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A b s t r a c t  There is a growing desire to improve the proper- 
ties and use of nonwood plant materials as supplements to 
wood materials for wood cement-bonded boards (WCBs). 
This study was conducted to determine the comparative 
properties of WCBs containing various amounts of discon- 
tinuous inorganic fiber materials, such as alkali-resistant 
glass fiber, normal glass fiber, mineral wool, and nonwood 
plant materials such as retted flax straw and wheat straw 
particles. Tested cement-bonded boards were made at 
wood/additive compositions of 100/0, 90/10, 80/20, 70/30, 
60/40, and 50/50 (weight percentages). Seventy-eight 
laboratory-scale WCBs were produced. Various board 
properties, such as the modulus of rupture (MOR), internal 
bonding strength (IB), water absorption (WA), thickness 
swelling (TS), and linear expansion (LE), were studied. 
The test results showed that three types of discontinuous 
inorganic fiber used as reinforcing materials in composites 
significantly enhanced and modified the performance of 
WCBs. The mechanical properties and dimensional stabil- 
ity of cement-bonded board were significantly improved 
with increasing amounts of the additives. MOR and IB were 
increased; and WA, TS, and LE of boards were reduced by 
combination with the inorganic fiber materials. The results 
also indicated that combination with retted flax straw par- 
ticles only slightly increased the MOR of boards, and wheat 
straw particles led to marked decreases in all the mechani- 
cal properties and the dimensional stability of WCBs. 
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Introduction 

The particles or fibers of wood or nonwood used as rein- 
forcement materials bonded and held together by an inor- 
ganic binder such as ordinary Portland cement are referred 
to as inorganic-bonded composites. As a member of the 
inorganic-bonded composite family, wood cement-bonded 
board (WCB) has been considered to be strong, stiff, and 
resistant to moisture, fire, fungi, and insect attack. A major 
advantage of WCB is its light weight and its ability to with- 
stand outdoor exposure conditions, leading to its wider 
potential application for replacing traditional building ma- 
terials such as brick and concrete. With its low density and 
good heat insulation quality, compared with concrete prod- 
ucts, WCB is mostly produced as flat panels; and it has 
usually been used for structural and nonstructural applica- 
tions, being suitable for interior and exterior use. >7 

For actual building application, there is still a worry 
about the long-term behavior of WCB when used as exte- 
rior composite-wall material, especially in regions that ex- 
perience long-term harsh climate conditions. Therefore, to 
improve WCB further, giving in better mechanical strength 
and dimensional stability, would undoubtedly result in 
higher-quality assembly precision, edge jointing, and 
surface finishing (painting or coating); less warping and 
fever surface cracks or splits; and increased ability to resist 
changes due to exterior temperatures and humidity. 

Many studies have been conducted to understand 
the mechanical and physical properties of inorganic fiber- 
reinforced cement-based composites such as glass fiber- 
reinforced concrete (GRC). The use of such inorganic fiber 
materials as glass fiber and mineral wool could fundamen- 
tally alter the nature and improve the mechanical and 
physical properties of cement-based composites)10 Be- 
cause these inorganic fibers have desirable mechanical 
strengths and dimensional stability to water and humidity 
exposure, addition of the discontinuous fiber strands in 
wood composites such as WCB would not only improve its 
mechanical properties but also increase its resistance to 
water and humidity. Thus, the influence of swelling and 
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shrinkage of board made from wood due to its intrinsic 
instability to water and humidity would be reduced, z1I2 

Fibers, usually in the form of inorganic glass fiber rein- 
forcement, have been used successfully to reinforce wood 
composite materials. Considerable improvements in the 
strength and dimensional stability were obtained. There is a 
possibility that holds some promise. Reinforcing particle- 
board with discontinuous fibers such as glass fiber that could 
be placed in the mat during the felting operation might 
prove useful .  13'14 

