progress of fixation after CCA 

treatment, since most observable reactions cease before al1 readily available 

hexavalent chromium is consumed (Anderson 1989, Chen 1994, Cooper et 

al., 1993, Hartford 1986). 



The leaching 

range of factors, 

performance of CCA-treated wood is affected by a wide 

such as the surface area of the sample, the nature of the 

leachant (composition and pH value), the ratio of sample to leachant, the 

accuracy of analytical method, etc. (Arsenault 1975, Cooper 1992) 

Almost al1 of the leaching tests done for CCA-treated wood follow the 

standard issued by American Wood-Preserver's Association (AWPA El 1- 

87). This standard only offers the test and calculation method, it does not 

give limitation of the maximum leaching amount. The "toxicity 

characteristic leaching procedure (TCLP)" rnethod, used by the US. 

Environment Protection Agency @PA) to characterize waste for landfill 

disposal, defmes allowable concentrations of chromium, copper and arsenic 

of 5 ppm, 10 pprn and 5 pprn, respectively (Conner 1990). 

2.3.2 Methods to reduce chromium leaching amount in cernent 
stabilization system 

Developed in the 1950s to treat nuclear wastes, Portland cernent 

solidification/stabilization is a proven technology of managing and disposing 

of a broad range of hazardous substances, particularly those containing 

heavy metals (Conner IWO). 

The fixation of heavy metals in Portland cernent is the combined result of 

physical and chernical effects. Besides the adsorption of these heavy metals 



to cement paste, and the encapsulation of them by hydrated cernent products, 

it is believed that the fixation of chromium, copper and arsenic occurs by 

their taking part in the formation of calcium silicate hydrates (CSH). These 

metal ions (M) may be added into the CSH by direct reaction: CSH + M + 

MCSH, or by ion exchange: CSH + M + MCSH + ca2+ (Adaska et al., 

1998, Conner 1990, Glasser 1997). 

For the fixation of chromium, there has been no problem encountered to 

Wobi l ize  trivalent chromium (crç3) because of its low solubility . 

However, more work is needed to cope with unstable hexavalent chromium 

(ci6) .  

Many new chemical andlor physical treatment methods for the cement 

solidification/stabilization (or immobilization) of heavy rnetals, including 

chromium, have been developed al1 over the world in recent years, and some 

have been put into practical usage. Adding cf6 reducer to reduce crC6 to 

~ r + ~  or prevent the oxidation of ~ r ' ~  to ~ r ' ~ ,  and employing supplementary 

materials to reduce permeability are the recommended methods to achieve 

good fixation. For example, chromium leachability should become 

less, using chemical additives, such as FeS04, to convert to CI? (cc6 + 

3 ~ e + ~  -+ crf3 + 3 ~ e + ~ ) ,  or using pozzolanic materials (such as silica fume) to 

decrease the porosity and permeability of hardened cernent paste (Conner 



1990, Conner 1997, Pinero et al., 1998). It is reported that the cr6+reduction 

effect of FeS04 will be more significant with the lowering of pH value 

(Gould 1982). 

2.3.3 The origin of chromium in CCA-treated wood-cernent 
composites 

Presurnably, the soluble chromium detected fiom CCA-treated wood- 

cernent composites in previous studies (Hsu 1994, Huang & Cooper, 2000) 

mainly comes from CCA-treated wood andor cernent. If the CCA-treated 

wood is the main source, the oxidation of  CI-+^ to may happen under 

alkaline conditions (pH .i 12.5), because ~ r ' ~  is more difficult to be leached 

out than ~ r + ~ ,  and rnost of the chromium in CCA-treated wood has been 

converted to insoluble crf3 after fixation (Cooper & Ung, 1992). Soluble 

chromium can also be present in cernent fiom its manufacturing process. 

For example, chromium may derive fiom the addition of raw materials, fi-om 

the high temperature treatment process (- 1450 OC), fiom the refiactory 

brick in the kiln, or fkom the wearing metal in the grinding media (17-28 % 

chromium containing alloy ball) (Fnas & Sanchez Rojas, 1995, Klemm et 

al., 1994). 



Recycling of CCA-treated wood into wood-cernent 
composites 

In a pilot study conducted by our group, Schmidt et al. (1994) found 

stronger bondability of cement to CCA-treated wood or chromic acid 

pretreated wood, based on stick pull-put strength, compressive strength and 

flexural toughness tests. The acid washing away of water extractives in 

wood by CCA preservative or chromic acid and the reduced water solubility 

of wood extractives by fuced preservative were considered to be the main 

mechanisms behind the increased compatibility of CCA (or chromic acid) 

txeated wood to cernent. In addition, chromiurn was assumed to have the 

ability to speed up the cernent hydration process. 

At almost the same time, Hsu (1994) reported the suitability of recycling 

CCA-treated wood in the production of cernent-bonded particleboard, by 

evaluating the physical-mechanical properties of cernent-bonded 

particleboard made £ k m  recycled CCA-treated wood and untreated wood. 

However, a minor amount of CCA cornponents could be leached out f?om 

CCA-treated wood-cernent composites (the leaching amount was 

exaggerated in this report), and parts of these leached chernicals were likely 

from the Portland cernent. 



Research on the potential for using CCA-treated wood, derived fiom 

construction waste, to make cernent-bonded particleboard was also camed 

out by Wolfe & Gjinolli (1999). The fact that cernent-bonded particleboard 

so made exhibited good fieeze-thaw durability and energy absorbing ability 

paved the way for its engineering utilization. 

Huang & Cooper (2000) systematically assessed the physical-mechanical 

properties of cernent-bonded particleboard made Grom spent CCA-treated 

wood as aEected by density of the composites and cement/wood/water ratio. 

The eEcacy of incorporating CCA-treated wood into wood-cernent 

composites was confirmed, and the highest quality of final product could be 

obtained with the suggested fabrication parameters: 1.2 kg/m3 density and a 

cement/wood/water ratio of 110.3 310.6. Conceming the leaching properties 

of cement-bonded partideboard made fi-om spent CCA-treated wood, 

arsenic and copper leaching amounts were greatly reduced, while the 

leaching of chromium did not show any sign of restriction by hydrated 

cernent. 



3. Materials and Methods 

3.1 Wood-cement compatibility 

3.1.1 Raw materials 

Wood used in this study was from a 25-year old red pine pole, with 

diameter about 140 mm and moisture content about 14 %. Round wood was 

cut into 30 cm long bolts and split into 4 quarters. Half of the wood was 

subjected to a hot-water extraction, while the rest of the material was kept as 

a control group. 

Type 10 ordinary Portland cernent was used as the binder in al1 composite 

manufacture. The preservative used for wood treatment was CCA type C. 

The target retention and the concentration of CCA components in the 

relevant treating solution, tested by Oxford  ab-^^^'' x-ray fluorescence 

(XRF), are shown in Table 3.1. 

3.1.2 Hot-water extraction 

Following the method introduced by Moslemi et al. (1983), wood pieces 

were immersed in boiling water for 3 hours, removed and washed with cool 

water, and then boiled again for 6 hours in fiesh water. Boiling water was 



replaced and wood pieces were washed again. Finally, the wood pieces 

were boiled for another 3 hours. The hot water extracted wood was dned at 

room temperature for 1 month before CCA treatrnent. 

3.1.3 CCA preservative treatment 

Unextracted and extracted wood pieces were irnmersed in different trays 

containing CCA-C solutions with the concentrations shown in Table 3.1. 

The trays were put into a vacuum chamber and a vacuum of 17 KPa absolute 

pressure applied for 30 minutes, followed b y  pressure treatrnent at 0.8 MPa 

for 1 hour. 

After CCA treatment, wood pieces were taken out of the trays and put 

into plastic bags and then fixed in a dry-kih at 193 + 2 O F  (- 70 OC) and 90 

% RH for 48 ho~u-S. After that, they were oven-dried at 50 OC for 3 days. 

The treated wood was then conditioned a t  room temperature for 20 days 

Table 3.1 CCA preservatives used and retentions of treated wood 
Target CCA 

retention 
@dm3) 

4 

9.6 

20 

CCA retention of wood by analysis CCA solution stren,oth 

Cr03 
(%) 
1.1 

2.4 

3.5 

Cr03 
(%) 

0.46 

1.26 

2.11 

Total C C A  &O5 
(%) 
0.35 

0.93 

1.63 

C u 0  
(%) 

0.19 

0.49 

0.82 

Cu0 
(%) 

0.45 

0.85 

1.15 

(%) 
2.4 

4.95 

6.7 

Total 
CCA (%) 

1 .O0 

2.68 

4.56 

As~0,- 
(%) 

0.85 

1.7 

2.05 

kg/rnJ 
9.4 

19.3 

26. 1 
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before use. The retentions and chernical compositions of the treated wood as 

shown in Table 3.1 were tested by Oxford   ab-^^^^^ x-ray fluorescence 

(XRF). 

3.1.4 Hydration of CCA-treated wood-cernent composites at 
low wood/cement ratio 

3.1.4.1 Experirnental design 

A completely randomized factorial design was applied. One factor was 

hot water extraction (unextracted and extracted). Another factor was CCA 

retention at levels of 0, 9.4, 19.3 and 26.1 kg/m3. For the strength and 

leaching property tests, the above treatments were blocked into two 

hydration times: 7 and 28 days. 

3.1.4.2 Sample preparation and hydration heat test 

Al1 of the wood pieces were pulverized with a Wileymiil to pass a 20 

mesh screen before use. The moisture content of the ground wood was 

rneasured to be between 10 - 12 %. At the ratio of wood : cernent : distilled 

water = 30:200: 101 (mass), wood with or without hot water extraction and at 

different CCA retentions was hand-rnixed with cernent for about 2 minutes 



and then the designated water was added. After about 5 minutes mixing, this 

mixture was put into a 50 mm diarneter 100 mm long plastic cylinder. The 

placing of the mixture was divided into 3 roughly equal layers, with a 

hammer beam tamping of 25 strokes for each layer. After forming, a 

thermocouple was inserted into the center of the cylinder, and the cylinder 

was covered with alurninum foi1 and then sealed into a thermo jar with a 

glass fiber insulation layer surrounding the sample. The hydration 

temperature was logged continuously by a thermocouple attached to a data 

logging system for 48 hours. Six replicate runs were made for each 

treatment . 

The hydration heat development of neat cernent-water mixture was also 

tested to calculate inhibitory index. Their splitting tensile strengths after 

hydration of 7 and 28 days were also tested. 

3.1.4.3 Strength test 

Following the hydration heat measurement, the cylinders were de-molded 

and sealed into plastic bags. The hardening process of these cylinder 

samples coniinued at room temperature until tested for splitting tensile 

strength. Strength was tested at the 7 and 28 day hydration t h e  



respectively, in accordance with ASTM C 496-90. Three replicates were 

made for each treatrnent. 

3.1.5 Hydration of CCA-treated wood-cernent composites 
at high wood/cernent ratio 

Since the woodkement ratio used in the above experiments was much 

lower than that in commercial wood-cernent composites production, it is 

necessary to study CCA-treated wood-cernent compatibility in a more 

practical manner, i.e., using a higher woodkement ratio. 

Cylindncal samples were made with the mass ratio -- wood : cernent : 

distilled water : CaC12 = 50: 150:90:3. Wood powders used were untreated 

wood, and CCA-treated wood with retentions of 19.3 and 26.1 kg/m3 

(without hot water extraction), respectively. The sample preparation, test 

procedures of hydration heat and strength development were the sarne as 

those introduced in section 3.1.4, except with the addition of CaC12 (20 %) at 

the same tirne when water was added. 

In addition to the measurements of hydration heat and strength 

development, the following two tests were conducted in this part of study. 



3.1.5.1 XRD analysis 

Following the high wood/cement ratio and sample preparation method 

shown above, untreated wood and CCA-treated wood at retention of 9.6 

kg/m3 (without hot water extraction) were rnixed separately with the 

specified amounts o f  cement, water and CaC12, and then formed into the 

cylinder and cured, but without the insertion of thermocouples. After 12 

hours of hydration, the two samples were de-molded and broken into two 

parts. Powders randomly taken fkom the center of the cylinder were loaded 

into the specimen holder and compressed, and the holder put into 

Siernens/Bniker D5000 8/28 Dieactometer with Cu-Ka source for data 

collection. The samples were run within the range of 5' - 65' 20 in steps of 

0.02' 28, with measuring time of 2.5 seconds. Semi-quantitative X-ray 

powder analysis was based on the cornparison between the peak intensity of 

al1 rneasured reflections (peaks) of a standard pure compound and that of the 

same peaks from the sarnple. The broken samples were kept in sealed 

plastic bags and tested after hydration of 36 hours, 7 days and 28 days, 

respectively. 

3.1.5.2 Test of water extractive content 

Using a modified extraction method (Mabee et al., 1995), around 15 

grams of ground untreated wood and CCA-treated wood at retention of 19.3 



kg/m3 (without hot water extraction) were separately made into ten sample 

bags and weighed accurately (+/- 0.0001g). They were then put into Soxhlet 

apparatus and extracted separately with 250 ml boiling distilied water for 4 

hours. After the extraction, samples were air-dried for one week and then 

oven-dried to measure their water extractive contents. Three replicates were 

carried out for each wood type. 

The extracts were condensed to approximately 25 % of their initial 

volume in order to concentrate the sugars present in the solution. The 

samples were then spotted on a 20 20 cm thin-layer chromatograph (TLC) 

plate, and then compared with standard sugars. 

3.2 The effects of waterlcement ratio, silica fume and 
superplasticizer on the physical-mechanical 
properties of CBPB from spent CCA-treated wood 

3.2.1 Raw materials 

A CCA treated-red pine pole (around 330 mm in diameter, tree age 

around 92 years) removed fiom senice afier about ten years was sliced into 

0.5 - 0.7 mm thick strips, and then made into particles by hamrnermill, 

passing through a 6 mm mesh. Its CCA retention and moisture content 



(MC) are shown in Table 3.2. Silica fume and superplasticizer were al1 

commercial products supp .ied by Master Builders Inc., with brand name 

RHEOMAC@ SF 100 and RHEoBUILD" 1000, respectively. 

3.2.2 Experimental Design 

Table 3.2 CCA retention and MC of spent CCA-treated red pine 

The experiment was carried out using a completely randomized factonal 

Crû3 (%) 
1.22 

design. Factors considered were waterkement ratio, addition amounts of 

silica fume (based on cernent) and superplasticizer (based on cernent + silica 

AszOs (Oh) 
0.69 

fume). Their levels and t le arrangement of the experiment are listed in 

Cu0 (%) 
0.47 

Table 3.3. Three replicates were conducted for each treatrnent. 

Table 3.3 Ex~erimental desim 

Total (%) 
2.38 

Silica fume (%) Superplasticizer (rnlkg) 
O O 

Total (kg/ms) 
9.3 

MC (%) 
12.3 



3.2.3 Cernent-bonded particleboard production 

On the basis of constant ratio -- wood : cement : CaClz = 33-3:L00:2 

(mass), and under the specified board density -- 1.2 g/cm3, wood particles, 

CaClt solution (20 %) and distilled water were mixed in a blender for 2 

minutes, followed by 1 minute mixing after the addition of cernent and silica 

fume. Then superplasticizer was slowly added and the mixing continued for 

4 more minutes. The blender was then stopped temporarily for 2 minutes, 

while hand mixing was carried on in this period. After that, the mixture was 

blended for the last 5 minutes. 

Within 15 minutes after mixing, the mixture was hand-formed on a caul 

plate, and the fomed mat was cold-pressed at first under a pressure of 2.5 

MPa for 20 minutes and then at 0.6 MPa for 22 hours. The pressed board 

was then removed fiom the press and kept in a plastic bag and sealed for 

continuous hydration. After a period of 14 days, the board was taken out of 

the bag and put into an environmental chamber, at 23 OC and 70 % RH until 

the test of its physical-mechanical properties was begun at 28 days of 

hydration. 

The designated size of each board was: 3 10 x 3 10 x 10 mm. 



3.2.4 Tests of physical-mechanical performance 

The physical-mechanical properties 

and the test methods under which 

summarized in 

and the sample 

Table 3.4. The cutting 

tested, the relevant sample 

the tests were conducted 

number 

are al1 

diagram is presented in Figure 3.1, 

number was labeled corresponding to that in Table 3.4. It is 

necessary to note that the geometric sizes of some of the samples were 

smaller than those required by the reference methods, due to the limited size 

of boards. 

O 

Figure 3.1 Test sarnples cut fkom cernent-bonded particleboard with CCA-treated wood 



Table 3 -4. Proverties tested and their referencinn methods 

were then conducted after 14-day conditioning in the environmental chamber. 

No. 

0 

0 
0 

O 
CD 
8 

3.2.5 Observations of scanning electron microscopy (SELM) 

One sample made with 0.45 waterkement ratio and the addition of silica 

fume and without the addition of superplasticizer was chosen for 

microstructure analysis by SEM aaer its bending strength test. 

Specimens, each cut into around 15 x 5 x 10 mm in size, were dried at 

60°C for 24 hours in order to remove water and the fkacture surfaces were 

then coated with a thin layer of gold under vacuum in a sputter mater. The 

coated specimens were mounted into Hitachi S2500 SEM and the secondary 

electron images were taken under different magnifications at an accelerating 

voltage of 20 kv. 

a modified method: 7 immersion-Eeezing-thawing cycles; each cycle was composed of 
24 hours subrnerging in water of 2loC, followed by 22 hour fieezing at -lZ°C plus 2 hour 
thawing at 60°C. Tests were then conducted after 14 day conditioning in the 
environmental chamber, 
e* 

the samples after tests of WA and TS were oven-dried at 100°C for 24 hours; the tests 

Properties 
Tested 

Density, Moisture content (MC) 
Modulus of rupture (MOR), 

Modulus of Elasticity (MOE) 
Interna1 bonding @) 

Thickness swelling (ST), 
Water absorption (WA) 
MOR, MOE (aging test) 

IB (a,$ng test) 
Leaching 

Sample 
size (mm) 
50 x 50 

230 x 50 
50 x 50 

50 x 50 
230 x 50 
50 x 50 
25 x 25 

Number of 
Sarnples 

1 

2 
2 

2 
2 
2 
6 

Reference 
Method 

~ S O  8335-87 

ISO 8335-87 
ASTM D 1037-96 

ISO 8335-87 
Moslcmi et al. (1994)' 
ASTM D 1037-96** 

AWPA E 11-87 



3.3 The leaching properties of CCA-treated wood- 
cernent composites 

3.3.1 The effects of accelerator, FeS04 and pH value of water 

3.3.1 .l Raw materials 

A CCA treated red pine utility pole removed from service was chosen for 

the production of wood-cernent composites. Its CCA retention (detemined 

by XRF) and moisture content (MC) are shown in Table 3 S. Wood particle 

preparation followed the method introduced in 3.2.1. The accelerators and 

~ r ' ~  reducer - FeS04 - were al1 laboratory grade chemicals. Al1 of the 

chemicals were dissolved in distilled water at 20 % concentration, except 

Na2C03, which was added as powder. 