Faced with an increasing worldwide shortage of wood 
resources, there has been a strong trend to produce compos- 
ite panel products making use of nonwood plant materials 
and agricultural residues. Some research has been con- 
ducted on retted flax straw and wheat straw particleboard 
bonded with synthetic organic adhesives.~5~~ These natural 
plant materials can be used as a reinforcing material bonded 
with inorganic binder such as cement in cases of total or 
partial replacement of wood materials. Many studies have 
been carried out on the composites of natural plant materi- 
als bonded with cement and have shown that many of the 
nonwood plant materials and agricultural residues are in 
fact suitable for a wide range of cement composites. 21'22 

We studied the mechanical properties and dimensional 
stability [modulus of rupture (MOR), internal bonding 
strength (IB), water aborption (WA), thickness swelling 
(TS), linear expansion (LE)] of WCBs containing various 
percentages of three inorganic reinforcing fibers (alkali- 
resistant glass fiber, normal glass fiber, mineral wool) and 
two nonwood plant material particles (retted flax straw and 
wheat straw). The objectives of this study were to determine 
whether the mechanical properties and dimensional stabil- 
ity of boards were modified and improved by adding these 
inorganic reinforcing fibers and to evaluate the effects and 
conduct feasibility studies using these nonwood plant mate- 
rials in the manufacture of WCBs. 

Experimental 

Materials 

The wood species used for this study was birch (Betula 
platyphylla Suk.) owing to its rich resources in northern 
China. It is known to produce the least inhibitory effect 
when mixed with ordinary Portland cement according to a 
prior study (submitted for publication). The logs, 2m in 
length, were first flaked using a disk flaker and the flakes 
then milled using a hammer-mill. Flakes were screened to 
an average size of 2-3 • 1 • 0.2cm. The screened flakes 
were air-dried to an average moisture content (MC) of 14% 
before they were used. 

Commercial ordinary Portland cement was prepared and 
stored in sealed plastic bags to avoid hydration. For each 
WCB, the composite chemical additive consisted of alumi- 
num sulfate [Al:(SO4)3] and sodium silicate (NaaSiO3), 
accounting, respectively, for 5% and 2% of the weight of 
cement; this was added as a mineralizing agent to accelerate 
the setting and hardening of the cement-bonded composite. 

Three inorganic fiber materials were selected: alkali- 
resistant glass fiber (HYKF-B), normal glass fiber (HYF-40), 
and mineral wool (XJ-1). These commercial fiber strands 
were cut into samples 2.0-3.0 cm in length and then chopped 
into discontinuous short fibers. The alkali-resistant glass 
fibers have been widely used as a reinforcing material (e.g., in 
GRC) to enhance mechanical behaviors. Its high antialkali 
ability, even in solutions (pH > 12) of cement and water, is 
due to its richness in ZrO2. 23 However, extractives from wood 
particles would decrease the wood-cement-water  interface 
pH value to a lower level closer to the neutral conditionY 
Therefore, normal glass fiber was also selected for compari- 
son in this study, as its mechanical strength is no markedly 
different from that of alkali-resistant glass fiber. 

The two nonwood plant materials used were retted 
flax straw (Linum usitatissimum Linn.) and wheat straw 
(Triticum aestivum Linn.) with air-dried densities of 0.41 and 
0.31 g/cm 3, respectively. They were collected from a flax mill 
and agricultural residues in local areas. The retted flax straw 
and wheat straw were first cut and further refined using a ring 
flaker. Both types of nonwood particles were then screened 
to an average length of 2-3 cm. All the screened particles 
were air-dried to about 14% (MC) in preparation for use. 

Board preparation 

All the WCB materials were made with a 3:1 weight ratio 
for cement/wood and fiber (c/w+f) or cement/wood and 
nonwood particles (c/w+p), and a 1.00:0.52 weight ratio for 
cement/water (C/Ww+Wp) (the amount of water in the wood 
and nonwood particles was included). The three discon- 
tinuous inorganic fibers were added to wood-cement-water  
mixtures at five wood/additive compositions: t00/0, 90/10, 
80/20, 70/30, 60/40, and 50/50 (weight percentages). The 
two types of nonwood particles were added to wood- 
cement-water mixtures at five wood/additive compositions: 
100/0, 90/10, 80/20, 70/30, 60/40, and 50/50 (weight percent- 
ages). A total of 78 boards were manufactured: 5 (additive 
types) • 5 (additive compositions) • 3 (replications); in 
addition, three boards without additives were produced and 
studied as controls. 

After the wood, additive, and ordinary Portland cement 
were fully mixed, the chemical solutions of A12(804) 3 and 
Na2SiO3 were added to the mixtures. The raw material was 
hand-blended until it was uniformly mixed and wetted. The 
wet material was hand-felted, formed through a forming 
frame into a 42 • 42cm mat, and then laid on a stainless 
steel caul plate that had been coated with a small amount of 
mineral oil used as a release agent. The target density of the 
board was designed to be 1.2g/cm 3. The mats were cold- 
pressed to 12-mm stops between caul plates using distance 
bars and then were locked in a mold for maintaining pres- 
sure. The hardened mats were removed from the molds and 
caul plates and then stored for postcuring at an ambient 
temperature of about 20~ for 28 days. Before cutting into 
specimens for property testing, the boards were dried at 
about 70~ for 8h. The MC of the boards at the time of 
cutting was about 10%-12%. 



M e a s u r e m e n t  of  b o a r d  p r o p e r t i e s  

F o r  t he  p r o p e r t i e s  tes t ing ,  s p e c i m e n s  w e r e  cut  f r o m  the  

c u r e d  b o a r d s  a n d  t e s t e d  to  d e t e r m i n e  t h e  M O R ,  IB  

s t r e n g t h ,  W A ,  TS,  a n d  LE.  T h e  s p e c i m e n s  u s e d  fo r  d e t e r -  

m i n i n g  t he  M O R  a n d  IB  w e r e  10 • 25 cm a n d  5 • 5 cm;  a n d  

for  W A ,  TS,  a n d  L E  t h e y  w e r e  10 • 10cm,  5 • 15cm,  a n d  

5 • 15 cm, respec t ive ly .  W A ,  TS,  a n d  L E  w e r e  d e t e r m i n e d  

by  m e a s u r i n g  c h a n g e s  in t he  s p e c i m e n s  a f t e r  i m m e r s i n g  in 

20~ w a t e r  for  24h .  Six r e p l i c a t i o n s  w e r e  c o n d u c t e d  at  e a c h  

a d d i t i v e  level .  

C a l c u l a t i o n  a n d  d a t a  ana lys i s  

F o r  t he  c a l c u l a t i o n  a n d  s ta t i s t ica l  d a t a  e v a l u a t i o n ,  o n e -  

f a c t o r  ana lys i s  of  v a r i a n c e  ( A N O V A )  o n  t he  m e c h a n i c a l  

p r o p e r t i e s  a n d  d i m e n s i o n a l  s t ab i l i ty  of  W C B s ,  wi th  a d d i t i o n  

of  five a d d i t i v e s  a t  d i f f e r e n t  c o n t e n t s ,  w e r e  u n d e r t a k e n  to 

e s t i m a t e  t he  e f fec ts  of  t he  a d d i t i v e  c o m p o s i t i o n  o n  b o a r d  

p r o p e r t i e s .  W h e t h e r  t he  c o n t e n t s  of  e a c h  a d d i t i v e  l eve l  sig- 

n i f i can t ly  i n f l u e n c e d  t he  b o a r d  p r o p e r t i e s ,  t h e r e f o r e ,  was  
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d e t e r m i n e d  b a s e d  o n  t he  r e su l t s  o b t a i n e d  a f t e r  anaIysis .  

L i n e a r  r e g r e s s i o n s  w e r e  a lso f i t ted  to t h e  d a t a  for  assess ing  

v a r i a t i o n s  in  t he  b o a r d  p r o p e r t i e s  w i th  add i t i ve  c o n t e n t .  25 

Results and discussion 

M o d u l u s  of  r u p t u r e  a n d  i n t e r n a l  b o n d i n g  s t r e n g t h  

T h e  a v e r a g e  va lues  for  M O R ,  IB,  W A ,  TS,  a n d  L E  a re  

s h o w n  in Figs. 1-5,  r e spec t ive ly .  T h e  A N O V A  resu l t s  

a n d  e x p r e s s i o n s  of  l i n e a r  r e g r e s s i o n  r e l a t e d  to the  a d d i t i v e  

a m o u n t s  a n d  p r o p e r t y  c h a n g e s  a re  also p r e s e n t e d  in 