One kind of rnixing water was distilled water (pH = 7), the other one is 

distilled water with 0.5 % H2SO4 (pH = 1). 

Table 3.5 CCA retention and MC of recycled CCA treated red pine 

3.3.1.2 Experimental Design 

Cr03 (%) 
1.37 

For statistical analysis, a completely randomized factorial design was 

applied (3 factors, 2 repiicates for each treatment). The factors and their 

As2O5 (%) 
1 .O2 

Cu0 (%) 
0.55 

Total (%) 
2.94 

Total (kg/m3) 
11.5 

MC (%) 
12.3 



levels are listed in Table 3 -6. 

Table 3 -6 Experimental design 
- 

ci6 

3.3.1.3 Cernent-bonded particleboard production 

Accelerators 

reducer 

No FeS04 
FeS04 

At the ratio of wood : cernent : water = 33.3 : 1 OO:6O (mass basis), and the 

specified board density: 1.2 &m3, wood particles were mixed at frst  with 

cernent for about 2 minutes, then accelerator (2 % of the weight of cernent, if 

required), FeS04 (8 % of the weight of cernent, if required), and water 

(ordinary or low pH value) was added. They were then hand-mixed for 

about 5 minutes and the mixture hand-formed on a caul plate. The boards 

were pressed to the specified thickness and maintained at the specific 

pressure 1.5 MPa for 24 hours at ambient conditions. The formed mats 

were then put into an environmental chamber and hardened at 60 OC and 95 

% RH for another 24 hours. The boards were then sealed into plastic bags 

while hydration continued. 

The designed size of each board was: 165 x 165x 12.5 mm. 

None CaC12 
pH =l ) pH =7 

C I D  
M I N  

pH =l 
A 
K 

pH=7 
B 
L 

~ 1 ~ 1 ~  
pH=l 

E 
O 

pH =7 
F 
P 

Al2(S 0 4 ) 3  

pH =l 
G 

NazCO3 
pH =7 

H 
R 

pH =l 
1 
S 

pH =7 
.r 
T 1 



3.3.1.4 Leaching test method 

After a 28-day hydration period, 6 samples (3 large ones: 50 x 50 mm, 3 

small ones: 50 x 25 mm) were cut from one-half of each board. These 

samples contained about 40 g CCA-treated wood in total. The six samples 

were then put into a jar. 

A modified AWPA E11-87 leach test procedure was applied - 300 ml 

distilled water was added into each jar, and the leachate was collected and 

replaced with new 300 ml distilled water every time after stirring at 60 

r.p.rn. for 1, 2, 4, 6, . . . 14 days. ~ r + ~  was determined for every leachate 

sarnple by a visible light spectrophotometric method based on the reaction of 

crf6 with di-phenylcarbazide in an acid medium. The detection limit of this 

method can reach 0.01 ppm. The total chromium, copper and arsenic were 

analyzed as combined samples of al1 leachate samples for each treatment by 

inductively coupled plasma spectroscopy (ICP). The detection limits of this 

insrniment are 0.0 1 and 0.02 ppm for chromium and arsenic, respectively. 

To compare the leaching results of CCA-treated wood-cernent 

composites with those of its raw materials and find the ongin of the 

leachable CCA components, the same amount of CCA-treated wood 

particles, cernent powder, and hardened cernent paste made by this amount 
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of neat cernent were also individually tested by the procedure mentioned 

above. 

The remaining half of each board was cut into the same sizes as above 

and put back into the plastic bag and sealed. M e r  6 months hydration, their 

leaching properties were tested following the method mentioned above. 

3.3.2 The effects of CCA retention and woodkement ratio 

Samples, after strength tests in section 3.1.4.2 and section 3.1.5, were 

roughly separated into 6 parts to evaluate their leaching properties at the 7 

and 28 days of hydration time in accordance with the modified AWPA El  1- 

87 standard introduced in section 3.3.1 -4. 

The leaching properties of cylinder sarnples of the same amount of neat 

cernent-water mixture and the same amount of CCA-treated wood sawdust 

were also tested to have a better comparison. 

3.3.3 The effects of waterkement ratio, silica fume and SP 

The preparation of the samples is presented in section 3.3. The size and 

number of the samples are shown in Table 3.3. The leaching test procedure 
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followed that introduced in 3.3.1.4. In addition, the leaching properties of 

the same amount of CCA-treated wood were tested for cornparison purpose. 

3.4 Statistical analyses 

With the help of statistical analysis system (SAS), the analysis of 

variance and the Duncan's range test were conducted for the raw data for the 

hydration characteristics and strength of wood-cernent composites, as well 

as the raw data for the physical-mechanical properties of cernent bonded 

particleboard. In addition, the relationship between the hydration 

characteristics and strength of wood-cernent composites was also analyzed 

with SAS (Montgomery, Cody & Jeffery). 



4. Results and discussion 

4.1 Wood-cernent compatibiiity 

The results and discussion in this part of work, as well as in other two 

parts of work, are based on the raw data and their statistical analysis results 

attached in the appendixes, if not particularly specified. 

4.1.1 Hydration of CCA-treated wood-cernent composites at 
low woodcement ratio 

Table 4.1 Hydration characteristics of wood-cernent composites at Low woodkement ratio 
1 CCA 1 1 Splitting tensile 1 

retention Tz (hr) TE (OC) 1 1 (kg/rn3) 1 1 1 (O&) 1 -1 
Neat Cernent - 

O 
Red Pine 9 -4 

19.3 
26.1 

66.1 3.32 'y 4.02 5.94 
37.0 E 0.93 24.2 A 2.79 D 3.30 B 
41.4 BC 1.44 2.7 CD 3.23 ABC 3.70 A 

43.2 B 1 .56 1 . 4 ~ ~  3 . 3 6 ~  3.85 A 

43.2 B 1.58 0.4 E 3.43 A 3.94 A 

Extracted 1 9.4 1 14.6 C 1 39.9 CD 1 1.29 1 3.7 c 1 3.02 c 1 3.31 B 1 
I , I 

Red Pine 19.3 1 13.2 DE 1 42.7 B 1 1.58 13 .30m 1 3 . 8 7 ~  1 

' Means followed by the sarne letter are not significantly different at 95 % level of 
confidence in the same column. 

4.1.1.1 The effects of hot-water extraction and CCA treatment 

The beneficial effect of hot-water extraction on hydration of wood- 

cernent composites was demonstrated by this experiment (Table 4.1, Figure 



4.1). Without CCA treatment, extracted wood had a better compatibility 

with cernent hydration, supported by a higher maximum hydration 

temperature (TE), less time to this temperature (Tz), and therefore, a much 

smaller inhibitory index (1). After hot water extraction, untreated wood- 

cernent composites also had a higher splitting tensile strength, especially 

afier 7 days of hydration (Table 4.1). 

Effect of water extraction and CCA treatment 

- Un-extracted Wood 

- Extracted Wood 

Extracted 4 CCA 
treated Wood 

Un-extracted + 
CCA treated Wood 

Neat Cernent 

O 6 12 18 24 30 36 42 48 

Hydation time (hour) 

Figure 4.1 Effects of hot water extraction and CCA treatment on hydration heat development 

After CCA treatment, the effect of hot water extraction on the hydration 

of wood-cernent composites was no longer as significant. Based on the 

statistical analysis output, it could be found that, due to the significant effect 

of CCA treatment, hot water extraction did not influence the maximum 

hydration temperature and splitting tensile strength any more, although it 



still exhibited some good effects on the reduction of time to maximum 

hydration temperature and inhibitory index (shown in Table 4.1). 

The above results show that CCA treatment could replace, or even 

surpass, hot water extraction to obtain a desired increase of wood-cernent 

compatibility. 

Effect of CCA retention (unextracted wood) 

O 6 12 18 24 30 36 42 48 

flydration time (hour) 

R e d  Pine - 
CCA = O 

R e d  Pine - 
CCA = 9.4 

- Red Pine - 
CCA =l 9.3 

- Red Pine - 
CCA = 26.1 

Figure 4.2 Effect of CCA retention on the hydration heat development (unextracted wood) 

4.1.1.2 The effect of CCA retention 

No matter whether wood was hot-water extracted or not, CCA treatment 

could significantly reduce the adverse effect of wood on cernent hydration. 

This result was consistent with the findings of Schmidt et al. (1994) and 

Huang & Cooper (2000). However, the compatibility did not increase 



linearly with the increase of CCA retention. From Figures 4.2 - 4.3, it c m  

be found that at the range of CCA retention fiom O to 19.3 kg/m3, the 

compatibility increased with CCA retention, as demonstrated by the higher 

maximum hydration temperature and the reduction in time required to reach 

this temperature, as well as the reduced inhibitory index and higher splitting 

tende strength. Above CCA retention of 19.3 kg/m3, continuously 

increasing CCA retention still increased the wood-cernent compatibility, but 

to a lesser degree; only time to maximum hydration temperature was 

decreased to a significant extent. 

Effect of CCA retention (extracted wood) 

O 6 12 18 24 30 36 42 48 

Hydration tirne (hour) 

E x t r a c t e d  - 
CCA = O 

- Extracted - 
CCA = 9.4 

- Extracted - 
CCA = 19.3 

- Extracted - 
CCA = 26.1 

RT 

I 

Figure 4.3 Effect of CCA retention on the hydration heat development (extracted wood) 

Due to the dominant effect of CCA treatrnent on cernent hydration, we 

assume CCA treatrnent does not merely remove some water-soluble 



extractives. The increased metal ions and the stabilization of inhibitory 

materials in wood by f i e d  CCA preservative wouid al1 help to improve 

wood-cernent compatibility. 

4.1.2 Hydration of CCA-treated wood-cernent composites at 
high woodkement ratio 

4.1.2.1 The effect of wood/cement ratio on the hydration properties 

confidence in the same column. 

Table 4.2 Hydration and leaching characteristics at higher woodkernent ratio* 

*** 
Undetectable. 

Carefully observing and comparing the results shown in Tables 4.1 and 

4.2, the difference of hydration properties of wood-cernent composites under 

Y 
The leaching of arsenic has not been listed because it is below the detection limit. 
Means followed by the sarne character are not significantly different at 95 % level of 

CCA 
retention 
(Wm3) 

O 
19.3 
26.1 

low and high woodkement ratios can be clearly seen. With the increase of 

Cr (%) 

wood content, the maximum hydration temperature was decreased, and the 

f2 

2 0 . 9 ~ "  
12.1 B 

11.6 B 

Cu @pm) 
7 day 

U 
-- 0.04 - 
0.03 

Strength @Pa) 

splitting tensile strength was also reduced. But due to the effect of CaC12, 

T2 
(OC) 

32.6% 
35.0 A 

35.9 A 

7 day 

0.51 
0.36 
0.44 

28day 

U 
0.09 
0.09 

~ r + ~  (%) 

7 da, 

1 . 2 5 ~  
1 . 3 4 ~  
1 . 3 0 ~  

time to reach maximum hydration temperature for CCA-treated wood- 

28day 

0.41 
0.48 
0.47 

7 day 
u*** 
0.02 
0.02 

28day 

1 . 4 5 ~  
1 . 6 0 ~  
1 . 6 0 ~  

cernent composites was even shorter than that of neat cernent. Although the 

28 day 

U 
0.06 
0.08 



splitting tensile strength was higher afier wood was treated with CCA, the 

increasing scope was not so significant as that of low woodkement ratio. 

On the other hand, some similarities in hydration properties under these 

two conditions could also be identified, such as the relationship between 

CCA treatment and hydration characteristics of wood-cernent composites. 

Effect of CCA retention (high wd/c) 

O 6 12 18 24 30 36 42 48 

Hydration time (hour) 

Figure 4.4 Effect of CCA retention on hydration heat development at high wood/cernent ratio 

The differences in hydration temperature developrnent curves should also 

be recognized (Figure 4.4 vs. Figure 4.2). For untreated wood-cernent 

composites with high woodcement ratio, the curve was analogous to that of 

low wood/cement ratio, but for CCA-treated wood-cernent composites, the 

donnant period was only represented by a very sharp shoulder. From this 



phenornenon, it was likely that CCA-treated wood speeds up the hydration 

of calcium silicate compounds. 

4.1.2.2 XRD analysis 

In order to keep the clarity of the diffraction patterns, XRD analysis of 

this research was focused mainly on the phase relations behveen C3S, C3A 

and their hydration products, Ca(OH)2 and ettringite. The most 

representative reflections for each of these phases are marked on the 

patterns. 

Figure 4.5 Powder X-ray patterns of untreated wood-cernent composites 



The reference powder x-ray patterns for the minera1 compounds of 

cernent and their hydration products were used as following (PDF-2, 1998 ): 

1. For tricalcium silicate (C3S), 3 1 -03 0 1 and 42-055 1 

2. For tricalcium aluminate (C3A), 3 8- 1429 

3. For portlandite (Ca(OH)2), 04-0733 

4. For ettringite (C3A. 3CaS04.26H20), 3 1-025 1 

Figure 4.6 Powder X-ray patterns of CCA-treated wood-cernent composites 

From the XRD patterns shown in Figures 4.5 to 4.10, more descriptive 

information c m  be obtained about the hydration development of cernent 

after being rnixed with wood. Following conventional hydration of Portland 

cernent, the intensities of C3S and C3A decreased with the increasing of 



hydration time in both CCA-treated wood-cernent composites and untreated 

wood-cernent composites, while the intensities of Ca(OE& and ettringite 

(ET) increased in the sarne period. And there were still some CsS remaining 

un-reacted after 28 days hydration (Figures 4.5-4.6). 

s 10 B m +a YI M 

2-Theta - Scale 

Figure 4.7 Powder X-ray patterns of wood-cernent composites after 12 hr hydration 

The difference of hydration development of cernent mixed with CCA- 

treated wood and untreated wood c m  be seen in more detail from Figure 4.7 

to Figure 4.10. At al1 hydration ages, the hydration rate of cernent mixed 

with CCA-treated wood was always more intensive than cement mixed with 

untreated wood. 



Figure 4.8 Powder X-ray patterns of wood-cernent composites after 36 hr hydration 

Figure 4.9 Powder X-ray patterns of wood-cernent composites afier 7 day hydration 

After 12 hows hydration, Ca(OEQ2 was detectable fiom CCA-treated 

wood-cernent composites, but its peak was very weak in untreated wood- 



cernent composites (Figure 4.7). M e r  36 hours hydration, the intensity of 

Ca(OHJ2 increased rapidly in CCA-treated wood-cernent composites, but 

Ca(OEQ2 intensity was still low in untreated wood-cernent composites 

(Figure 4.8). 

During the rernaining hydration process, the quicker consumption rate of 

C3S was obsewed in CCA-treated wood-cernent composites and the 

formation rate of Ca(Ow2 was higher in CCA-treated wood-cernent 

composites than that in untreated wood-cernent composites, although the 

difference became less after 28 days hydration (Figures 4.9-4.10). 

Iwo 1 

Figure 4.10 Powder X-ray patterns of wood-cernent composites after 28 day hydration 

CCA-treated wood not only made C3S more reactive, it also had the same 

positive eEect on C3A hydration. Ettringite could be found in both CCA 



treated and untreated wood-cernent composites afier 12 hours hydration 

(Figure 4.7), which demonstrated the rapid hydration ability of C3A in 

various conditions. However, the difference of ettringite intensities of these 

two composites became more and more significant. After 36 hour hydration, 

it was dificult to distinguish C3A in the patterns of CCA-treated wood- 

cernent composites, but this compound could still be found in untreated 

wood-cernent composites. (Figures 4.8-4.10). 

The difference of hydration development between CCA-treated wood- 

cernent composites and untreated wood-cernent composites is shown in 

Table 4.3. In CCA-treated wood-cernent composites, C3S consumption rate 

and Ca(OH)2 formation rate were always higher than in untreated wood- 

cernent composites. 

We attempted to find some newly formed hydration products with XRD 

Table 4.3 Reference values of C3S left and Ca(OH)2 formed (%)* 

analysis, to determine whether there is any reaction between CCA 

preservative and cernent. But no such peaks were present, perhaps due to 

Type of 
wood 

Un-treated 
CCA treated 

the small amount of CCA preservative, and/or the difficulty of peak 

* based on a comparison with the peak intensities of pure standard compound. 

Calcium Hydroxide (Ca(OQ2) Tricalcium Silicate (CsS) 
28 days 

53 
69 

12 hrs 
75 

60.5 

7 days 
48.5 
66.5 

12 hrs 
23 

39.5 

36 hrs 
21.5 
46 

28 days 
44 

30.5 

36 hrs 
7 1.5 
53.5 

7 days 
52 
33 



identification, andor the lack of relevant standard phases, or perhaps none 

was formed. 

4.1.2.3 Analysis of hot-water extractives 

Afier four hours hot water extraction, about 4 % of the water extractives 

could be removed fiom wood (Table 4.4), therefore resulting in higher 

wood-cernent compatibility. The hot water extractives that could be 

extracted were reduced almost 20 % after CCA treatment. The lower hot 

water extractive content may result fiom the removal of water extractives 

during the CCA treating process; it may also result fkom the restraint of 

movement of water extractives by f ~ e d  CCA preservatives. 

Table 4.4 Hot water extractive content 
1 1 

Furthemore, with TLC analysis, the types of sugar in the extracts of 

these two types of wood were also different. In the extract of CCA-treated 

wood, a compound with the same retention time of sucrose was detected, 

while this compound was not found in the extract of untreated wood. The 

change of leachable compounds indicates that CCA treatment may have 

caused the modification of sugars. 

Untreated red pine 
CCA treated red pine 

* Means followed by the sarne character are not significantly different at 95 % level of 
confidence. 

Average (%) 
4.2 A* 
3.L B 

Standard deviation (%) 
0.11 
0.23 



4.1.3 The effect of hydration time 

It was reasonable that splitting tensile strength increased steadily with 

hydration tirne, regardless of the change of woodkement ratio. 

4.1.4 The relationship between hydration characteristics and 
strength 

If the hydration characteristics of wood-cernent composites, measured 

continuously and non-destructively by following the heat development in the 

early days of hydration, can be used to predict the development of strength, 

they will be more usefùl. Therefore the relationships of the hydration 

characteristics and strength after hydration of 7 and 28 days were analyzed 

and reported in Tables 4.5-4.8. 

Table 4.5 Correlation of 7 day splitting tensile strength and hydration 
characteristics for wood-cernent composites (at low woodkement ratio) 

TE 

T2 

1 

Strength 

** * Pearson correlation coefficient (r); 
Confidence Ievel at which the hypothesis that there is no relation between two 
variables is rejected. 