T a b l e  1. 
A s  s h o w n  in T a b l e  1 a n d  Figs. 1 a n d  2, t h e  m e c h a n i c a l  

p r o p e r t i e s  of  W C B s  w e r e  s t r o n g l y  i n f l u e n c e d  by  a d d i t i o n  of  

t h e  i n o r g a n i c  d i s c o n t i n u o u s  f ibers  ( a l k a l i - r e s i s t a n t  glass 

f iber ,  n o r m a l  glass f iber,  m i n e r a l  wool ) .  T h e  c o n t r o l  b o a r d s  

h a d  t h e  l o w e s t  M O R  a n d  IB  va lues .  W i t h  t he  i n c r e a s e  in 

add i t i ve  c o n t e n t s ,  t he  va lues  w e r e  s igni f icant ly  i n c r e a s e d  

c o m p a r e d  w i th  c o n t r o l  ones :  h e n c e  t h e  g o o d  l i n e a r  c h a n g e s  

Table 1. Analysis of the effects of additive materials on wood cement-bonded boards 

Wood/additives F value P Linear regression 
composition 

MOR 
Wood/glass fiber u'c 4.5113 <0.01 y = 0.8749x + 93.125 0.9018 
Wood/glass fiber d 3.8182 <0.01 y = 0.7487x + 88.868 0.9335 
Wood/mineral wool 10.9858 <0.01 y = 0.6470x + 89.084 0.9566 
Wood/flax straw 1.6159 NS y = 0.2033x + 90.237 0.9179 
Wood/wheat straw 3.7508 <0.01 y = -0.3610x + 91.00 0.9417 

IB 
Wood/glass fiber c 2.9535 <0.05 y - 0.0277x + 6.1111 0.9064 
Wood/glass fiber d 3.0145 <0.05 y = 0.0200x + 6.1294 0.9401 
Wood/mineral wool 9.3354 <0.01 y - 0.0427x + 6.3056 0.9277 
Wood/flax straw 5.9347 <0.05 y = -0.038x + 5.9278 0.9383 
Wood/wheat straw 11.2305 <0.01 y = -0.0681x + 6.1619 0.8964 

WA 
Wood/glass fiber c 4.0395 <0.01 y = -0.1968x + 22.762 0.9686 
Wood/glass fiber e 3.0145 <0.05 y - -0.1402x + 23.694 0.9535 
Wood/mineral wool 10.4243 <0.01 y = -0.2395x + 22.921 0.9066 
Wood/flax straw 2.2224 <0.05 y = 0.1130x + 23.598 0.9821 
Wood/wheat straw 2.7520 <0.05 y = 0.1206x + 23.782 0.9616 

TS 
Wood/glass fiber c 4.6066 <0.01 y = -0.0555x + 5.7563 0.9526 
Wood/glass fiber ~ 2.7520 <0.05 y = -0.0415x + 5.8119 0.9712 
Wood/mineral wool 6.8562 <0.01 y = -0.0561x + 5.3246 0.9266 
Wood/flax straw 2.5903 <0.05 y = 0.0315x + 5.8214 0.8902 
Wood/wheat straw 6.2243 <0.01 y - 0.0732x + 5.5397 0.9397 

LE 
Wood/glass fiber c 4.1684 <0.01 y = -0.0041x + 0.4431 0.9585 
Wood/glass fiber e 3.9451 <0.01 y = -0.0040x + 0.4337 0.9236 
Wood/mineral wool 4.9887 <0.01 y = -0.0043x + 0.4418 0.9578 
Wood/flax straw 2.3413 <0.05 y 0.0023x + 0.4565 0.9412 
Wood/wheat straw 3.2531 <0.05 y = 0.0031x + 0.4694 0.9007 

MOR, modular of rupture; IB, internal bond strength; WA, water absorption; TS, thickness 
swelling; LE, linear expansion 
a Correlation coefficient 
bSix additive composition level (% wood particle/% additives). Alkali-resistant glass fiber: 
normal glass fiber and mineral wool 100/0, 90/10, 80/20, 70/30, 60/40, and 50/50. Retted flax straw 
and wheat straw particles: 100/0, 90/10, 80/20, 70/30, 60/40, and 50/50 
CAlkali_resistant glass fiber 
d Normal glass fiber 
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Fig. 1. Effects of additive fibrous materials on the modulus of rapture 
(MOR) of wood cement-bonded boards. Open circles, alkali-resistant 
glass fiber;filled circles, glass fiber; squares; mineral wool; triangles, flax 
straw; diamonds, wheat straw 
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Fig. 3. Effects of additive fibrous materials on water absorption of 
wood cement-bonded boards 
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Fig. 2. Effects of additive fibrous materials on internai bond strength Fig. 4. Effects of additive fibrous materials on thickness swelling of 
of wood cement-bonded boards wood cement-bonded boards 

(Table 1). The results of the A N O V A  in Table  1 indicate 
that  the changes in addit ive content  had significant effects 
on M O R  and IB as well. There  were not iceable  differences 
be tween  the alkal i-resistant  glass fiber and normal  glass 
fiber used as the supplementary  reinforcing mater ia ls  for 
improving the strength proper t ies  of WCBs.  The alkali-  
resistant  glass fiber p rovided  a relat ive large improvement  
in the M O R  of boards  compared  with the o ther  two kinds of 
fiber. However ,  minera l  wool appea red  to be marked ly  
super ior  to the o ther  two glass fibers in terms of the IB. 

Many studies have been  conducted  to unders tand the 
reinforcing behaviors  of inorganic fibers in cement  and 
concrete.  The three inorganic fibers used in this s tudy are 
usually appl ied  as reinforcing mater ia ls  and fundamenta l ly  
improve  such proper t ies  as the bending and bonding 
strengths and the product ' s  d imensional  stability. These  
fibers have high compat ibi l i ty  and lead to good bonding 
behavior  when mixed with ordinary  Por t land cement  
paste. 9'2~'26 Therefore ,  with the addi t ion of these inorganic 
fibers to W e B s ,  there  were no not iceable  negative effects 
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Fig. 5. Effects of additive fibrous materials on linear expansion wood 
cement-bonded boards 

on board strengths due to their reinforcing mechanism and 
behaviors similar to that in GRC. With addition of the 
discontinuous inorganic fibers at a certain content, the high 
tensile strengths, enormous specific surface, and good inter- 
weaving ability would result in further improvement to the 
properties of WCBs using wood particles as a unified rein- 
forcing material. The three discontinuous inorganic fibers 
have a larger length/thickness ratio than do wood particles 
in WCBs. When comparing mechanical properties of WCB, 
the three discontinuous inorganic fibers developed signifi- 
cant MOR at different levels; it appears that these fibers 
with a long, thin dimension have more surface area than 
wood particles and can thus sustain or transmit the extreme 
shear stresses imposed on a WCB during static bending. 
WBC is similar to wood particleboard in that the MOR can 
be increased by either increasing particle length or decreas- 
ing particle thickness. Longer, thinner fibers have more 
surface area to withstand the shear stress and can "bridge" 
the area where the bending moment  is greatest. The in- 
creased IB strength could be attributed to the additional 
surface area, good fiber interweaving ability, and good ad- 
hesive properties between the cement and inorganic fibers, 
leading to increased adhesive spots and coverage. Further- 
more, after reinforcement with inorganic fibers, the WCB 
maintains its specific properties such as relatively low 
density and heat-insulating characteristics when used as a 
building material and cannot be replaced by other additive 
materials. 