T2 

- 0.82' 
<o.ooo 1 ** 

1 .O0 

0.99 
-=O.OOO 1 
- 0.77 

~0.000 1 

TE 

1 .O0 

- 0.82 
<o.ooo 1 
- 0.80 

-=o.ooo 1 
0.62 

<O.OOO 1 

1 

- 0.80 
~0.0001 

0.99 
<o.ooo 1 

1 .O0 

- 0.78 
<o.ooo 1 

Strength 

0.62 
0.0012 
- 0.77 

<o.ooo 1 
- 0.78 

<o.ooo 1 
1 .O0 



As shown in Table 4.5 and Table 4.6, the maximum hydration 

temperature, time needed t o  this temperature and the inhibitory index were 

found to be highly correlated with each other and with both 7 day and 28 day 

splitting tensile strength, im cases where low wood/cement ratio was applied. 

Table 4.6 Correlation o f  28 day splitting tensile strength and hydration 
characteristics for wood-cernent composites (at low wood/cement ratio) 

* * 
Confidence level at which the  hypothesis that there is no relation between two 
variables is rejected. 

TE 

S trength 

In other words, at low wood/cement ratio, the hypothesis that the 

correlation between hydratnon characteristics and strength was equal to zero 

was nearly completely rejected, and the variance of hydration characteristics 

contributed 45-50 % of the variance of splitting tensile strength. Higher 

maximum hydration temperature, less time to this temperature and Lower 

inhibitory index resulted im higher splitting tensile strength, and vice versa. 

The correlation between maximum hydration temperature and strength 

T2 

Pearson correlation coefficiernt (r); 

0.74 
~ 0 . 0 0 0  1 

1 

- 0.70 
0.0001 

Strength 

- 0.68 
0.0003 

1 .O0 



confirme& the findings of Lee & Hong (1986) and Miller & Moslemi 

(1991b), but the correlation between strength and time to maximum 

hydration temperature was contradictory to their fmdings. 

In addition, it was found that higher maximum hydration temperature 

often represented less tirne to this temperature and lower inhibitory index, 

and vice versa. 

Table 4.7 Correlation of 7 day splitting tensile strength and hydration 

T2 - 0.96 1 .O0 - 0.24 
0.0002 n.s. 

Strength 0.3 1 - 0.24 1 .O0 
n.s. n.s. 

characteristics for wood-cernent composites (at high wood/cement ratio) 

. * * Pearson correlation coefficient (r); 
Confidence Ievel at which the hypothesis that there is no relation between two 

TE 

*** variables is rejected. 
not significant. 

However, there was a slight difference for the relationship between 

hydration characteristics and splitting tensile strength when the percentage 

of wood was increased (Tables 4.7-4.8). At high wood/cement ratio and 

with the addition of CaC12, although maximum hydration temperature and 

time to this temperature were still tightly correlated, their relation with 7 day 

splitting tensile strength was not significant. The 28 day strength was not 

T2 Strength 



related with time to maximum hydration temperature, but maximum 

hydration temperature could still be used to roughiy predict 28 day splitting 

tensile strength. This result was contradictory to that found by Lee & Hong 

Table 4.8 Correlation of 28 day splitting tensile strength and hydration 
characteristics for wood-cernent composites (at high woodcement ratio) 

At low woodkement ratio, the hydration of cernent may not be disturbed 

TE 

TE 

T2 

Strength 

too much, so the hydration occurred steadily and the strength developed 

continuously; thus the hydration properties represented by hydration heat 

T2 

8 8 
* Pearson correlation coefficient (r); 

Confidence level at which the hypothesis that there is no relation between two 

*** 
variables is rejected. 
not significant. 

1 .O0 

- 0.90 
0.0022 
0.73 
0.04 

development could be linked well with strength development. At high 

Strength 

woodcement ratio and with the addition of CaC12, however, cernent 

- 0.90- 
0.0022" 

1 .O0 

- 0.58 
ns .  

hydration behaved differently fkom the ordinary condition, the reliance of 

0.73 
0.04 

- 0.58 *** 
n.s. 
1-00 

strength development on cernent hydration characteristics was decreased. 



4.2 The effects of waterlcement ratio, silica fume and 
superplasticizer on the physical-mechanical 
properties of CBPB from spent CCA-treated wood 

4.2.1 General 

From the mean values of the physical-mechanical properties of CBPB 

given in Tables 4.9 - 4.1 1, the densities of al1 boards were well within the 

designed range, while their moisture contents (MC) were a little higher than 

the standard requirement (- 9 %), perhaps resulting fiom the stacking 

method of the boards and the somewhat high relative humidity in the 

environment chamber preventing the desiccation of the composites as usual. 

Table 4.9 Physical properties of CBPB fkom spent CCA-treated wood *** 
(WaterlC)lSF/SP 

0.45/0/0 
0.45/12/0 
0.45/0/10 
0.45/12/10 
0.45/0/20 

- - -- 

~ens i ty  (g/cm3) 

1.18(0.02)" 
1.27(0.06) 
1.16(0.06) 
1.2 l(o.03) 
1 .24(0.02) 

MC (%) 
15.3(0.2) 
14.5(0.4) 
14.9(1.2) 
16.0(0.4) 
15.8(1.1) 

0.45/12/20 
0.35/0/0 
0.35/12/0 
0.35/0/10 

0.35/12/10 
0.35/0/20 
0.35/12/20 

* Means followed by the same character are not significantly different at 95 % level of ** 
confidence; Values in brackets are standard deviations; *** Watedc = waterkement 
ratio, SF = silica fume, SP = superplasticizer. 

1q0.4) BCDE 

2.3(0.8) A 
l.g(O.7) ABC 

l.g(O.8) ABC 

l.l(O.5) CDE 

2.0(0.4) AB 

1.6(0.9) ABC 

1 1 .7(0.7) C 

18.4(1.1) A 

14.0(2.9) B 

12.0(0.6) C 
12.2(1.1) C 

1 131.9) BC 

1 1.3(0.7) C 

TS (%) 
1.3(0.5) BCDE* 

0.6(0.5) E 

1.5(1 .O) ABCD 

0.7(0.5) DE 

1.2(0.6) BCDE 

1.22(0.02) 
1. U(0.06) 
1.26(0.04) 
1.28(0.01) 
1.20(0.06) 
l.M(O.02) 
1.12(0.08) 

WA (%) 
1 l.g(l.6) C 

10.7(1.3) C 

1 lJ(2.1) C ' 

1 1.3(1.9) C 

1 1.2(2.6) C 

14.6(0.4) 
13.6(0.3) 
12.7(0. 1) 
13.8(0.3) 
13.9(0.2) 
13. L(0.3) 
14.5(0.1) 



At 0.45 waterlcement ratio and with the addition of silica h m e  and not 

including superplasticizer, the cernent-bonded particleboard made fiom 

spent CCA-treated wood had an MOR above the standard specification (> 

9.0 MPa, ISO 8335-87). Although MOR values in other cases were lower 

than the standard requirement, they were higher than those values obtained 

by Huang & Cooper (2000). 

Table 4.10 Mechanical pro~erties of CBPB fkom ment CCA-treated wood*** 
(Water/C)/SF/SP 

0.45/12/10 1 7.0(0.9) CDEF 1 3807(545) CDE 1 O.g(O.2) BC 

0.45/12/0 
0 .45/0/ 1 0 

MOR (MPa) 

The relative low bending strength in most of the treatments might be 

10.6(1 .O) A 
7.8(0.5) BCD 

0.45/0/20 
0.45/12/20 
0.35/0/0 
0.35/12/0 
0.35/0/10 
0.35/12/10 
0.35/0/20 
0.35/12/20 

partly due to the non-ideal particle size, because the particles used in this 

0.8(0.2) ** CDE 1 0 .45/0/0 
MOE (MPa) 

experiment were a little thicker than the practical requirernent and the fme 

(MPa) 

6064(387) A 
405 l(370) BCD 

* Means followed by the sarne character are not significantly different at 95 % level of * * 
confidence; Values in brackets are standard deviations; *** Waterk = watedcernent 
ratio, SF = silica fume, SP = superplasticizer. 

8.0(1. 1) BC 

8.3(2.0) B 

6.0(1.0) F 
5.8(0.7) F 
6.4(0.7) EF 
6.8(1.0) DEF 
6.3(0.7) EF 
6.4(0.9) EF 

particles were not screened and discarded before the board manufacture. 

7.4(0.5) BCDE 

l.Z(O.3) A 
0.9(0.1) BCD 

4037(417) BCD* 

4626(297) B 
4205(855) BC 
3383(448) DE 
3 182(352) E 
3783(437) CDE 

3881(911) CD 
3405(441) DE 
3407(5 18) DE 

O.g(O.1) BCD 
l.O(O.2) B 
0.3(0.1) G 
0.4(0.1) FG 
0.4(0.1) FG 
0.6(0.1) EF 
0.7(0.2) DE 
0.7(0.2) DE 



Particle size has been shown to be a main effect on the strength of CBPB 

(Badejo 1988). 

Al1 of the sarnples had higher modulus of elasticity (MOE) (shown in 

Table 4.10) than the standard requirement (> 3000 MPa, ISO 8335-87). 

Intemal bonding strength (IB) was found to be close to the same 

performance of particleboard as shown in Table 2.1 when high waterkement 

ratio was applied, revealing the excellent bonding ability of hydrated 

Portland cernent. 

The high dimensional stability of cernent-bonded particleboard with 

CCA-treated wood was obvious when considering its water absorption 

ability (WA) and thickness swelling (TS) after 24 hour immersion in water, 

as shown in Table 4.9. TS was found to be within the scope of standard 

requirement (< 2.0 %, ISO 8335-87) and much smaller than that of 

particleboard shown in Table 2.1. 

By evaluating the changes of the mechanical properties of CBPB after the 

accelerated aging test (Table 4.1 l), it could be found that the static bending 

strength and the stiffhess of the cernent-bonded particleboard with CCA- 

treated wood were not affected very greatly after the immersion-freezing- 

thawing procedure. Some sarnples even presented increased mechanical 

performance. This verified the strong weathering resistant property of 



cernent-bonded particleboard, partly contributed by the continuing hydration 

of the cernent. 

1 0.45/0/10 1 8.4(1 .O) B 1 4395(568) BCD 1 0.6(0.1) B 1 

*** 
Table 4.1 1. Mechanical properties of CBPB afier accelerated aging 

(Water/C)/SF/SP 
0.45/0/0 

0.45/12/0 

1 0.35/12/10 1 6.6(1.6) CDE 13691(362)CD 10.5(0.1)BCD 1 

0.45/12/10 
0.45/0/20 

0.45/12/20 

MOR (MPa) 
8.3(0.6) B* 

10.8(0.7) A 

0.35/12/20 1 6.3(1.7) DE 13624(1097)CD 10.35(0.1)DE 
Means followed by the same character are not significantly different at 95 % level of 

** 
confidence; Values in brackets are standard deviations; *** Waterk = watedcement 

7.9(0.9) BCD 

7.4(1.6) BCDE 
8.0(0.9) BC 

0.35/0/20 

ratio, SF = silica fume, SP = superplasticizer. 

MOE (MPa) 
5026(573) ** B 

61 13(465) A 

The intemal bonding strength was reduced in al1 cases afier only one 

cycle of immersion (room temperature, 24 hour) - drying (100 O C ,  24 hours), 

showing the high sensitivity of bonding strength to high temperature 

environment. 

Frorn Tables 4.9 - 4.1 1, it c m  be found that at waterkement ratio of 0.45, 

with the addition of siiica fume but excluding superplasticizer always had 

superior bonding strength, flexural strength and stiflkess, as well as high 

dimensional stability and weathering resistant ability. The worst case for 

m a )  
0.6(0.2) BC 

O.g(O.2) A 

4105(782) BCD 

4529(1099) BC 
3870(366) CD 

7.0(0.6) BCDE 

0.6(0.2) B 

0.6(0.1) B 

O.g(O.1) A 

3886(357) CD 0.45(0.1) CD 



most of physical-mechanical properties happened when waterkement ratio 

was low (0.35), with the addition of silica fume but without superplasticizer. 

The effects of waterkement ratio, silica fume and superplasticizer on 

dependent physical-mechanical properties will be discussed in more detail in 

the following sections. 

4.2.2 Modulus of rupture (MOR) 

Figure 4.1 1 The effects of silica fume, superplasticizer and waterkement ration on MOR 

From Figure 4.1 1 and variance analysis results, silica fume and 

waterkement ratio had significant effects on the bending strength of cernent- 

bonded particleboard fiom spent CCA-treated wood, higher waterkement 

ratio and the addition of silica fume al1 resulting in higher bending strength. 



The effect of superplasticizer was largely determined by the strong 

interaction among these three variables, for example, it could slightly 

increase MOR when waterkement ratio was low and silica fume was added. 

Perhaps its addition arnount was below the level at which the advantage of 

superplasticizer could be identified or the watedcement ratios used in this 

experiment did not leave any reduction space for the action of the 

superplasticizer. 

The beneficial effect of higher waterkement ratio on the gaining of 

bending strength was in fact not contrary to the equation derived from 

Abrams (Noville 1995), because waterkement ratio at 0.35 may not supply 

enough water for cernent hydration; in addition, wood particles will absorb 

water quickly when their moisture contents are lower than fiber saturation 

point; thus boards made at low waterkement ratio exhibited poorer strength. 

Although silica fume affected MOR significantly, its positive effect was 

not so strong in most of the treatments and could only be for the case of w/c 

= 0.45 without the addition of superplasticizer. At low waterkement ratio, 

the addition of silica fume slightly decreased MOR if superplasticizer was 

not added, and slightly increased MOR when superplasticizer was added, 

showing the high water demand of silica fume and the effect of 

superlpasticizer. But at high waterkement ratio, the addition of silica fume 



was very effective when superplasticizer was not added. So the water- 

cernent-silica fume system should be well adjusted to maximize the benefit 

of silica b e .  

4.2.2 Modulus of elasticity (MOE) 

S H  SR10 S R 2 0  S M  SR10 S k 2 0  i 1 sF4 1 1 5F=121 sF=lZ I ~ ~ = ~ ~ I  

SF-Silica fume; SPSuperplasticizer 

Figure 4.12 The effects of silica fume, superplasticizer and waterkement ration on MOE 

The stiffhess of CBPB was significantly affected by watedcement ratio. 

The higher the water amount, the higher the MOE (Figure 4.12). While 

silica fume did not significantly affect MOE value alone, its strong 

interaction with other factors showed its positive effect in some cases, such 

as in combination with high waterkement ratio without the addition of 

superplasticizer. Although the effect of superplasticizer was not significant, 



board had low MOE when silica h e  was added without consideration of 

superplasticizer at low waterkement ratio. 

4.2.4 Interna1 bonding strength @B) 

SF-SIIica Fume; SP-Superplas ticizer 

Figure 4.13. The effects of silica fume, superplasticizer and waterkement ration on IB 

Because interna1 bonding strength (IB) reflects directly the bonding 

ability of Portland cernent, the quality of cernent hydration and the 

compatibility of CCA-treated wood with cernent under different treatments 

could be more clearly defmed by this value. 

From Figure 4.13, the significant dependence of intemal bonding strength 

on silica fume, superplasticizer and waterkement ratio can be seen. Higher 

waterkement ratio contributed to higher bonding strength due to the better 

hydration of cernent. The addition of silica fume significantly increased the 



IB strength, resulting f?om its improvement to the fine structure of the 

hydrated cernent product. The addition of superplasticizer also increased 

bonding strength, especially at low watedcement ratio. 

4.2.5 Water absorption (WA) and thickness swelling (TS) 

SP=O SP=10 SP=20 SP=O SP=10 SP=20 1 SF=O 1 SF=O / SF=O / SF=12 / S F l 2  S F 4 2  1 
SF-Silica Fume; SP-Superplasticizer 

Figure 4.14 The effects of silica fume, superplasticizer and watedcement ration on WA 

Water absorption ability of cernent-bonded particleboard fiom spent 

CCA-treated wood was significantly affected by watedcement ratio, the 

addition of silica fume and superplasticizer. Higher watedcement ratio and 

the addition of silica fume and superplasticizer resulted in significantly- 

reduced water absorption values in al1 or most of the treatments. Enough 
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water amount guaranteed a satisfactory hydration of cernent, thus the water 

absorption of the hydrated products was reduced. Silica fume is well known 

for its ability to reduce water absorption of cernent based matenals. 

Superplasticizer could improve the water absorption at low watedcement 

ratio (Figure 4.14). 

The negative correlation between water absorption and mechanical 

properties could aiso be recognized to some degree. 

I 

SFSilica Fume; SPSuperplasticizer 

Figure 4.15 The effects of silica fume, superplasticizer and waterkement ration on TS 

The amount of thickness swelling after 24 hour immersion in water was 

relatively low in most cases; however, such a low value could still be 

improved by choosing appropriate watedcement ratio and adding silica 

fume. Like the significant effect of waterkement ratio on mechanical 



properties and water absorption ability, 0.45 watedcernent ratio resulted in 

lower TS values. The replacement of a srna11 amount of cernent with silica 

fume also led to the significant reduction of thickness expansion. Although 

TS was not significantly affected by superplasticizer, boards made at low 

watedcernent ratio still had low TS values with the addition of 

superplasticizer (Figure 4.15). 

4.2.6 MOR and MOE after accelerated aging 

SP=O SP=lO SP=20 SP=O SP=10 SP=20 1 SF.0 SF.0 1 SF=O 1 SF=12 1 S P I 2  1 S F 4 2  1 
SF-Silica Fume; SP-Su perplasticizer 

Figure 4.16 The effects of silica fume, SP and watedcement ration on MOR (aging) 

As s h o w  in Figure 4.16 - 4.17, both MOR and MOE were significantly 

affected by watedcernent ratio, with higher values for al1 samples made at 
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0.45 watedcement ratio. So the importance of watedcement ratio 

determined the long t e m  properties of cernent-bonded particleboard as well. 

Figure 4.17 The effects of silica fume, SP and waterlcement ration on MOE (aging) 

SP=O 

SF=O 

Silica fume and superplasticizer did not influence the aging properties 

significantly. But due to the strong interaction arnong these thee factors in 

the complicated system, silica fume demonstrated its effect of weathering 

resistance when enough water was added into the mixture without the 

intervention of superplasticizer. The effect of superplasticizer could be 

found at low waterkement ratio, especially when silica fume was added. 

4.2.7 IB after one immersion-oven drying cycle 

SF-Sillica Fume; SP-Superplasticize r 

SP=lO 

SF=O 

After one cycle of immersion and oven drymg (100 OC), the mean 

values of LB of al1 sarnples were decreased (Figure 4.18). The effects of 

SP=20 

SF=O 

SP=O 

SF=12 

SP=lO 

SF=12 

SP=20 

S F 4 2  
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watedcement ratio and silica fume on bonding strength kept significant 

against aging. 