The two nonwood plant materials (retted flax straw and 
wheat straw particles) did not produce satisfactory results 
when added to WCBs at various concentrations as reinforc- 
ing material. As shown in the accompanying tables and 
figures, with the increase in additive content of retted flax 
straw particles the MOR values of boards presented a non- 
significant increase (Table 1) owing to the fact that the fiber 
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strands of flax straw have a relatively high strength. 9'24'27 The 
IB strength was obviously decreased due to the cross- 
bonding strength of fibers in the retted flax straws, which 
were much lower than that of wood fibers, and consequently 
led to fiber tearing prior to that seen with wood when under 
a loading condition. After close observations about the fail- 
ure of destroyed IB specimens, the phenomenon of this 
fiber tearing was clearly demonstrated. The control boards 
had the highest values after wheat straw was added; both 
the M O R  and IB strength values of WCBs were obviously 
decreased. The outer surface of wheat straws was believed 
to be richly covered with silica and wax] 8 This smooth, hard, 
waxy material might be one of the undesirable factors that 
probably resulted in difficulty and failure of adhesion be- 
tween the cement and the wheat straw particles. With 
hydration of cement the metal-hydroxy groups, such as - -  
Ca - -OH,  - - A I - - O H ,  and - - F e - - O H ,  are present at the 
surface of wheat straw particles to form chemical bonding; 
however, based on the results of this study, the bonding 
strength did not benefit with the existence of silica at the 
surface of wheat straw particles. From the tested IB speci- 
mens, it was also observed that the adhesive failure mostly 
took place on the surface of the wheat straw particles rather 
than on the wood particles. It seemed to be related to the 
bonding strength of hydrogen bonding or hydroxide bridges 
at the interface of the cement and wheat straw particles. 
Hence the existence of wax and the surface properties of 
wheat straw particles may play a major role in the bonding 
of WCB. On the other hand, the bonding strength of ce- 
ment and wheat straw particles was considered weaker than 
that between cement and wood particles. When under the 
loading condition, stress concentration was first experi- 
enced at the interface of the cement and the wheat straw 
particles; hence there were destructive tendencies due to 
adhesive failure, which resulted in a reduction of the bend- 
ing and bonding properties of WCBs. 

Water absorption, thickness swelling, linear expansion 

The results of the 24-h water-soaking test for WA, TS, and 
LE regarding the dimensional stability of modified WCBs 
are shown in Figs. 3, 4, and 5, respectively. The control 
boards had the highest average WA, TS, and LE values at 
the five additive levels. The three inorganic fibers effec- 
tively reduced the average values of WA, TS, and LE of 
boards to a varying extent compared to the control values. 
The boards with increasing additions of alkali-resistant 
glass fiber yielded lower WA, TS, and LE values than did 
normal glass fiber. Among the inorganic fibers added, the 
best improvement in the WA, TS, and LE (decreased val- 
ues) of boards after 24h of soaking was obtained with min- 
eral wool. In the inorganic fiber reinforced concrete, the 
three inorganic fibers were usually used as reinforcing 
materials mainly to enhance the mechanical qualities of the 
composites. However, because these inorganic fibers have 
natural stability to water and humidity, ~)'26 their dimensional 
behaviors under high water and humidity conditions are 
essentially different from those of wood particles because of 
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the unsteady reaction of hemicellulose to water. Therefore, 
the improved dimensional stability of the WCBs might be 
attributed to the addition of fibers and the reduction of 
wood particles. In addition, the inorganic fibers have a high 
affinity for cement; for example, mineral wool has a rela- 
tively large specific surface and good affinity for cement, 9= 
resulting in more perfect adhesive conditions and a strong 
bonding strength among the wood, fibers, and cement. This 
then increases its resistance to water and humidity. More- 
over, the higher bonding strength would improve the di- 
mensional stability of WCBs. In addition, the improved 
dimensional stability of the WCB after addition of inorganic 
fibers, decreasing the content of wood particles (which the 
have greatest absorption and swell when exposed to water) 
also could be explained on the basis of a decreased amount 
of end-grain surface of wood particles available for rapid 
water absorption. Moreover, the higher strengths (e.g., IB) 
may play a more dominant role in reducing water absorp- 
tion owing to more resin spots and coverage than existed in 
the heterogeneous structure, leading to blocking the flow of 
water in WCB. 

The test results indicated a significant negative effect of 
the various nonwood plant materials and their content on 
the dimensional changes in the WA, TS, and LE of boards. 
The control boards had the lowest WA, TS, and LE values. 
The WA, TS, and LE were found to increase with increas- 
ing content of retted flax straw and wheat straw particles. 
Especially with wheat straw particles at five additive levels, 
the boards showed significant increases in WA, TS, and LE. 
On average, the boards with added retted flax straw par- 
ticles were slightly more stable than those with wheat straw 
particles. The unsatisfactory results, showing reduced 
dimensional stability of the boards, might be due to the 
following causes: The lower bonding strength between the 
straw particles and cement led to a tendency for more 
springback after 24h of water immersion. In addition, like 
other nonwood plant materials, the retted flax straw 
and wheat straw particles have higher hemicellulose con- 
tent, 18'~a~27 resulting in a higher water absorption rate. This 
then affects the TS and LE and could be considered an 
important reason for the reduced dimensional stability 
of WCBs. 

Comprehensive understanding of the effects of additives 

Taking advantage of the reinforcement principle using inor- 
ganic fibers to improve cement and concrete qualities as 
reinforcing materials, three discontinuous inorganic fibers 
were added to the WCBs. Table 2 shows the percent change 
in the mechanical and dimensional properties of WCBs 
after these inorganic fibers were added. The results demon- 
strated that, generally, the performance of WCBs was sig- 
nificantly enhanced with addition of these fibers. With 20% 
addition of the three inorganic fibers, the quality of the 
composites was entranced by their mechanical strength or 
their dimensional stability; and they were obviously better 
than those of WCBs with no additions. Some differences 
existed among the three inorganic fibers. The alkali- 
resistant glass fiber was confirmed to be a better alternative 
than normal glass fiber, considering its beneficial role in 
improving the strengths and dimensional stability. Mineral 
wool was superior to alkali-resistant glass fiber and normal 
glass fiber and exhibited a more significant influence on the 
quality of composites because of its high surface activity 
resulting in good compatibility with cement, z2 Generally, 
the inorganic fiber materials used for reinforcement, such as 
in GRC, comprised 5%-10% of the weight of the cement 
paste. 9'22 Notable results included the fact that in reinforced 
WCB the properties of the board were continuously im- 
proved with an increasing content of inorganic fiber, even to 
more than 15% of the cement weight. This is attributed to 
the fact that with addition of these fibers the wood particle- 
cement interface behaviors of WCBs is affected by the 
properties of dispersion (wood particles, inorganic fibers) 
and cement. That is, the reinforcing effects from these inor- 
ganic fibers become more obvious than those of wood 
particles. As shown in Table 2, the 20% inorganic fibers, 
which accounted for about 6.7% of the cement weight, led 
to an outstanding improvement in the properties of WCBs. 
Thus it is believed to be an acceptable additive content 
based on the use of the smaller additives for better rein- 
forcement in WCBs. Based on the test results, although 
more additives included in composites would undoubtedly 
further promote modification of the quality of the com- 
posites, it would also change the intrinsic characteristics of 

Table 2. Changein properties of wood cement-bonded boards when five fibrous materials were 
added 

Additive Content % Change 

(%) MOR (MPa) IB (MPa) WA TS LE 

Glass fiber a 20 c 23.2 ~ 9.3 -19.2 e -19.9 -21.1 
Glass fiber b 20 15.6 7.0 -10.4 -14.1 23.1 
Mineral wool 20 13.6 17.4 -22.2 27.5 -21.8 
Flax straw 30 7.3 -21.5 11.0 16.7 14.2 
Wheat straw 30 10.7 -32.5 17.6 33.4 22.3 

Alkali-resistant glass fiber 
b Normal glass fiber 
The additive content of 20% is referred as 80/20 (% wood particle/% additive fiber) 

d Increased percentage of board properties compared with control specimen 
e Decreased percentage of board properties compared with control specimen 



WCBs, such as the lower density and higher heat insulation 
(compared with general building materials such as concrete 
and brick products) owing to the larger reduction in wood 
particles. 