1 SF=O 1 SF=O 1 SF=O 1 SF=I~~ s~=121 SF=IZ~ 
SFSilica Fume; SPSuperplasticizer 

E l  Wate r/Ce ment 
= 0.45 

Figure 4.18 The effects of silica fume, SP and watedcement ration on D3 (aging) 

Samples made at higher watedcement ratio andor with the addition of 

silica fume retained higher IB strength. Superpiasticizer also had some 

effect to keep Il3 strength fiom deteriorating with aging at low watedcement 

ratio. 

4.2.8 Microstructure of cernent-bonded particleboard made 
from spent CCA-treated wood 

After carefully observing the broken surfaces of cernent-bonded 

particleboard made fkom spent CCA-treated wood, the pictures of several 
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representative locations were taken and shown in Figures 4.19 - 4.20. The 

interaction between hydrated cementitious materials and CCA-treated wood 

could be revealed by these images. 

There were two main failure types in CBPB under bending test (Figure 

4.19). One was the pullout of whole wood particles £kom surrounding 

hydrated cernent products without any sign of particle damage, as shown in 

Figure 4.19 (a) and the hole left in Figure 4.19 @). But wood particles could 

also be broken by the bending test if the bonding between hydrated cernent 

and CCA-treated wood was higher than the strength of wood itself (shown in 

Figure 4.19 (c) and (d)). 

Conceming the interaction between CCA-treated wood and hydrated 

cement, the cohesion of Portland cernent by encapsulating wood particles 

appeared to be the main observable bonding effect. Although the 

penetration of hydrated cernent into lumens of wood particles was not easy 

to identiQ, this phenornenon was captured and shown in Figure 4.20. From 

images (a) and @) of Figure 4.20, the hydrated cernent was found to pass 

through the wood ce11 walls and bond the wood together like nails. 



(a) 
The pull-out of wood particles fiom 
fiacture surface of CBPB 

@) 
The hole left after the pull-out of 
wood particles fiom CBPB 

(cl 
The fiacture surface of CBPB 

(dl 
The fiacture surface of CBPB 

Figure 4.19 The behavior of wood particles afier bending test 



(a) 
'he penetration of hydrated cernent 
nto wood ce11 pointed by the arrow 

(W 
The penetration of hydrated cernent 
into wood ce11 pointed by the arrow 

Figure 4.20 The interaction between hydrated cernent and CCA-treated wood 

4.3 The leaching properties of CCA-treated wood- 
cernent composites 

4.3.1 The effects of accelerator, FeS04 and pH value of water 

4.3.1.1 General 

The total CCA components leached from CCA-treated wood-cernent 

composites, from CCA-treated wood particles, fiom cement powder and 

fiom hardened cernent paste are al1 shown in Table 4.12. It is evident that, 

compared with CCA-treated wood, copper and arsenic were fixed quite well 



after CCA-treated wood was mixed with cernent, especially for arsenic, 

which was below or around the detection limit for most of the sarnples. This 

is consistent with the result obtained by Huang & Cooper (2000). 

However, the leaching of chromium was higher than expected, although 

not as high as reported by Huang & Cooper (2000). The total chromium 

leaching amount was reduced to some extent after CCA-treated wood was 

Table 4.12 Leaching of CCA components fiom CCA-treated 

pH= 7 
CCA wood 

Cernent 
Cement paste 
* values are % of preservative in the wood, except for Cu leaching amount, Cr, and 
As leached fiom cement and cernent paste, where the values are average leachate 
concentration (pprn). 

FeS04 0.62 1 1.24 
< 0.019 

0.09 ppm 
c 0.0 I ppm 

2.15 1 2.85 
0.58 

0.06 ppm 
< 0.0 I ppm 

0.28 1 1.13 
3 .O2 
O. 14 
0.26 

0.06 1 0.33 
3 -77 

c 0.02 ppm 
< 0.02 ppm 



mixed with cernent, but a detectable amount of ~ r + ~  was found in the 

leachate. 

It can be seen that the leaching of copper remained unchanged for the 28 

day and 180 day hydration times. Arsenic became more stable after 180 

days hydration because of the continuous hardening of the cernent. The 

leaching arnounts of chromium and were a little higher after 180 days 

hydration. However, chromium leaching amount was still much lower than 

that of CCA-treated wood. 

O 0.05 0.1 0-1 5 0.2 025 0.3 

Cr leaching (%) 

Figure 4.2 1 The relationship between Cr and leached h m  CCA-treated wood- 
cernent composites 

The valence composition of chromium in the leachates of CCA-treated 

wood and CCA-treated wood-cernent composites was totally different. In 

CCA-treated wood, almost all of the chromium leached out was composed 



of ~ r ' ~ ,  while in CCA-treated wood-cernent composites, accounted for 

the rnajority of the total chromium leaching amount, as shown in Figure 4.2 1 

(some of the unusual leaching amounts (such as those when NaC03 is used 

as accelerator) have been excluded). The reason for this phenûmencn is 

unknown; perhaps it is the high pH value of cernent that promoted the 

oxidization of some crf3 in CCA-treated wood cernent matrix. 

Effects of hydration tirne, pH value, FeS04 and accelerator on Cu leaching 

pH =1 pH =1 pH =1 pH =1 pH =7 pH =7 pH =7 pH =T 

No FeS04 No F e S a  FeS04 FeS04 No FeS04 No FeS04 FeS04 FeSO4 1 2 1 180 1 28 1 1 8  28 I I 0  1 28 1 1M 1 
pH valudFeS0JIHydraUon time (day) 

Figure 4.22 Effects of hydration time, accelerator, pH and FeS04 on leaching of copper 

4.3.1.2 The origin of the leaching of CCA cornponents 

The leaching behavior of copper fkom CCA-treated woad-cernent 

composites was quite similar to that from hardened cernent paste (with the 



sarne amount of cernent) (Table 4.12 and Figure 4.22). It appeared that 

copper leached fiom CCA-treated wood-cernent composites came mainly 

nom cement, that is, copper in CCA-treated wood was stabilized nearly 

completely by cement. 

Very little, if any, was detected fiom cernent powder in the f ~ s t  24 

hour hydration, and nearly equivalent amount of chromium was also found 

from the leachate. But no chromium and were detected in the leachate 

of hardened cernent paste. So al1 of the leaching of chromium and ~ r + ~  

likely came from the CCA-treated wood. 

Leaching of arsenic was not found fkom cernent powder and hardened 

cernent paste. So the very little leaching amounts of arsenic in some cases 

should also be brought by CCA-treated wood. 

4.3.1.3 The effect of accelerator, FeS04 and water pH value on the 
leaching of Chromium and after 28 days hydration 

Because of the good fixation of copper and arsenic, the effect of some 

variables on chromium and ~ r ' ~  leaching is emphasized in the discussion of 

the following two sections. 

The statistical analysis results and Figure 4.23 - 4.26 show that 

accelerators greatly influenced the leaching of total chromiurn and fimm 
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CCA-treated wood-cernent composites afier 28 days of hydration. 

Accelerators also had strong interactions with the pH value of water and the 

addition of FeS04. Among al1 of the sarnples, CaClz is the best one to help 

to fix the chromium and cf6, perhaps due to its effect to increase the 

strength and reduce the permeability of the composites, and Na2C03 was the 

worst one to have a very negative effect on the leaching of chromium and 

ci6, as well as on leaching of arsenic and copper. 

PH=1 i pH=1 pH=1 pH=1 pH=7 pH=7 pH=7 1 pH=7 

No FeS04 No FeS04 FeS04 FeS04 No FeS04 No FeS04 FeS04 

28 1 180 28 1 180 28 180 , 28 
pH value / FeS04 / Hydration time (day) 

Figure 4.23 The effect of Na2C03 on the leaching of chromium and ~ r + ~  

It was expected that Na2C03 would have a positive effect towards 

reducing the leaching of CCA components, as the COz liberated fiom it 

could cause the carbonation of the cernent-based materials. This causes the 
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hydrated cernent products to be densified and the pemeability of the 

hydrated cernent products should be reduced. However, the result was 

contradictory to our expectation. 

No satisfactory explanation is available for the adverse effect of Na2C03, 

but it confirmed the result obtained by Maicas (1997). Na2C03 may help to 

convert more crf3 into ~ r + ~  thus resulting in higher chromiurn and ~ r + ~  

leaching amount. So it is important to select the appropriate accelerator to 

prevent high leaching of CCA components. 

Figure 4.24 Effects of hydration tune, accelerator, pH and FeS04 on leaching of total chromiurn 

pH=l 

No FeSm 

28 

The ~ r ' ~  reducer - FeS04 - had a significant effect on reducing the cri6 

and total chrorniurn leaching amounts. The higher the chromium and 

leaching amounts, the more effective the addition of FeS04 was. But 

pH vlaue / FeS04 1 Hydration time (day) 

pH=l 

No FeSm 

180 

pH=1 

FeSW 

28 

pH=l 1 pH=7 

FeSOi No FeSW 

180 1 28 

pH=7 

No FeSW 

180 

pH=7 1 pH=7 

FeSOI / FeSW 

28 180 
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chromium was not completely fixed with FeS04, and ratio of ci6 to total 

chromiurn leaching amounts in the leachate was not lowered either. This 

may result from the too low concentration of chromium and ~ r + ~  in the 

wood cernent mixture, or the amount of FeS04 applied not beùig adequate. 

The effect of FeS04 on chromium leaching reduction also depended on 

the accelerator added. When CaC12 is used as accelerator, this effect was no 

longer apparent. 

Figure 4.25 Effects of hydration t h e ,  accelerator, pH and FeS04 on the leachùig of cc6 

Mixing with water at a lower pH value significantly reduced the leaching 

of chromium after 28 days hydration. Although its ~ r + ~  reduction effect was 

not significant, the trend of reduced ci6 leaching amount at low pH value of 

1 pH=l 

I No FeS04 

pH value 1 feS04 / Hydration time (dav) 

pH=1 

No FeS04 

180 

p H 1  

FeSOQ 

28 

pH=l 

FeS04 

180 

pH=7 

M FaSW 

pH=7 

M FeSW 

pH=7 1 pH=7 

FeS04 

28 1 180 28 



water could be seen. So the lowering of water pH value could control, on 

some degrees, the conversion of ~ r + ~  to c i 6 ,  thus reducing the total 

chromium leaching amounts. 

There was no interaction between water pH value and FeS04 as reported 

by Gould (1 982). 

4.3.1.4 The effect of accelerator, FeSOI and water pH value on the 
leaching of Chromium and ~ r + ~  after 6 months hydration 

After hydration of 6 months, the effects of accelerator, FeS04 and water 

pH value on the leaching of chromium and ~ r + ~  h m  CCA-treated wood- 

cernent composites did not differ very greatly fiom those after 28 days 

hydration. CaClz was still the best accelerator to reduce chromium and 

leaching amounts, on the other hand, Na2C03 was still the worst one. FeS04 

could reduce chromium and leaching arnounts, particularly when used 

with the accelerator which resulted in high chromium and leaching 

amounts. The correlation between FeS04 and water pH value did not exist. 

The significant change was the effect of water pH value. After 6 months 

hydration, lowering pH value of water was no longer beneficial for the 

reduction of chromium and leaching amounts, and it even had a 

negative effect. 



With the increase of hydration tirne, the high pH of hydrated cement 

products may eliminate the effect of low water pH value, or later "sulfate 

attack" may lead to the expansion of hydrated cernent products thus 

increasing permeability, so the leaching of chromium and is increased. 

From a practical perspective, it is not wise to achieve less chromium 

leaching amount by means of the intensive adjustment of pH value of 

mixing water. Hydrated cernent products can only obtain adequate strength 

under alkaline conditions. 

4.3.2 The effects of CCA retention and woodkement ratio 

Similar to the results obtained fkom section 4.3.1, CCA components were 

generally immobilized by hydrated Portland cernent relative to leaching 

fiom CCA-treated wood. From the leaching characteristics shown in Table 

4.2, Table 4.13 and Table 4.14, arsenic was found to be well fixed, and 

copper came mainly fkom the hydrated cernent paste. The leaching of these 

two elements did not correlate with CCA retention. Although chromium and 

cf6 were detectable in the leachate, the lirnited leaching arnounts were not 

affected by CCA retention. In addition, CCA leaching percentage did not 

show a great increase in the high woodcement ratio samples. Thus, the 

immobilization of CCA components with cernent was quite effective. 



. * 

** respectively. 
Undetectable. 

The leaching of CCA components fiom CCA-treated wood-cernent 

composites did not show any increase with the increase of CCA retention 

(Table 4.13). In fact, the leaching percentage of CCA components 

decreased when CCA retention was increased. This was consistent with the 

relation between the retention of CCA-treated wood and its chromium and 

Table 4.14 CCA components leached out fiom CCA-treated wood sawdust 
CCA 

leached 
ci6 
(%) 
Cr 
(%) 

CU ( P P ~ )  

As 
(%) 

*: Undetectable 

Water 
extraction 

No 
Yes 
No 
Yes 
No 
Yes 
No 
Yes 

CCA retention (kg/m3) 
26.1 
U 
U 

0.32 
0.37 
7.17 
7.1 1 
0.88 
1 .O9 

O 
U* 
U 

a . 0  L 
<O0 1 
0.05 
0.02 

cO.0 L 
<O.O L 

9.4 
U 
U 

1.17 
1 .50 
2.49 
2.45 
4.46 
5.3 5 

19.3 
U 
U 

0.38 
O .48 
4.2 1 
5.14 
1.32 
1.85 



~ r + ~  leaching performance illustrated in Table 4.14. So the leaching of CCA 

components may mainly depend on the fixation quality and other factors 

(such as the pH value of wood and the ratio of wood to leaching solution, 

etc.) rather than on CCA retention. 

From the data illustrated in Table 4.2 and Table 4.13, it was found that in 

the fïrst 28 day hydration, the leaching of chromium and ~ r + ~  was found to 

increase slightly with hydration time. Perhaps a little more crf3 was 

converted to ~ r + ~  during this perïod, leading to higher chromium and 

leaching amounts. Even though leaching amounts of chrornium and 

increased with hydration time, they were still at a very low level after 28 

days of hydration. 

4.3.3 The effects of waterkement ratio, silica fume and SP 

CCA leaching ability was significantly reduced after CCA-treated wood 

was encapsulated in hydrated Portland cernent (Table 4.15). Like the 

fmdings in the previous two sections, arsenic was completely stabilized, and 

copper and chromium leaching arnounts were very low. cf6 still existed in 

the leachate, and it was still the main constituent in total chromium leached 

out. 



Table 4.15 Leaching of chromium, copper and arsenic fiom 
CBPB made with spent CCA-treated wood*** 

(WaterIC) 1 Cr 

0.45/0/10 
0.45112110 

0.35/12/10 1 0.33(0.04) ABCDE 1 0.19(0.01) ABC 1 1.04(0.21) 1 <0.01 

0.35/1210 
O.3S/O/1O 

0.35(0.04) AEKD 

0.29(0.04) CDE 

The leaching of chromium and ~ r *  was mainly affected by 

As ~ r + ~  

0.40(0.00) A 

0.27(0.02) E 

0.35/0/20 
0.35/12/20 

waterkement ratio (Figure 4.26 - 4.27). Higher watedcement ratio led to 

Cu 

o. 19(0.0 1) AB 

0.15(0.0 1) DEF 

lower chromium and ~ r + ~  leaching amounts. This may result from the lower 

0.20(0.01) A 

0.16(0.01) BCDEF 

Means followed by the same character are not significantly different at 95 % . * *** 
level of confidence; Values in brackets are standard deviations; The leaching 

amounts of chromium, ~ r + ~ ,  copper and arsenic nom CCA-treated wood were: 1.69 %, 
undetectable, 8.73 % and 8.74 %, respectively; Waterk = waterkement ratio, SF = silica 
fume, SP = superplasticizer. 

0.36(0.00) ABC 

0.36(0.10) ABC 

water absorption and higher strength of cernent-bonded particleboard when 

I.30(0.13) 
0.59(0.28) 

higher waterlcement ratio was chosen. Thus, the leaching property of the 

<0.01 
<0.01 

1.28(0. 1 1) 
1.22(0.16) 

0.16(0.02) BCDE 

o. ig(o.03) ABC 

cernent-bonded particleboard from spent CCA-treated wood was highly 

(0.0 1 
10.01 

correlated with the structure of wood-cernent composites. 

1.71(0.16) 
1.12(0.21) 

c0.01 
~ 0 . 0 1  



The effect of silica fume to reduce chromium and cri6 leaching amounts 

was more significant with the addition of an adequate amount of water. 

Superplasticizer was not found to have any effect on leaching of chromium 

and crf6. 

S M  S P I 0  S N 0  S M  spsio SW20 1 SF;O 1 S F 3  1 S F 3  1 S F 4 2  SF4Z 1 SF=121 

SFISiiica Fume; SP-Superplasticizer 

Figure 4.26 The effects of silica fume, SP and watedcernent ration on Cr leaching 

I SP=O I SP=IOI S P = ~ O  SP=O / sp.10 sp=201 

SF=O SF=O SF=O SF=12 SF=12 SF=12 I l I I I l  
SFSilica Fume; SP-Superplasticuer 

Figure 4.27 The effects of silica fume, SP and waterkement ration on cre6 leaching 



5. Conclusions and Recommendations 

5.1 Wood-cement compatibility 

CCA treatment can significantly increase wood-cernent compatibility. 

This was supported by: 

increased hydration temperature developrnent rate; 

increased tricalcium silicate (C3S) and tricalcium aluminate (C3A) 

consumption rate; 

increased calcium hydroxide (Ca(OH)2) and ettringite formation rate, 

and generally, 

increased splitting tensile strength development rate (although this 

trend was not significant under high woodcement ratio) for CCA- 

treated wood-cernent composites. 

At a high CCA-treated woodcement ratio, the ordiiary dormant period 

of cernent hydration was shortened. This positive effect was proven to be 

brought about in part by the lower amounts of water extractives in CCA- 

treated wood and the difference of sugar types in its extracts. But the 

positive effect of CCA treatment became less significant with the further 



increase of CCA retention, especially when high woodcement ratio was 

applied and CaClz was added. 

Hot water extraction of wood increased the compatibility and strength of 

wood-cernent composites as demonstrated by early studies, but this effect 

was less important than CCA treatment. When wood with and without hot 

water extraction was further treated with CCA, the effect of hot water 

extraction on hydration of wood-cernent composites became less important. 

Increase of hydration tirne resulted in an increase in splitting tensile 

strengths. 

With an increase of wood content, the maximum hydration temperature 

decreased, and the splitting tensile strength was also reduced. Due to the 

effect of CaC12, time to reach maximum hydration temperature was 

shortened. 

At a low wood/cement ratio, both hydration characteristics (maximum 

hydration temperature, time to this temperature and inhibitory index) and 

splitting tensile strength could be applied to estimate wood cernent compati- 

bility, because there was a good relationship between them. That is, at low 

woodkernent ratio, the higher maximum hydration temperature, the shorter 

time needed to this temperature and the less the inhibitory index, the 

stronger the wood-cernent composites were, thus the better the wood cernent 



compatibility was. However, this correlation was not evident when 

woodlcement ratio was increased and CaC12 was added. 7 day splitting 

tensile strength was neither dependent on maximum hydration temperature 

nor on time to maximum hydration temperature when woockement ratio 

was high, and 28 day strength was only related to maximum hydration 

temperature. Thus hydration characteristics should be cautiously applied 

and interpreted when the woodkement ratio was high. 

5.2 The effects of silica fume, superplasticizer and 
watedcement ratio on the physical-mechanical 
properties of cernent-bonded particleboard made 
from spent CCA-treated wood 

Cement-bonded particleboard made fiom CCA-treated wood was found 

to possess properties similar to ordinary wood-cernent composites (Le. 

excellent weathering resistance and dimension stability, and acceptable 

strength). 

Among three factors tested, watedcement ratio was the most significant 

factor detennining the physical-mechanical properties of cernent-bonded 

particleboard made fkom spent CCA-treated wood. Enough water was the 

prerequisite for better performance of the fmal product, since almost al1 the 



tested properties of CBPB were found to be improved significantly after 

simply adjusting waterlcement ratio fkom 0.35 to 0.45. 

The addition of silica fume could increase the bonding ability of and the 

dimensional stability of CBPB f?om spent CCA-treated wood. The positive 

effects of silica fume on the bending strength and stiffhess and their 

weathering resistance were not evidenced in al1 cases due to the complex 

interactions among silica fume, superplasticizer and waterlcement ratio. It 

even hindered the gainùig of physical-mechanical properties when water 

amount could not be guaranteed. The beneficial effect of silica fume was 

demonstrated when waterkement was at the high level and superplasticizer 

was not considered. 

The addition of superplasticizer significantly increased bonding strength 

and decreased water absorption ability. The water reducing effect of 

superplasticizer relied more on the water amounts, because its good effect 

could be obsewed at 0.35 waterkement ratio. 

After assessing the effects of water arnount, silica fume and 

superplasticizer on the physical-mechanical properties and leachability of 

cernent-bonded particleboard made fkom spent CCA-treated wood, the 

optimal board production process of those evaluated was: waterlcement ratio 



= 0.45, silica fume = 12 % of cernent amount and without the addition of 

superplasticizer. 

5.3 Leaching properties of CCA-treated wood-cernent 
composites 

Because of the stabilization effect of Portland cernent, CCA components 

were generally fixed well after CCA-treated wood was mixed with cernent. 

Arsenic was below the detection limit in the leachate of CCA-treated wood- 

cernent composites in most of the circumstances. Copper leached fiom this 

composite originated mainly fiom hydrated cernent. The leaching amount of 

chromium was reduced significantly, but a small amount of ~ r + ~  was 

detected in the leachate and at least half of the total chromium leaching 

arnount was found to be in the form of cc6. 
The leaching of CCA components fiom CCA-treated wood-cernent 

composites was independent of CCA retention and wood/cement ratio. 

Although the extension of hydration time resulted in a slight increase of 

chromium and leaching amounts, the leaching of chromium and ~ r ' ~  

was still kept at a very low level. 

Among al1 the accelerators considered, CaC12 had the best effect to 

control the leaching of chrornium and ci6, and Na2C03 was the worst one. 
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The addition of silica fume and FeS04 had some effects to reduce the 

leaching of chrornium and ~r+ ' ,  but neither of them could cornpletely 

prevent the leaching of chromium and ~ r ?  In addition, the increase of 

waterkement ratio decreased the leaching of chromium and cri6. 

The leaching of chromium and appeared to be related to the 

physical-mechanical properties of CCA-treated wood-cernent composites, 

since those with superior physical-mechanical performance were often 

accornpanied with lower chromium and leaching amounts. 

5.4 Recommendations 

The following items should be considered in fùture work of recycling 

CCA-treated wood into wood-cernent compsoites: 

1. Evaluate the effect of wood particle size 

properties of cernent-bonded particleboard. 

and geometry 

2. Develop a mode1 to predict the effects of processing parametei 

on the 

rs on the 

performance of cernent-bonded particleboard and to optirnize these 

parameters, such as the optimal water requirement related to 

wood/cement ratio and moisture content of wood, etc. 

3. Conduct more severe accelerating aging testing and the evaluation of 

the durability of cernent-bonded particleboard. 



4. Field test to evaluate the durability and leachability of cernent-bonded 

particleboard over long term exposure. 

5.  Evaluate the methods for the rapid hardening of cernent-bonded 

particleboard production, such as the injection of CO2. 

6. Assess the leaching properties of cernent-bonded particleboard 

following the TCLP procedure. 

7. Investigate the different sugar types in the water extractives of CCA- 

treated wood and untreated wood, and the effect of these sugars on the 

hydration of wood-cernent composites. 

8. Use EDX to do X-ray mapping to identie the chernical composition 

of the wood-cernent interface. 

9. Investigate the effect of carbonation on the leaching characteristics. 



6. Literature Cited 

Adaska W.S., Tresouthick S.W., West P.B., 1998. Solidification and 
stabilization of waste using Portland cernent, 2nd edition, Portland Cernent 
Association 

Anderson DG., 1989. The accelerated fixation of chromated copper 
preservative treated wood, Proceedings of the 10" annual meeting of the 
Canadian Wood Preservation Association, 10: 75- 1 10 

Anon. , 1998. Powder diffraction database, PDF-2 (Sets 1-47), IC DD 

Anon., 1996. Book of Standards, American Wood-Preserver's Association 

Anon., 1999. hm://mv-us.anal~cal.~hilips.com/technolo~ies/ 

Arsenault R.D., 1975. CCA-treated wood foundations, a study of 
permanence, effectiveness, durability, and environmental considerations, 
Proceedings, American Wood-Preserver's Association, Stevensville, MD, 
Vol. 71: 126-149 

Badejo S.O.O., 1988. Effect of flake geometry on properties of cernent- 
bonded particleboard from mixed tropical hardwoods, Wood and Fiber 
Science, 22(4): 357-369 

Bames H.M., Murphy R.J., 1995. Wood preservation: the classics and the 
new age, Forest Prod. J., 45(9): 16-26 

Blankenhorn P.R., Laboslq P., DiCola M., Stover L.R., 1994. Compressive 
strength of hardwood-cernent composites, Forest Prod. J., 44(4): 59-62 

Chen J., 1994. The relationship between wood temperature and fixation rate 
of CCA-C treated red pine sapwood, Master degree thesis, Faculty of 
Forestry, University of Toronto 

Cody R. P., JefEey K. S., 1994. Applied statistics and the SAS programming 
language, 4th edition, Prentice Hall 



Conner J.R., 1990. Chernical fixation and solidification of hazardous wastes, 
van Nostrand Reinhold 

Conner J.R., 1997. Guide to improving the effectiveness of cernent-based 
stabilization/solidification, Portland Cernent Association 

Cooper P. A., Ung T.Y., 1992. Accelerated fixation of CCA treated poles, 
Forest Prod. J., 42(9): 27-32 

Cooper P.A., 1992. Leaching of CCA fkom treated wood: pH effects, Forest 
Prod. J., 42(1): 30-32 

de Groot R.C., 1995. Current and future options for managing used 
preservative-treated wood, The International Research Group on Wood 
Presewation, Document No: IRG/95-50042 

Frias M., Sanchez Rojas M.I., 1995. Determination and quantification of 
total chromium and water soluble chromium contents in commercial 
cements, Cernent and Concrete Research, 25(2): 433-43 9 

Geiver R.L., Souza M.R-, Moslerni A.A., Sirnatupang M.H., 1992. carbon 
dioxide application for rapid production of cernent particleboard, 
Proceedings, Inorganic-Bonded Wood and Fiber Composite Materials, 
Editor Moslemi A.A., Forest Prod. Soc., Madison, Wis., Vol. 3: 3 1-41 

Glasser F.P., 1997. Fundamental aspects of cernent solidification and 
stabilization, Journal of Hazardous Matenals, Z(1997): 15 1 - 170 

Gnanaharan R., Dharnodaran T.K., 1985. Suitability of some tropical 
hardwoods for cernent-bonded wood-wool board manufacture, 
Holzforschung, 39(6): 33 7-340 

Gould J.P., 1982. The kinetics of hexavalent chromium reduction by 
metallic iron, Water Resource, 1982, 16: 87 1-877 

Hachrni M., Moslemi A.A., 1989. Correlation between wood-cernent 
compatibility and wood extractives, Forest Prod. J., 39(6): 55-58 



Hartford H.W., 1986. The practical chemistry of CCA in service, 
Proceedings, American Wood-Preserver's Association, Vol 82, Stevensville, 
MD, pp: 28-43 

Hofstrand A.D ., Moslemi A.A., Garcia J.F., 1984. Curing characteristics of 
wood particles fiom nine northem Rocky Mountain species mixed with 
portland cernent, Forest Prod. J., 34(2): 57-61 

Hsu W. E., 1995. Cernent-bonded particleboard fiom recycled chromated 
copper arsenate (CCA)-treated and virgin wood, Proceedings, Inorganic- 
Bonded Wood and Fiber Composite Materials, Editor Moslerni A.A., Forest 
Prod. Soc., Madison, Wis., Vol. 4: 3-5 

Huang C., Cooper P. A, 2000. Cement-bonded particleboards using CCA- 
treated wood removed fkom service, Forest Prod. J., 50(6): 49-56 

Illston, J.M., 1994. Construction materials: their nature and behavior, E & 
FN SPON 

James, J., 199 1. Techniques for the study of cernent hydration, in "Cernent 
and Concrete Science and Technology", edited by Ghosh, S.N., pages: 19 1- 
22 1 

Khayat K.H-, Aitcin P.C., 1992. Silica fume in concrete - an overview, 
Proceedings, Fourth International Conference on Fly Ash, Silica Fume, Slag, 
and Natural Pozzolans in Concrete, Istanbul, Editor: Malhotra V.M., AC1 
SP-132, Vol. 2: 835-872 

Klemrn W.A., et al., 1994. Hexavalent chromium in Portland cernent, 
Cernent, Concrete, and Aggregates, l6(l): 43-47 

Kuroki Y., Nagadomi W., Kawai S., Sasaki H., 1996. New development and 
markets for cernent-bonded particleboard and fiberboard in Japan, 
Proceedings, Inorganic-Bonded Wood and Fiber Composite Materials, 
Editor Moslemi A.A., Forest Prod. Soc., Madison, Wis., Vol. 5: 64-73 

Kurpiel F., 1998. Fiber-cement siding is tomorrow's growth product, Wood 
Technology, 1998(4): 50-53 



Lahtinen P.K., 1990. Experience with cernent-bonded particleboard 
manufacturing when using a short-cycle press line, Proceedings, Inorganic- 
Bonded Wood and Fiber Composite Materials, Editor Moslemi A.A., Forest 
Prod. Soc., Madison, Wis., Vol. 5: 32-34 

Lee A.W.C., Hong Z. ,  1986. Compressive strength of cylindncal samples as 
an indicator of wood-cernent compatibility, Forest Prod. J., 36(11- 12): 87-90 

Lee A.W.C., Hong Z., Philips D.R., Chung Y.H., 1987. Effect of 
cement/wood ratios and wood storage conditions on hydration temperature, 
hydration time, and compressive strength of wood-cernent mixtures, Wood 
and Fiber Science, 19(3): 262-268 

Ligna Technologies Ltd., 1987. Report on cernent-bonded particleboard, its 
applications and prelirninary assessment of a plant to be located in Alberta, 
Forestry Canada and the Alberta Forest Service 

Liu Z., Moslemi A. A., 1985. Influence of chemical additives on the 
hydration characteristics of western larch wood-cernent-water mixtures, 
Forest Prod. J., 35(7/8): 37-43 

Mabee W.E., Roy D.N., Charles D.A., 1995. Chemistry and biochemistry of 
wood-laboratory manual, Faculty of Forestry, University of Toronto 

Macias, A., 1997. Impact of carbon dioxide on the immobilisation potential 
of cemented wastes: chromium, Cernent and Concrete Research, 27(2): 2 15- 
225 

McQueen J., Stevens J., 1998. Disposa1 of CCA-treated wood, Forest Prod. 
5. ,48(11/12): 86-90 

Miller P.D., Moslemi A.A, 199 1. Wood-cement composites: effect of mode1 
compounds on hydration characteristics and tensile strength, Wood and 
Fiber Science, 23(4): 472-482 

Miller PD., Moslemi A.A, 1991. Wood-cement composites: species and 
heartwood-sapwood effects on hydration and tensile strength, Forest Prod. 
J., 41(3): 9-14 



Montgomery, D.C., 1997. Design and analysis of experirnents, 4th edition, 
New York, Wiley 

Moslemi A.A., 1974. Particleboard, Southem Illinois University Press 

Moslemi A.A., Lim Y.T., 1984. Compatibility of southem hardwoods with 
Portland cernent, Forest Prod. J., 34(7/8): 22-26 

Moslemi A.A., Pfister S C ,  1987. The influence of cement/wood ratio and 
cernent type on bending strength and dimensional stability of wood-cernent 
composite panels, Wood and Fiber Science, 1 g(2): 165- 175 

Moslemi A.A., Souza M., Geimer R., 1994. Accelerated aging of cernent- 
bonded particleboard, Proceedings, Inorganic-Bonded Wood and Fiber 
Composite Materials, Editor Moslemi A.A., Forest Prod. Soc., Madison, 
Wis., Vol. 4: 83-88 

Moslemi, A.A., Garcia J.F., Hofstrand A.D., 1983. Effect of various 
treatments and additives on wood-Portland cernent-water systems, Wood 
and Fiber Science, 15(2): 164-176 

Munson LM., Kamdem D. P., 1998. Reconstituted particleboards fiom 
CCA-treated red pine utility poles, Forest Prod. J. ,48(3): 55-62 

Nagadomi W., Kuroki Y., Eusebio D.A., Ma Linfei, Kawai S., Sasaki H., 
1996. Rapid curing of cernent-bonded particleboard III. Effects of sodium 
hydrogen carbonate and some cernent hardening accelerators, Mokuzai 
Gakkaishi, 42(8): 762-768 

Neville, A.M., 1995. Properties of concrete, Longrnan Group Limited 

Pablo A., Geimer R.L., Wood J.E. Jr, 1994. Proceedings, Inorganic-Bonded 
Wood and Fiber Composite Materials, Editor Moslemi A.A., Forest Prod. 
Soc., Madison, Wis., Vol. 4: 98-102 

Parrott, J., et al., 1990. Monitoring Portland cernent hydration: cornparison 
of methods, Cernent and Concrete Research, 20(6): 9 19-926 



Pinero M.R. 1998. Stabilization of a chromium containing waste: 
immobilization of hexavalent chromium, Journal of the Air and Water 
Management Association, 48: 1093- 1099 

Rahim S., Chew L.T., Ong C.L., Zakaria M.A., 1989. Storage eBects of 
rubbenvood on cernent-bonded particleboard, Journal of Tropical Forest 
Science, l(4): 365-370 

Ramachandran V.S., 1976. calcium chloride in concrete, science and 
technology, Applied Science Publishers 

Richardson B.A., 1993. Wood preservation, London; New York: E. & F.N. 
Spon 

Rixom M.R., Mailvaganam N., 1999. Chemical admixtures for concrete, E 
& FN Spon 

Schmidt R., Marsh R., Balatinecz J.J., Cooper P.Ay 1994. Increased wood- 
cernent compatibility of chromated treated wood, Forest Prod. J. , 44(7/8): 
44-46 

Schwarz H.G., Simatupang M.H., 1983. Influence of the chernical 
composition of poalmd cernent on the compression strength of samples 
composed of cernent and spruce or beech particles, Holz-als-Roh-und- 
Werkstoff, 4 l(2): 65-69 

Simatupang M.H., 1979. The water requirement in production of cernent- 
bonded wood particleboard, Holz-als-Roh-und-Werkstoff, 37(10): 379-3 82 

Simatupang M.H., et al., 1990. Inorganic binder for wood composites: 
feasibility and limitations, Wood Adhesives 1990, 16% 176, Forest Products 
Society 

Smith F.M., 1990. The professional contractor/remolder: market research for 
CCA-treated lumber products, Forest Prod. J. ,40(6): 8-14 

Smith R.L., 1998. An industry evaluation of the reuse, recycling, and 
reduction of spent CCA wood products, Forest Prod. J. ,48(2): 44-48 



Soroushian P., Shah Z., Marikunte S., 1992. Use of kraft and recycled fibers 
in fiber-cernent products, Proceedings, Inorganic-Bonded Wood and Fiber 
Composite Materials, Editor Moslemi A.A., Forest Prod. Soc., Madison, 
Wis., Vol. 3: 9-19 

Soroushian P., Shah Z., Won J.P., 1994. Durability characteristics of 
wastepaper fiber-cement composites, Proceedings, Inorganic-Bonded Wood 
and Fiber Composite Matenals, Editor Moslemi A.A., Forest Prod. Soc., 
Madison, Wis., Vol. 4: 89-97 

Taylor, H.F. W., 1990. Cernent chemistry, Academic Press Inc. 