Addition of the two nonwood plant particles had a 
strongly negative influence on both mechanical strength 
and dimensional stability. The results of five combinations 
of straws and wood particles showed that the control boards 
with 100% wood particles usually had the highest values, 
and the mechanical strength and dimensional stability were 
decreased, except for the MOR of boards mixed with retted 
flax straw particles. The combination of wheat straw and 
retted flax straw particles led to a marked reduction of 
mechanical strength and dimensional stability, but there 
was no possibility of reaching the level of those in WCBs 
due to the fact that the quality of these nonwood plant 
particles was much lower than those of wood particles. This 
was also found in similar studies that dealt with straw par- 
ticleboard bonded with synthetic organic adhesives. 17-~9 For 
this reason the addition of nonwood plant particles to 
WCBs must comply with minimum standard values (e.g., 
strength and dimensional stability) within a narrow margin 
to avoid failure to reach these standards. It is commonly 
believed that with a higher content of retted flax straw and 
wheat straw particles the quality of cement-bonded board is 
worse. The values (Table 2) with 30% retted flax straw and 
wheat straw particles added to WCBs could still be consid- 
ered acceptable within the experimental condition con- 
ducted in this study, though the addition led to a serious 
reduction in the properties. In general, although collected 
data showed that retted flax straw and wheat straw particles 
could be incorporated in WCBs, these two nonwood plant 
materials are not ideal partners to form composite materi- 
als. Much more consideration should be given before their 
addition. However, there is certainly the possibility of fur- 
ther improving the qualities of the WCBs when partially 
mixed with these nonwood plant materials by other pro- 
cesses, such as adjusting the particle geometry, the content 
of chemical additives, and the cement/particles ratio. Add- 
ing inorganic fibers to WCB undoubtedly would bring about 
an increase in product cost and a more complicated produc- 
tion process. Moreover, more attention must be paid to the 
waste from a surface sanding process in which the dust of 
inorganic fibers would be contained. 

Conclusions 

Based on the results of this study, the following conclusions 
can be drawn. The tested samples from WCBs prepared 
in this study resulted in an obvious improvement in the 
strength and dimensional stability properties when each of 
three inorganic fibers was added and compared with the 
controls, depending on the fiber and additive content. The 
mineral wool was considered superior to alkali-resistant 
glass fibers and normal glass fibers. The test results showed 
that each of the three inorganic fibers was an acceptable 
reinforcing material and was demonstrated to be a practical, 
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effective material for modifying the qualities, and prevent- 
ing deterioration, of WCBs. 

1. The MOR and IB values for all board samples were 
significantly higher than those of the control when these 
fibers were added. Generally, addition of 20% alkali- 
resistant fiber resulted in about a 23.2% increase in the 
MOR value. However, addition of 20% mineral wool 
brought about an increase of about 17.4% in IB strength. 

2. The 24-h water-soaking test showed that the WA, TS, 
and LE in the dimensional stability test were all significantly 
decreased by addition of each of the three fibers. The 
mineral wool had a more significant effect on improving 
dimensional stability. The WA, TS, and LE were decreased 
to about 22.2%, 27.5%, and 21.8%, respectively. 

3. The two kinds of nonwood plant particles (retted flax 
straw and wheat straw) significantly affected the properties 
of WCBs. The mechanical properties and dimensional sta- 
bility of board decreased with an increasing percentage of 
retted flax straw and wheat straw particles in the boards. 
The retted flax straw and wheat straw particles may be used 
as supplemental materials for partial replacement of wood 
materials in WCBs within a certain additive content range 
to meet the requirement for compromised board properties. 

4. Combination with 30% retted flax straw particles only 
slightly increased the MOR of boards (to about 7.3%). In 
contrast, the IB was significantly decreased (to about 
21.5%). The wheat straw particles brought about decreases 
in both MOR and IB (to about 10.7% and 32.5%, 
respectively). 

5. With the addition of retted flax straw and wheat straw 
particles, the dimensional stability of the boards was de- 
creased with increased additive content. When added with 
30% retted flax straw particles the WA, TS, and LE of 
boards gave incremental values of about 11.0%, 16.7%, and 
14.2%, respectively, whereas these values after addition of 
wheat straw particles were 17.6%, 33.4%, and 22.3%, 
respectively. 
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