Taypin J., 1990. Characteristics of production and application of cernent- 
bonded particleboard in Soviet Union, Proceedings, Inorganic-Bonded 
Wood and Fiber Composite Materials, Editor Moslemi A.A., Forest Prod. 
Soc., Madison, Wis., Vol. 5: 55-57 

Toutanji H.A., El-Korchi T., 1995. The influence of silica fume on the 
compressive strength of cernent paste and mortar, Cernent and Concrete 
Research, 25(7): 159 1-1602 

Weatherwax R.C., Tarkow H., 1964. Effect of wood on setting of Portland 
cernent, Forest Prod. J., 14(12): 567-570 

Wolfe R.W., Gjinolli A., 1999. Durability and strength of cernent-bonded 
wood particle composites made from construction waste, Forest Prod. J., 
49(2): 24-3 1 

Zouladian A., Mougel E., Sauvat N., Fondrevelle J., 1996. Effect of 
Accelerators on the characteristics of wood-cernent particleboard, 
Proceedings, Inorganic-Bonded Wood and Fiber Composite Materials, 
Editor Moslemi A.A., Forest Prod. Soc., Madison, Wis., Vol. 5: 26-32 



Appendix A: The Data and SAS output about the wood- 
cernent compatibility 



Anamis of splitting tende strength at low woodkement ratio 

The ANOVA Procedure 

Dependent Var iab le :  STRENGTH 

Source 
Mode1 
E r r o r  
C o r r e c t e d  T o t a l  

Source 
HWEXTRA 
CCARTN 
TIME 
HWEXTRA*CCARTN 

Sum of 
DF Squares Mean Square F Value 
8 5.03558333 0.62944792 37.79 

39 0.64966458 0.01 665807 
47 5.68524792 

R-Square Coeff Var Root MSE STRENGTH Mean 
0.885728 3.772714 0.1 29066 3.421 042 

D F Anova SS Mean Square F Value 
1 0.04025208 0.04025208 2.42 
3 2.00378958 0.66792986 40.10 
1 2.63671 875 2.63671 875 158.28 
3 0.35482292 0.11827431 7.10 

The ANOVA Procedure 

Duncan's M u l t i p l e  Range T e s t  f o r  STRENGTH 

Alpha 0.05 
E r r o r  Degrees o f  Freedom 39 
E r r o r  Mean Square 0.016658 

Means w i t h  t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping 
A 
A 

Duncan Grouping 
A 
A 

B 
C 

Duncan Grouping 
A 
B 

HWEXTRA 
O 

1 

CCARTN 
26.1 
19.3 
9.4 
O 

TIME 
28 



Analpis of 7th dav splitting tensile strength at low woodkement ratio 

The ANOVA Procedure 

Duncan's M u l t i p l e  Range Test f o r  STRENGTH 

Alpha 0.05 
Er ro r  Degrees o f  Freedom 16 
E r ro r  Mean Square 0.01 5675 

Means w i th  t he  same l e t t e r  are not  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping 
A 
A 

B A 
B A 
B A C  
B C 

C 
0 

Analvsis of 2sth dav splitting tensile strength at low woodkement ratio 

The ANOVA Procedure 

Duncan's M u l t i p l e  Range Test f o r  STRENGTH 

A l p h a  O. 05 
Er ro r  Degrees o f  Freedom 16 
Er ro r  Mean Square 0.01 7704 

Means wi th the  same i e t t e r  are not s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping 
A 
A 
A 
A 
A 
B 
B 
B 



Analvsis of hvdration inhibitory index at low woodfcement ratio 

The ANOVA Procedure 

Dependent Var iable:  INDEX 

Source 
Mode1 
E r r o r  
Corrected T o t a l  

Source 
HWEXTRA 
CCARTN 
HWEXTRAfCCARTN 

Som of 
D F Squares Mean Square F Value P r  > F 
7 2855.955833 407.993690 201 -32 c. 0001 
40 81 .O63333 2,026583 
47 2937.01 91 67 

Coeff  Var Root MSE INDEX Mean 
26. 71 302 1.423581 5.3291 67 

DF Anova SS Mean Square F Value P r  > F 
1 165.020833 165.020833 81.43 <.O001 
3 2222.630833 740.876944 365.58 c. 0001 
3 468.304167 156.101389 77.03 <.O001 

The ANOVA Procedure 

Duncan's M u l t i p l e  Range Test  f o r  INDEX 

Alpha 0.05 
E r r o r  Degrees o f  Freedom 4 0 
Er ro r  Mean Square 2.026583 

Means w i t h  t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping 

Duncan Grouping 
A 
B 
C 
C 

Duncan Grouping 
A 
B 
C 

D C 
O E 

E 
E 
E 

HWEXTRA 

CCARTN 
O 
9.4 
19.3 
26.1 

HWEXTRAICCARTN 
O10 
1 IO 
119.4 
019.4 
Oj19.3 
1/19.3 
O/26.l 
1 126.1 



Analvsis of max. hvdration temperature at low wood/cement ratio 

The ANOVA Procedure 

Dependent V a r i a b l e :  MAX. TEM 

Source 
Mode1 
E r r o r  
Cor rec ted  T o t a l  

Source 
HWEXTRA 
CCARTN 
HWEXTRAtCCARTN 

Sum o f  
DF Squares Mean Square F Value 
7 300.7500000 42.9642857 15.94 
40 107.8266667 2.6956667 
47 408.5766667 

R-Square C o e f f  Var Root MSE TEM Mean 
O. 736092 3.960238 1 .641849 41 -45833 

OF Anova SS Mean Square F Value 
1 3.3075000 3.3075000 1.23 
3 268.3116667 89.4372222 33.18 
3 29.1308333 9.71 02778 3.60 

The ANOVA Procedure 

Duncan's M u l t i p l e  Range Tes t  f o r  TEM 

Alpha 0.05 
E r r o r  Degrees o f  Freedom 40 
E r r o r  Mean Square 2.695667 

Means w i t h  t h e  same l e t t e r  are  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping 
A 
A 

Duncan Grouping 
A 
A 
B 
C 

Duncan Grouping 
A 

B 
B 
B 

C B 
C D 

D 
E 

N HWEXTRA 
24 1 
24 O 

N CCARTN 
12 26.1 
12 19.3 
12 9.4 
12 O 



Analvsis of time to max. hvdration temperature at low woodfcement ratio 

The ANOVA Procedure 

Dependent Variable: TIME 

Source 
Mode1 
E r ro r  
Corrected T o t a l  

Source 
HWEXTRA 
CCARTN 
HWEXTRA*CCARTN 

Sum o f  
D F Squares Mean Square F Value Pr > F 
7 465.2645250 66.4663607 247.96 c. 0001 

40 1 O. 7222667 O. 2680567 
47 475.986791 7 

R -Square Coef f Var Root MSE TIME Mean 
O. 977474 3.421 485 O. 51 7742 15.13208 

D F Anova SS Mean Square F Value Pr  > F 
1 26.2552083 26.2552083 97.95 <.O001 
3 384 -3361 750 128.1 120583 477.93 <.O001 
3 54.6731 41 7 18.2243806 67.99 <.O001 

The ANOVA Procedure 

Duncan's M u l t i p l e  Range Test f o r  TIME 

Alpha 0.05 
E r ro r  Degrees o f  Freedom 40 
E r ro r  Mean Square 

Means w i t h  the  same l e t t e r  are 

Duncan Grouping 
A 

B 

Duncan Grouping 
A 
B 
C 
D 

Duncan Grouping 
A 
B 

O. 268057 

n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

HWEXTRA 
O 
1 

CCARTN 
O 
9.4 
19.3 
26.1 



Hvdration characteristics and strength at hieh wood/cement ratio 

Obs. 
1 
2 

3 
4 
5 
6 
7 
8 
9 
10 
11  
12 
13 
14 
15 
16 

T2 
(hour) 
20.8 
21 -1 
20.3 
21.3 
11.5 
11 -7 
11.8 
11 -8 
12.7 
13.1 
1 1 -3 
11 -3 
11 -5 
1 1 -2 
12.5 
12.1 

Retention 
(kg/m3) 

O 
O 
O 
O 
9.6 
9.6 
9.6 
9.6 
9.6 
9.6 
20 
20 
20 
20 
20 
20 

7L" day 
SPS (MPa) 

1-10 
1.39 

1.28 
1.33 
1 -42 

1 -24 
1.33 
1 -33 

Max. TE 
(OC) 
31 -6 
32.7 
31 -1 
30.8 
37.1 
35.6 
34.6 
33.7 
34.1 
34.8 
36.4 
37.8 
36.5 
35.3 
34.8 
34.4 

28" day 
SPS (MPa) 

1.32 
1.57 

1.60 
1 -67 
1 -52 

1 -48 
1 -70 
1 -63 



Analvsis of salitting tensiIe strength at high wood/cernent ratio 

The GLM Procedure 
Dependent Var iab le:  STRENGTH 

Source 
Model 
E r ro r  
Corrected T o t a l  

Sum of 
DF Squares Mean Square F Value Pr  > F 
3 0.30906667 0.10302222 9.38 0.0018 
12 O. 131 77708 O. 01 0981 42 
15 0.44084375 

R -Square Coef f Var Root MSE STRENGTH Mean 
O .700091 7.343591 15.24759 207.6313 

Source 
CCAR ETN 
TIME 

Source 
CCARETN 
TIME 

DF Type 1 SS Mean Square F Value Pr > F 
2 0.041 26042 O. 02063021 1.88 0.1951 
1 0.26780625 0.26780625 24.39 0.0003 

DF Type III SS Mean Square F Value P r  > F 
2 O. 041 26042 0.02063021 1.88 0.1951 
1 0.26780625 0.26780625 24.39 0.0003 

The GLM Procedure 
Duncan's Mu l t i p l e  Range Tes t  f o r  STRENGTH 

Alpha O. 05 
E r r o r  Degrees of Freedom 12 
Er ro r  Mean Square O. O1 0981 

Means w i t h  t he  same l e t t e r  are n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping 
A 
A 
A 

Duncan Grouping 
A 
B 

Duncan Grouping 
A 
A 

8 A 
8 
B 
B 

hi CCARETN 
6 19.3 
6 26.1 
4 O 



Analysis of 7" day s~littine tensile strength at high woodkement ratio 

The GLM Procedure 

Duncan's Mu l t ip le  Range Test  f o r  STRENGTH 

Alpha 0.05 
E r r o r  Degrees o f  Freedon 5 
E r r o r  Mean Square 0.01 1503 

Means w i t h  t h e  same l e t t e r  a re  no t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping Mean N CCARETN 
A 1 ,34333 3 19.3 
A  1.30000 3 26.1 
A 1.24500 2 O 

Analysis of 2gth day splitting tensile strength at high woodkement ratio 

The GLM Procedure 

Duncan's Mu l t i p l e  Range Test f o r  STRENGTH 

Alpha 0 .O5 
E r r o r  Degrees o f  Freedom 5 
E r r o r  Mean Square 0.013557 

Means w i t h  t h e  same l e t t e r  are no t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping Mean N  CCARETN 
A 1.6033 3 26.1 
A 1.5967 3 19.3 
A 1 .4450 2 O 



Analysis of max. hydration temperature at high woodkement ratio 

The GLM Procedure 
Dependent Var iab le :  TEMP 

Source 
Model 
E r r o r  
Cor rec ted  T o t a l  

R-S 

Sum o f  
D F Squares 
2 47.38770833 
13 17.59166667 
15 64.97937500 

a r e  Coeff Var Ro 

Mean Square F Value P r  > F 
23.69385417 17.51 0.0002 
1 .35320513 

o t  MSE TEMP Mean 

Duncan's M u l t i p l e  Range Tes t  f o r  TEMP 

A l p h a  0.05 
E r r o r  Degrees o f  Freedom 13 
E r r o r  Mean Square 1 .353205 

Means w i t h  t h e  same l e t t e r  are  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping Mean N CCARETN 
A 35.8667 6 26.1 
A 34.9833 6 19.3 
B 31 .5500 4 O 

Analvsis of Time to Max. hvdration te~merature at h i ~ h  woodkement ratio 

The GLM Procedure 
Dependent V a r i a b l e :  TIME 

Sum o f  
Source D F Squares Mean Square F Value P r  > F 
Mode1 2 243.9002833 121.9501417 392.46 c. 0001 
E r r o r  13 4.039491 7 0.31 07301 
Corrected T o t a l  15 247.9397750 

R-Square Coeff Var Root MSE TIME Mean 
O. 983708 3.9481 66 0.557432 14.11875 

Duncan's M u l t i p l e  Range Test f o r  TIME 

A lpha  0.05 
E r r o r  Degrees o f  Freedom 13 
E r r o r  Mean Square 0.31073 

Means w i t h  t h e  same l e t t e r  are  no t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping Mean N CCARETN 
A 20.8725 4 O 
0 12.0967 6 19.3 
0 1 1 .6383 6 26.1 



Hot extractive contents of CCA treated and untreated wood 

Obs. 
1 
2 

Anaïvsis of hot extractive contents 

The ANOVA Procedure 

3 
4 
5 
6 

Dependent Variable:  CONTENT 

Wood Type 
CCA treated red pine 
CCA treated red ~ i n e  

Source 
Mode1 
E r r o r  
Corrected T o t a l  

Hot water extractive content (%) 
3.38 
3.14 

CCA treated red pine 
untreated red pine 
untreated red pine 
untreated red pine 

Source 
TREATMENT 

2.91 
4.31 
4.1 O 
4.28 

Sum o f  
DF Squares Mean Square F Value P r  > F 

1 1 .71735000 1 -71 735000 51.68 0.0020 
4 O .  13293333 0.03323333 
5 1 .85028333 

R-Square C0ef f Var Root MSE CONTENT Mean 

D F Anova SS Mean Square F Value P r  > F 
1 1 .71735000 1 .71735000 51 .68 0.0020 

The ANOVA Procedure 

Duncan's Mu l t i p l e  Range Test f o r  CONTENT 

Alpha O .  05 
E r r o r  Degrees o f  Freedom 4 
E r r o r  Mean Square 0.033233 

Means w i t h  t h e  same l e t t e r  are no t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping Mean N TREATMENT 
A 4.2133 3 O 
B 3.1433 3 1 



Appendix B: The Data and SAS output about the 
physical-mechanical properties of CBPB 

The densi* and moisture content of CBPB 

Obs. 
1 
2 

(Water1C)lSFlSP 
O .45/0/0 
O .45/0/0 

Density (glcrnd) 
1.16 
1.18 

Moisture Content (%) 
1 5.43 
15.48 



The effects of waterkement ratio, silica fume and superplasticizer on the 
strength of CBPB 
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The effects of waterkement ratio, silica fume and superplasticizer on the 
water absorption and thickness sweilin~ of CBPB 

(Water1C)l TS WA 
S FIS P (%) (%) 

Obs. WA 
(%) 

(Water1C)l 
SFISP 

TS 
(%) 



Analysis of modulus of rupture 

The ANOVA Procedure 
Dependent Va r i ab l e :  MOR 

Source 
Mode1 
E r r o r  
Corrected T o t a l  

Source 
SF 
SP 
WATER 
SF*SP 
SPWATER 
SP*WATER 
SF*SP*WATER 

Sum o f  
OF Squares Mean Square F Value 
1 1  1 1 7.0473500 IO. 6406682 1 1  -36 
60 56.2092000 O. 9368200 
7 1 173.2565500 

R-Square C o e f f  Var Root MSE STRENGTH Mean 
O. 675572 13.40729 O. 967895 7.219167 

Anova SS 
4.40055556 
2.40397500 
66.701 25000 
9.7560361 1 
2.53875556 
15.32040833 
15.92636944 

Mean Square F Value 
4.40055556 4.70 
1 .20198750 1.28 
66.701 25000 71 -20 
4.87801 806 5.21 
2.53875556 2.71 
7.6602041 7 8.18 
7.9631 8472 8.50 

Duncan's M u l t i p l e  Range Test f o r  STRENGTH 
Alpha 0.05 
Er ro r  Degrees o f  Freedom 60 
Er ro r  Mean Square O. 93682 

Means w i t h  the same l e t t e r  a re  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping Mean N SF 

Duncan Grouping Mean N SP 
A 7.4242 24 O 
A 7.2529 24 20 
A 6.9804 24 10 

Duncan Grouping Mean N WATER 
A 8.1817 36 0.45 
B 6.2567 36 0.35 

Duncan Grouping 
A 
B 

C  B  
C  B D 
C E B D  
C E F D  

E F D  
E F 
E F 
E F 

F 
F 



Analvsis of modulus of elasticity 

The N O V A  Procedure 
Dependent Variable: MOE 

Sum of 
Source D F Squares Mean Square F Value 
Mode1 11 39285936.82 3571 448.80 13.42 
E r ro r  60 15966587.50 2661 09.79 
Corrected T o t a l  7 1 55252524.32 

R-Square Coeff Var Root MSE STRENGTH Mean 
0.711025 1 2,94207 51 5.8583 3985.903 

Source 
SF 
SP 
WATER 
SF* SP 
SF*WATER 
SP*WATER 
SF*SP*WATER 

D F Anova SS 
1 794430 .13 
2 1186187.19 
1 1651 8794.01 
2 4499397.58 
1 1070916.13 
2 84031 25.69 
2 681 3086.08 

Mean Square F Value 
794430.13 2.99 
593093.60 2.23 

16518794.01 62.08 
2249698.79 8.45 
1070916.13 4.02 
4201562.85 15.79 
3406543.04 12.80 

Duncan's Mu l t i p l e  Range Test f o r  

Alpha 
E r ro r  Degrees o f  Freedom 
Er ror  Mean Square 266 

STRENGTH 

0.05 
60 

09.8 

Means w i t h  the same 

Duncan Grouping 
A 
A 

Duncan Grouping 
A 
A 
A 

Duncan Grouping 
A 
B 

Duncan Grouping 
A 
B 

C B 
C B D  
C B D  
C D 
C E 0  
C E D  

E D 
E D 
E D 
E 

l e t t e r  a re  no t  s i g n i f i c a n t l y  d i f f e r e n t .  

N WATER 
36 0.45 
36 0.35 



Analvsis of interna1 bonding strength 

The ANOVA Procedure 
Dependent Va r i ab l e  : 16 

Sum o f  
Source DF Squares Mean Square F Value 
Mode1 11 4.67582778 0.42507525 15.74 
E r r o r  60 1 ,62023333 O. 02700389 
Corrected T o t a l  7 1 6.29606111 

Source 
SF 
SP 
WATER 
SFfSP 
SFtWATER 
SPfWATER 
SF*SP*WATER 

R-Square Coef f Var Root MSE STRENGTH Mean 
0.742659 22.46802 O. 164329 0.731389 

Anova SS 
0.46080000 
0.28181111 
3.08347222 
0.17003333 
0.02722222 
0.4841 4444 
O. 1 6834444 

Mean Square 
O. 46080000 
O. 14090556 
3.08347222 
0.08501 667 
0.02722222 
0.24207222 
0.0841 7222 

F Value 
17.06 
5.22 

114.19 
3.15 
1 .O1 
8.96 
3.12 

Duncan's M u l t i p l e  Range Test  for  STRENGTH 

Alpha 0.05 
E r r o r  Degrees o f  Freedom 60 
E r ro r  Mean Square 0.027004 

Means w i t h  t he  same l e t t e r  a r e  f lot  s i g n i f i c a n t l y  d i f f e ren t .  

Duncan Grouping Mean N SF 
A 0.81139 36 12 
8 O. 651 39 36 O 

Duncan Grouping Mean N SP 
A 0.81667 24 20 
8 0. 70917 24 10 
B O. 66833 24 O 

Duncan Grouping Mean N WATER 
A 0.93833 36 0.45 
B O. 52444 36 O ..35 

Duncan Grouping 
A 
B 

C B 
C B D  
C B D  
C E D 

E D 
E D 

F E 
F G 
F G 

G 

SSW 
12fOf0.45 
12/20/0.45 
12/10/0 -45 
0/10/0.45 
0/20/0.45 
O/O/O. 45 
12/20/0.35 
0/20/0 -35 
12/10/0.35 
12/0/0.35 
0/10/0.35 
0/0/0.35 



Analrvsis of water absoration abilitv 

The MOVA Procedure 
Dependent Variable: WA 

Source 
Mode1 
Er ro r  
Corrected T o t a l  

Sum o f  
DF Squares Mean Square F Value 
1 1  280.7285153 25.5207741 8.96 
60 170.94271 67 2.8490453 
7 1 451.6712319 

R-Square Coeff V a r  Root MSE PERCENT Mean 
0.621 533 13.69672 1 .687912 12.32347 

Source 
SF 
S P 
SF'SP 
WATER 
SF'WATER 
SP 'WATER 
SF*SPfWATER 

Anova SS 
1 5.26281 250 
71 .O5054444 
30.64543333 
60.922401 39 
6.2481 1250 
84.8741 7778 
1 1 ,72503333 

Mean Square 
15.26281250 
35.52527222 
15.32271 667 
60.922401 39 
6.2481 1 250 
42.43708889 
5.86251 667 

Duncan ' s M u l t i p l e  Range Test f o r  VJA 

Alpha 0.05 
Erro r  Degrees o f  Freedom 60 
Erro r  Mean Square 

Means w i t h  t h e  same l e t t e r  are 

Duncan Grouping Mean 
A 12.7839 
B 11.8631 

Duncan Grouping Mean 

Duncan Grouping Me an 
A 1 3.2433 
B 1 1 .4036 

Duncan Grouping 
A 
B 

C B 
C B 

F Value 
5.36 
12.47 
5.38 
21 -38 
2.19 
14.90 
2.06 

2.849045 

n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

WATER 
0.35 
0.45 



Analvsis of thickness swelling 

The ANOVA Procedure 
Dependent Var iab le :  TS 

Source 
Mode1 
E r r o r  
Corrected T o t a l  

Source 
SF 
S P 
WATER 
SFfSP 
SFf WATER 
SP*WATER 
SF'SP*WATER 

Sum o f  
DF Squares Mean Square F Value 
11 17.33441 667 1 .57585606 3.70 
60 25.52293333 O. 42538222 
71 42.85735000 

R-Square Coef f Var Root MSE SWELLING Mean 
0.404468 45.21410 O. 65221 3 1 .442500 

Anova SS 
4.41045000 
1 .10730000 
7.63102222 
1 -91 263333 
0.07220000 
1 .71987778 
0.48093333 

Mean Square F Value 
4.41 045000 10.37 
0.55365000 1.30 
7.631 02222 17.94 
O. 95631 667 2.25 
0.07220000 0.17 
0.85993889 2.02 
0.24046667 0.57 

Duncan's M u l t i p l e  Range Test f o r  SWELLING 

Alpha 0.05 
E r r o r  Degrees of Freedom 60 
E r r o r  Mean Square 0.425382 

Means w i t h  t h e  same l e t t e r  a re  no t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping Mean N 
A 1 .6900 36 
B 1.1950 36 

Duncan Grouping Mean N 
A 1 .5400 24 
A 1 -5200 24 
A 1 -2675 24 

Duncan Grouping Mean N 
A 1.7681 36 
B 1.1169 36 

Duncan Grouping 
A 

B A 
B A C 
B A C 
B A C 
B D A C  
B D E C  
B D E C  
B D E C  

D E C  
D E 

E 

WATER 
0.35 
0 -45 

SSW 
0/0/0.35 
0/20/0.35 
0/10/0.35 
12/0/0.35 
12/20/0 -35 
0/10/0.45 
12/20/0 -45 
0/0/0.45 
0/20/0.45 
12/10/0.35 
12/10/0.45 
12/0/0.45 



Anabsis of MOR after accelerated aging 

The ANOVA Procedure 
Dependent Variable: MOR (A.A.) 

Sum o f  
Source OF Squares Mean Square F Value 
Mode1 1 1  168.2051 042 15.291 3731 9.11 
Er ro r  60 100.7277833 1 -6787964 
Corrected T o t a l  7 1 268.9328875 

R-Square Coeff  Var Root MSE STRENGTH Mean 
O. 625454 17.82336 1 .295684 7.269583 

Source 
S F 
SP 
WATER 
SF*SP 
SF*WATER 
SP*WATER 
SF*SP*WATER 

DF Anova SS 
1 0.1770125 
2 0.661 9083 
1 102.3165125 
2 0.7736083 
1 10.8190014 
2 33.661 2250 
2 19.7958361 

Mean Square 
O. 1770125 
0.3309542 

102.3165125 
O. 3868042 
10.8190014 
16.83061 25 
9 -8979181 

F Value 
0.11 
0.20 
60.95 
0.23 
6.44 
10.03 
S. 90 

Duncan's M u l t i p l e  Range Test f o r  STRENGTH 

Alpha 0 .O5 
Erro r  Degrees o f  Freedom 60 
Er ro r  Mean Square 1 -678796 

Means with the same l e t t e r  are no t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping Mean N 
A 7.3192 36 
A 7.2200 36 

Duncan Grouping Mean N 
A 7.3975 24 
A 7.2446 24 
A 7.1667 24 

Duncan Grouping Mean N 
A 8.4617 36 
6 6.0775 3 6 

Duncan Grouping 
A 
B 
B 

C B 
C B D 
C E B D  
C E B D  
C E D 

E D 
E 
E 

F 

SF 
12 
O 

S P 
O 
10 
20 

WATER 
0.45 
0.35 

N SF/SP/ (W/C) 
6 12/0/0.45 
6 0/10/0.45 
6 01010.45 
6 12/20/0.45 
6 1211010.45 
6 0/20/0.45 
6 0/20/0.35 
6 12/10/0.35 
6 12/20/0.35 
6 0/0/0.35 
6 0/10/0.35 
6 12/0/0.35 



Analvsis of MOE after accelerated adng 

The ANOVA Procedure 
Dependent Variable: MOE (A.A.) 

Sum o f  
Source OF Squares Mean Square F Value 
Mode1 11 54784248.50 4980386.23 9.16 
Error  60 3261 2929.00 543548.82 
Corrected Tota l  7 1 87397177.50 

R-Square Coef f Var Root MSE STRENGTH Mean 
0.626842 18.09036 737.2576 4075.417 

Source 
SF 
S P 
WATER 
SFfSP 
SF*WATER 
SP'WATER 
SF*SP*WATER 

Anova SS 
893784.50 

2628803.58 
25725964.50 

598738.08 
1304112.50 

14436846.75 
9195998.58 

Mean Square 
893784.50 

131 4401.79 
25725964.50 

299369.04 
1304112.50 
721 8423.38 
4597999.29 

F Value 
1.64 
2.42 

47.33 
0.55 
2.40 

13.28 
8.46 

Duncan's Mul t ip le  Range Test f o r  STRENGTH 

Alpha 0.05 
E r r o r  Degrees o f  Freedom 60 
Er ro r  Mean Square 543548.8 

Means w i th  t h e  same l e t t e r  are not s i g n i f i c a n t l y  d i f f e ren t .  

Duncan Grouping 
A 
A 

Duncan Grouping 
A 
A 
A 

Duncan Grouping 
A 
B 

Duncan Grouping 
A 
B 

C B 
C B D  
C B D  
C D 
C D 
C D 
C D 
C D 

D 

WATER 
0.45 
0.35 



Analvsis of IB after Accelerated aging 

The ANOVA Procedure 
Dependent Var iab le :  I B  (A.A.) 

Sum o f  
Source D F Squares Mean Square F Value 
Model 11 2.91 2381 94 O. 264761 99 15.03 
E r ro r  60 1.05695000 0.01761583 
Corrected T o t a l  71 3.96933194 

R -Square Coef f Var Root MSE STRENGTH Mean 
O. 733721 24.76335 O. 132725 0.535972 

Source 
S F 

S P 
WATER 
SF*SP 
SF*WATER 
SP*WATER 
SF*SP*WATER 

Anova SS 
O .2145125O 
0.081 74444 
2.01 670139 
0.1 O75OOOO 
0.09901 250 
0.27041111 
0.12250000 

Mean Square 
O. 21 451 250 
0.04087222 
2.01 6701 39 
0.05375000 
0.09901250 
0.13520556 
0.06125000 

Duncan's M u l t i p l e  Range Test f o r  STRENGTH 

Alpha 0.05 
E r ro r  Degrees o f  Freedom 60 
E r r o r  Mean Square 0.017616 

Means w i t h  the same 

Duncan Grouping 
A 
B 

Duncan Grouping 
A 

B A 
8 

Duncan Grouping 
A 
B 

Duncan Grouping 
A 
A 
B 
B 
B 

C B 
C B D  
C D 

D 
E D 
E D 
E 

F Value 
12.18 
2.32 

114.48 
3.05 
5.62 
7.68 
3.48 

l e t t e r  a re  no t  s i g n i f  i c a n t l y  d i f f  erent  . 

Mean N WATER 
0.70333 36 0.45 
0.36861 36 0.35 



Appendix C: The Data and SAS output about the 
leaching of CCA-treated wood-cernent composites 

The effects of FeS04. accelerator and water pH value on the leaching 
amounts (28 days hydration) 

Obs, 
1 
2 

pH 
7 
7 

Scavenger 
No FeS04 

FeSOA 

Accelerator 
No 
No 

Cr (%) 
0.1 63 
0.125 

cib (%) 
0.135 
0.1 I O  

Cu (ppm) 
O -20 
0-42 

As (%) 
~0 .02  
~0 .02  



The effects of I?eSO4. - accelerator and water PH value on the leachinq 
amounts (6 months hvdration) 



leachintr (28 davs hvdration) 

The ANOVA Procedure  

Dependent Var iable:  CR 

Source 

Mode1 
E r r o r  
Corrected T o t a l  

Source 

Sum of 
D F Squares Mean Square F Value 

R-Square Coeff  Var R o o t  MSE CR Mean 
O. 996696 13.88636 O. 078333 O. 5641 0 0  

PH 
SCAVENGER 
PH"SCAVENGER 
ACCELERATOR 
PH*ACCELERATOR 
SCAVENGERtACCELERATO 
PH*SCAVENGE*ACCELERA 

DF Anova SS Mean Square F Value 

49.85 
83.09 

1.72 
1382.17 

25.51 
6 4 - 9 7  

1 - 9 0  

The ANOVA Procedure 

Duncan's M u l t i p l e  Range T e s t  f o r  CR 

A lpha  0.05 
E r r o r  Degrees o f  Freedom 20 
E r r o r  Mean Square O. 0061 36 

Means w i t h  t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping 
A 
B 

Duncan Grouping 
A 
B 

Duncan Grouping 
A 
B 
B 
B 
B 

SCAVENGER 
NOFES04 
FES04 

ACCELERATOR 
NA2C03 
ALS04 
NOACCELE 
ALCL3 
CACL2 



Analvsis of the effects of FeS04, - accelerator and water pH value on ~ r + ~  
leaching (28 davs hvdration) 

The ANOVA Procedure 

Dependent Var iable:  CRSIX 

SOU r c e  
Mode1 
E r r o r  
Corrected T o t a l  

Sum o f  
DF Squares Mean Square F Value 
19 6.85276890 O. 36067205 45.40 
20 0.15888900 0.00794445 
39 7.01 165790 

R -Square Coef f  Var Root MSE CRSIX Mean 
0.977339 31 .44528 0.0891 32 O. 283450 

Source 
PH 
SCAVENGER 
PH*SCAVENGER 
ACCELERATOR 
PH*ACCELERATOR 
SCAVENGERtACCELERATO 
PH*SCAVENGE*ACCELERA 

Anova SS 
0.00882090 
0.17161000 
0.03433960 
5.97979640 
0.0097981 0 
0.5261 5600 
0.12224790 

Mean Square 
0.00882090 
0.17161000 
0.03433960 
1 -4949491 O 
O. 00244953 
O. 131 53900 
O. 030561 97 

F Value 
1 .ll 

21.60 
4.32 

188.18 
0.31 

16.56 
3.85 

The ANOVA Procedure 

Duncan's M u l t i p l e  Range Test f o r  CRSIX 

Alpha 0 .O5 
E r ro r  Degrees o f  Freedom 20 
E r ro r  Mean Square O. 007944 

Means w i t h  the  same l e t t e r  are no t  s i g n i f i c a n t l y  d i f ferent .  

Duncan Grouping 
A 
A 

Duncan Grouping 
A 
B 

Duncan Grouping 
A 
8 
B 
B 
B 

SCAVENGER 
NOFES04 
FES04 

ACCELERATOR 
NA2C03 
ALS04 
NOACCELE 
ALC L3 
CACLP 



Analvsis of the effects of FeS04, - accelerator and water pl3 value on Cu 
leaching (28 days hyàration) 

The ANO'JA Procedure 

Dependent Variable: COPPER 

Source 
Mode1 
Error  
Corrected T o t a l  

Sum o f  
il F Squares Mean Square F Value 
19 O. 51 500000 0.0271 0526 2.58 
20 O. 21 040000 0.01 O52000 
39 0.72540000 

R-Square Coeff Var Root MSE COPPER Mean 
O. 709953 34.18902 O. 102567 0.300000 

Source 
PH 
SCAVENGER 
PH*SCAVENGER 
ACCELERATOR 
PH*ACC€LERATOR 
SCAVENGER"ACCELERAT0 
PHfSCAVENGE*ACCELERA 

Anova SS 
0.00900000 
0.05329000 
0.00225000 
0.1636SOOO 
O. 12595000 
0.13226000 
0.02860000 

Mean Square 
0.00900000 
0.05329000 
0.00225000 
O. 04091 250 
0.03148750 
0.03306500 
O. 0071 5000 

F Value 
0.86 
5.07 
0.21 
3.89 
2.99 
3.14 
0.68 

Duncan's M u l t i p l e  Range Test f o r  COPPER 

NOTE: This t e s t  con t ro l s  t he  type 1 comparisonwise e r ro r  ra te ,  no t  t h e  experimentwise 
e r r o r  rate. 

Alpha 0 .O5 
Error Degrees of Freedom 20 
Error  Mean Square 0.01052 

Means w i t h  the  same l e t t e r  a re  no t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping Mean N 
A 0.31 500 20 
A 0.28500 20 

Duncan Grouping 
A 
8 

Duncan Grouping 
A 
A 

€3 A 
B 
€3 

C r i t i c a l  Range 

SCAVENGER 
NOFES04 
FES04 

ACCELERATOR 
NA2C03 
CACL2 
ALCL3 
NOACCELE 
ALS04 



138 

Analvsis of the effects of FeS04, - accelerator and water PH value on Cr 
leaching (6 months hydrationl 

The ANOVA Procedure 

Oependent Variable: CR 

Source 
Mode1 
E r ro r  
Corrected To ta l  

Source 
PH 
SCAVENGER 
PH'SCAVENGER 
ACCELERATOR 
PH*ACCELERATOR 
SCAVENGER'ACCELERATO 
PHfSCAVENGE*ACCELERA 

Sum o f  
D F Squares Mean Square F Value 
19 93.8951 1560 4.941 8481 9 79.29 
20 1 .24653800 0.06232690 
39 95.141 65360 

Coeff Var Root MSE CR Mean 
27.47673 O. 249654 O. 908600 

Anova SS 
0.0221 84-1 O 
1 .72889640 
O. 024900 1 O 

85.98875360 
0.2561 9540 
5.70650060 
0.16768540 

Mean Square 
0.0221 841 0 
1 .72889640 
O. 0249001 0 

21 .49718840 
0.06404885 
1 .42662SlS 
0.041 921 35 

F Value 
O -36 

27-74 
0 -40 

344.91 
1 .O3 

22.89 
0.67 

The ANOVA Procedure 

Duncan's Mu l t i p l e  Range Test f o r  CR 

Alpha 0.05 
Er ror  Degrees o f  Freedom 20 
Er ror  Mean Square 0.062327 

Means w i t h  the same l e t t e r  are n a t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping 
A 
A 

Duncan Grouping 
A 
B 

Duncan Grouping 
A 
B 

6 
B 
6 

SCAVENGER 
NOFES04 
FES04 

ACCELERATOR 
NA2C03 
ALS04 
NOACCELE 
ALCL3 . 

CACL2 



139 

Analvsis of the effects of FeS04, - acceierator and water pH value on ~ r *  
leachine (6 months hvdration) 

The ANOVA Procedure 

Dependent Variable: CRSIX 

Source 
Mode1 
E r r o r  
Corrected To ta l  

Sum o f  
DF Squares Mean Square F Value 
19 14.86378460 0.78230445 35.30 
20 0.44321700 O. 0221 6085 
39 15.307001 60 

R -  Square Coeff Var Root MSE CRSIX Mean 
0.971 045 36.03612 0.148865 0.413100 

Source 
PH 
SCAVENGER 
PHfSCAVENGER 
ACCELERATOR 
PH*ACCELERATOR 
SCAVENGER*ACCELERATO 
PHfSCAVENGE*ACCELERA 

Anova ss 
0.02284840 
O.  2405601 0 
0.02570490 

13.59461060 
0.05452060 
0.83806340 
0.08747660 

Mean Square 
0.02284840 
O. 2405601 0 
0.02570490 
3.39865265 
0.01 36301 5 
0.20951585 
O. 021 8691 5 

F Value 
1-03 

10.86 
1 . l 6  

153.36 
0.62 
9.45 
0.99 

The ANOVA Procedure 

Duncan's Mu l t i p l e  Range Test f o r  CRSIX 

Alpha 0.05 
E r r o r  Degrees o f  Freedom 20 
E r r o r  Mean Square 0 -022161 

Means w i th  t he  same l e t t e r  are not s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping 
A 
A 

Duncan Grouping 
A 
B 

Duncan Grouping 
A 
B 
B 
B 
B 

PH 
1 
7 

SCAVENGER 
NOFES04 
FES04 

ACCELERATOR 
NA2C03 
ALS04 
NOACCELE 
ALCL3 
CACL2 
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Analvsis of the effects of FeS04, - accelerator and water pH value on C u  
leaching (6 monthd hydration) 

The ANOVA Procedure 

Dependent Variable: COPPER 

Source 
Mode1 
Er ror  
Corrected T o t a l  

Sum o f  
DF Squares Mean Square F Value 
19 28.28342750 1.48860145 9.22 
20 3.22845000 O. 161 42250 
39 31 .SI187750 

R-Square Coef f  Var Root LISE COPPER Mean 
0.897548 58.80339 0.401774 0.683250 

Source 
PH 
SCAVENGER 
PH*SCAVENGER 
ACCELERATOR 
PH*ACCELERATOR 
SCAVENGERtACCELERATO 
PH*SCAVENGEfACCELERA 

Anova SS 
0.18090250 
1 -20756250 
0.06972250 

21 .O1 149000 
0.79546000 
4.68975000 
0.32854000 

Mean Square F Value 
0.18090250 1.12 
1.20756250 7.48 
0.06972250 O. 43 
5.25287250 32.54 
O. 19886500 1.23 
1.17243750 7.26 
0.0821 3500 0.51 

The ANOVA Procedure 

Duncan's M u l t i p l e  Range Test f o r  COPPER 

NOTE: This t e s t  cont ro ls  the type 1 ~ ~ m p a r i ~ ~ n ~ i ~ e  e r ro r  rate,  f lot the experimentwise 
error  ra te .  

Alpha 0.05 
E r ro r  Degrees o f  Freedom 20 
E r ro r  Mean Square 0.161423 

Means w i th  the same l e t t e r  are not  s i g n i f i c a n t l y  di f ferent. 

Duncan Grouping 
A 
A 

Duncan Grouping 
A 
B 

Duncan Grouping 
A 
B 
B 
B 
B 

N SCAVENGER 
20 NOFES04 
20 FES04 

N ACCELERATOR 
8 NA2C03 
8 CACL2 
8 ALCL3 
8 NOACCELE 
8 ALS04 



The effects 
Iow 

Obs. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

of CCA 
woodkement 

Extraction 
NO 
NO 
NO 
NO 
NO 
NO 

YES 
YES 
YES 
YES 
YES 
YES 
NO 
NO 
NO 
NO 
NO 
NO 

YES 
YES 
YES 
YES 
YES 
YES 
NO 
NO 
NO 
NO 
NO 
NO 

YES 
YES 
YES 
YES 
YES 
YES 
NO 
NO 
NO 
NO 
NO 
NO 

YES 
YES 
YES 
YES 
YES 
YES 

retention and hydration time on leachine amounts at 
ratio 
Retention 
(kg/m3) 

O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
O 
9 -4 
9 -4 
9.4 
9.4 
9.4 
9.4 
9.4 
9 -4 
9 -4 
9.4 
9 -4 
9.4 
19.3 
19.3 
19.3 
19.3 
19.3 
19.3 
19.3 
19.3 
19.3 
19.3 

Hydration 
Tirne (day) 

7 
7 
7 
28 
28 
28 
7 
7 
7 
28 
28 
28 
7 
7 
7 
28 
28 
28 
7 
7 
7 
28 
28 
28 
7 
7 
7 
28 
28 
28 
7 
7 
7 
28 

Cr (%) 
~0.01 
~0.01 
~0.01 

19.3 
19.3 
26.1 
26.1 
26.1 
26.1 
26.1 
26.1 
26.1 
26.1 
26.1 
26.1 
26.1 
26.1 

28 
28 
7 
7 
7 
28 
28 
28 
7 
7 
7 
28 
28 
28 

~0.02 
~0.02 
~0.02 
0.045 
~0.02 
c0.02 
~0.02 
~0.02 
~0.02 
~0.02 
~0.02 
~0.02 
~0.02 
~0.02 

As (%) 
~0.02 
~0.02 
~0.02 

cr6(%) 
O 
O 
O 

0.1 5 
0.20 
0.38 
O .29 
0.42 
0.32 
O .42 
0.38 
O .36 
0.33 
0 -24 
0.39 
0 -40 
0.37 

0.029 
0.029 
0.01 9 
0.019 
0.014 
0.029 
0.029 
0.029 
0.01 6 
0.01 
0.01 6 
0.026 
0.026 
0.037 

~0.02 

CU (ppm) 
0.34 
0.35 
0.33 

0.018 
0.023 
0.012 
0.01 1 
0.01 1 
0.02 
0 .O2 
0.02 
0.006 
0.01 
0.01 1 
0.01 9 
0.01 8 
0.027 

0.34 ~0.01 O 
~0.01 
~0.01 
~0.01 
~0.01 
~0.01 
~0.01 
CO .O 1 

O 
O 
O 
O 
O 
O 
O 

0.30 
O -28 
0.1 6 
0.35 
0.35 
0.27 
0.29 
0.34 
0.1 6 
0.35 
0.35 
0.36 
O -43 
0.35 
0 -20 
0.47 
0.37 
0.41 
0.37 

~0.02 
~0.02 
~0.02 
~0.02 
~0.02 
~0.02 
~0.02 
~0.02 
~0.02 
4-02 
0.045 
~0.02 
c0.02 
0.03 
~0.02 
~0.02 
~0.02 
~0.02 
~0.02 
~0.02 
~0.02 
~0.02 - 
~0.02 
~0.02 
~0.02 
e0.02 
~0.02 
0.03 
0.045 
4-02 

~0.01 1 O 

0.01 8 
0.021 
0.021 
0.014 

0.03 
0.03 
0.03 
0.03 
0.045 
0.03 
0.035 
0.035 
0.035 
0.053 
0.035 

0.013 
0.01 7 
0.01 2 
0.01 6 
0.022 
0.01 8 
0.024 
0.051 
0.042 
0.047 
0.037 
0.04 
0.01 1 
0.013 
0.012 

0.27 
0.31 
- 0.37 
0.37 
O -38 
0.31 
0.39 
0.33 
0.31 
0.30 
0.32 

0.035 
O ,028 
0.028 
0.029 
0.022 
0.022 
0.029 

0.02 
0 .O22 
0 .O22 
0.014 
0.01 3 
0.012 
0.021 
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Analysis of the effects of CCA retention and hydration time on Cr 
leaching at low wood/cement ratio 

The ANOVA Procedure 

Dependent Var iab le:  CR 

Source 
Mode1 
E r ro  r 
Corrected T o t a l  

Source 
HWEXTRA 
CCARTN 
TIME 
HWEXTRA*CCARTN 

Sum o f  
DF Squares Mean Square F Value 
8 0.00802533 0.001 0031 7 28.38 

39 0.001 37865 0.00003535 
47 0.00940398 

Coef f  Var Root MSE TOTALCR Mean 
29.03232 O. 005946 O. 020479 

DF Anova SS Mean Square F Value 
1 O. 0000091 9 0.0000091 9 0.26 
3 0.00753440 O. 00251 147 71 .O5 
1 O. 0004501 9 O. 0004501 9 12.74 
3 0.000031 56 O. O0001 052 0 -30 

The ANOVA Procedure 

Duncan's M u l t i p l e  Range Test f o r  TOTALCR 

Alpha O. 05 
E r r o r  Degrees o f  Freedom 39 
E r r o r  Mean Square O. O00035 

Means w i th  t he  same l e t t e r  are no t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping Mean N HWEXTRA 
A 0.020917 24 1 
A 0.020042 24 O 

Duncan Grouping Mean N CCARTN 
A O. 033833 12 9.4 
B O. 025583 12 19.3 
B 0.022500 12 26.1 
C 0.000000 12 O 

Duncan Grouping 
A 
6 



Anamis of the effects of CCA retention and hydration time on ~ r + ~  
leaching at low wood/cement ratio 

The ANOVA Procedure 

Dependent Variable: CRSIX 

Source 
Mode1 
E r ro r  
Corrected T o t a l  

Source 
HWEXTRA 
CCARTN 
TIME 
HWEXTRA'CCARTN 

Sum o f  
D F Squares Mean Square F Value P r  > F 
8 0.00692967 O. 00086621 44.06 ~ . 0 0 0 1  

39 O. 00076681 O. O0001 966 
47 0.00769648 

R-Square Coef f Var Root MSE CRSIX Mean 
O. 900368 29.35726 O. 004434 0 .O1 51 04 

DF Anova SS Mean Square F Value P r  > F 
1 O. 00041 41 9 0.00041 41 9 21.07 c.0001 
3 0.00484506 0.001 61 502 82.14 ~ . 0 0 0 1  
1 0.00037969 0.00037969 19.31 c.0001 
3 O. 007 29073 0.00043024 21.88 c.0001 

The ANOVA Procedure 

Duncan's M u l t i p l e  Range Test  f o r  CRSIX 

Alpha 0.05 
E r ro r  Degrees of Freedom 3 9 
E r ro r  Mean Square O. 00002 

Means w i t h  t he  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping 
A 
B 

Duncan Grouping 
A 
B 
6 
C 

Duncan Grouping 
A 
B 

HWEXTRA 
1 
O 

CCARTN 
9.4 
19.3 
26.1 
O 

TIME 
28 
7 
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Analysis of the effects of CCA retention and hvdration time on ~ r *  
leachine at low woodlcement ratio 

The ANOVA Procedure 
Dependent Var iab le :  Copper 

Source 
Mode1 
E r r o r  
Cor rec ted  T o t a l  

Source 
HWEXTRA 
CCARTN 
TIME 
HWEXTRA*CCARTN 

Sum o f  
D F  Squares Mean Square F Value 
8 0.0491 1667 0 -0061 3958 1.31 
39 O. 183381 25 0.00470208 
47 0.23249792 

R-Square Coef f  Var Root MSE Copper Mean 
0.211256 20.79244 O. 068572 0.329792 

D F Anova SS Mean Square F Value 
1 0.01110208 0.01110208 2.36 
3 0.02070625 0.00690208 1.47 
1 0.001 30208 O. O0130208 0.28 
3 O. 01 600625 0.00533542 1.13 

The ANOVA Procedure 

Duncan's M u l t i p l e  Range Test f o r  Copper 

NOTE: Th i s  t e s t  con t r o l s  the  type 1 comparisonwise e r r o r  r a t e ,  n o t  t h e  experimentwise 
e r r o r  r a t e .  

Alpha 0.05 
E r r o r  Oegrees of Freedom 3 9 
E r r o r  Mean Square O. O04702 

Means w i t h  t h e  same l e t t e r  a re  not s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping Mean N HWEXTRA 
A 0.34500 24 O 
A 0.31458 24 1 

Duncan Grouping Mean N CCARTN 
A 0.35833 12 21.6 
A O. 34083 12 9.4 
A 0.31167 12 19.3 
A 0.30833 12 O 

Duncan Grouping Mean N TIME 
A 0.33500 24 28 
A 0.32458 24 7 



The effects of CCA retention and hvdration time on leachine amounts at 
hieh wood/cement ratio 



Analvsis of the effects of CCA retention and hydration time on Cr 
leaching at high woodkement ratio 

The GLM Procedure 

Dependent Variable: CR 

Source 
Mode1 
E r r o r  
Corrected T o t a l  

Source 
CCAR ETN 
TIME 

Source 
CCARETN 
TIME 

Sum of 
DF Squares Mean Square F Value P r  > F 
3 O. 01 793483 0.00597828 23.74 c.0001 
12 O. 0030221 0 0.00025184 
15 O. 02095694 

Coeff Var Root MSE CR Mean 

D F Type 1 SS Mean Square F Value P r  > F 
2 O. O1 083677 O. 00541 839 21.52 0.0001 
1 0.00709806 0.00709806 28.18 0.0002 

D F  Type III SS Mean Square F Value P r  > F 
2 O. O1 083677 0.00541839 21 -52 0.0001 
1 0.00709806 0.00709806 28.18 0.0002 

The GLM Procedure 

Duncan's M u l t i p l e  Range Test  f o r  CR 

Alpha 0.05 
Er ro r  Degrees o f  Freedom 12 
Er ro r  Mean Square O.OOO252 

Means with t he  same l e t t e r  are n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping Mean N 
A 0.060833 6 
A 0.059333 6 
8 o. 000000 4 

Duncan Grouping Mean N 

CCARETN 
19.3 
26.1 
O 

TIME 

28 
7 



Analysis of the effects of CCA retention and hydration time on Cu 
leaching at hieh woodkement ratio 

The GLM Procedure 

Dependent Var iab le :  CRSIX 

Source 
Mode1 
E r r o r  
Corrected T o t a l  

Source 
CCARETN 
TIME 

Source 
CCARETN 
TIME 

Sum o f  
DF Squares Mean Square F Value P r  > F 
3 0.01 061 467 0.00353822 20.18 <.O001 
12 O. 0021 0427 0.000 1 7536 
15 0.01271894 

R-Square Coef f  Var Root MSE CRSIX Mean 

DF Type 1 SS Mean Square F Value P r  > F 
2 0.0058881 0 0.00294405 16.79 0.0003 
1 0.00472656 0.00472656 26.95 0.0002 

DF Type III SS Mean Square F Value P r  > F 
2 O. 0058881 0 0.00294405 16.79 0.0003 
1 0.00472656 0.00472656 26.95 0.0002 

The GLM Procedure 

Duncan's M u l t i p l e  Range Tes t  f o r  CRSIX 

Alpha 0.05 
E r r o r  Degrees of Freedom 12 
Er ro r  Mean Square 0 .O001 75 

Means w i t h  t he  same l e t t e r  are no t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping Mean N CCARETN 

Duncan Grouping 
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Analysis of the effects of CCA retention and hvdration time on ~ r + ~  
leaching at high woocücement ratio 

The GLM Procedure 

Dependent Var iab le :  Copper 
Sum o f  

Source DF Squares Mean Square F Value 
Mode1 5 0.04057708 0.00811542 2.29 
E r r o r  10 0.03536667 0.00353667 
Corrected T o t a l  15 0.07594375 

R-Square Coeff Var Root MSE Copper Mean 
O. 534304 1 3.42057 O. 059470 O -443125 

Source 
CCARETN 
TIME 
CCARETN*TIME 

Source 
CCAR ETN 
TIME 
CCARETN*TIME 

DF Type 1 SS Mean Square F Value 
2 0.0051 6042 0.00258021 0.73 
1 0.02805625 0.02805625 7.93 
2 0.00736042 0.00368021 1 .O4 

DF T y p e I I I S S  Mean Square F Value 
2 0.0051 6042 0.00258021 O. 73 
1 0.02823333 0.02823333 7.98 
2 0.00736042 O. 00368021 1 .O4 

The GLM Procedure 

Duncan's M u l t i p l e  Range Tes t  f o r  Copper 

NOTE: T h i s  t e s t  c o n t r o l s  t h e  t y p e  1 comparisonwise e r r o r  r a t e ,  n o t  t h e  experimentwise 
e r r o r  r a t e .  

Alpha O. 05 
E r r o r  Oegrees o f  Freedom 10 
E r r o r  Mean Square 0.003537 
Harmonic Mean o f  C e l l  S izes  5.142857 

Duncan Grouping Mean N CCARETN 
A O. 45833 6 26.1 
A O. 45500 4 O 
A O. 42000 6 19.3 

Duncan Grouping Mean N TIME 
A O. 48500 8 28 
B 0.40125 8 7 



The effects of watedcement ratio, silica fume and super~Iasticizer on the 
leachine of CBPB 

1 Obs. 1 (Water1C)lSFISP 1 Cr (%) 1 C i "  (%) 1 Cu (%) As (Oh) 1 



Analvsis of the effects of waterkement ratio. silica fume and 
superplasticizer on Cr leachine of CBPB 

The ANOVA Procedure 
Dependent Variable: CR 

Source 
Mode1 
E r r o r  
Corrected Tota l  

Source 
SSW 

Sum o f  
DF Squares Mean Square F Value P r  > F 
11 0.06936456 0.00630587 3.38 0.0060 
24 0.04471600 0.00186317 
35 O.  1 1408056 

Coeff Var Root MSE CR Mean 
13.14430 0 -0431 64 0.328389 

DF Anova SS Mean Square F Value Pr > F 
11 O.  06936456 O. 00630587 3.38 0.0060 

Duncan's Mu l t i p l e  Range Test f o r  CR 

Alpha 0.05 
Er ro r  Degrees o f  Freedom 24 
Er ro r  Mean Square 0.001 863 

Number o f  Means 2 3 4 5 6 7 8 9 10 11 12 
C r i t i c a l  Range.07274 .O7640 .O7875 .O8041 .O8165 ,08260 .O8336 .O8398 .O8448 .08489.08523 

Means w i t h  the same 

Duncan Grouping 

A 
B A 
B A 
B A 
B A 
B O A  

E B O A  
E B D  
E D 
E D 
E 
E 

l e t t e r  are not  s i g n i f i c a n t l y  d i f f e r e n t .  



AnaIysis of the effects of waterkement ratio, siIica fume and 
sui>erplasticizer on ~ r + ~  leaching of CBPB 

The ANOVA Procedure 

Dependent Var iab le :  CRSIX 
Sum o f  

Source DF Squares Mean Square F Value P r  > F 
Mode1 If O. 021 781 42 0.00198013 6.11 0.0001 
Er ro r  24 0.00777533 0.00032397 
Corrected T o t a l  35 0.02955675 

R-Square Coeff  Var Root MSE CRSIX Mean 
0.736935 10.54128 0.017999 0.1 70750 

Source 
SSW 

D F Anova SS Mean Square F Value P r  > F 
1 1  O. 021 781 42 0.001 9801 3 6.11 0.0001 

Duncan's M u l t i p l e  Range Test f o r  CRSIX 

Alpha 0.05 
Er ro r  Degrees of Freedom 24 
Er ro r  Mean Square O. 000324 

Number o f  Means 2 3 4 5 6 7 8 9 10 1 1  12 
C r i t i c a l  Range.03033 .O3186 .O3284 .O3353 .O3405 -03444 -03476 -03502 -03523 .03540.03554 

Means w i t h  the same l e t t e r  a r e  no t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping 

A 
A 

0 A 

B A C 
B A C 
B D A C  
B D E C  

F B D E C  
F D E C  
F D E 
F E 
F 



Analvsis of the effects of watedcernent ratio, silica fume and 
superplasticizer on Cu leaching of CBPB 

The ANOVA Procedure 

Dependent Var iab le :  Copper 
Sum o f  

Source DF Squares Mean Square F Value P r  > F 
Mode1 11 3.04359489 0.27669044 9.23 c.0001 
E r r o r  24 0.71 907200 0.029961 33 
Cor rec ted  T o t a l  35 3.76266689 

R-Square Coeff  Var Root MSE CU Mean 
0.808893 14.85072 O. 173093 1 -165556 

Source 
ssw 

DF Anova SS Mean Square F Value P r  > F 
11 3.04359489 0.27669044 9.23 <.O001 

The ANOVA Procedure 

Duncan's M u l t i p l e  Range Test  f o r  CU 

NOTE: T h i s  t e s t  c o n t r o l s  t h e  t ype  1 comparisonwise e r r o r  r a t e ,  n o t  t h e  exper imentwise 
e r r o r  r a t e .  

Alpha 0.05 
E r r o r  Oegrees o f  Freedom 24 
E r r o r  Mean Square 0.029961 

Number o f  Means 2 3 4 5 6 7 8 9 10 11 12 
C r i t i c a l  Range.2917 .3064 ,3158 ,3224 .3274 .3312 .3343 .3367 .3388 .3404 .3418 

Means w i t h  t h e  same l e t t e r  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t .  

Duncan Grouping 
A 

B A 
B C 
B C D  
B C D  
B C D  
B C D  
B C D  
E C D  
E D 
E F 

F 

ssw 
0/20/0.35 
0/0/0.35 
0/20/0.45 
0/10/0.45 
12/0/0.35 
0/10/0.35 
0/0/0.45 
12/20/0.35 
12/10/0.35 
12/20/0.45 
12/0/0.45 
12/10/0.45 




