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SUMMARY • The purpose oj this study was to evaluate the durability oj low-density cement­
bonded wood composites using an accelerated Cfg/ng process. Low-density cement-bonded 
wood composites were made with two types oj wpod particles ( excelsior and splinter) and 

pressed either conventionally or with carbotz dioxide injection. In the conventional boards, 
calcium chloride and sodium silicate were tested as additives to improve wood to cement 
bonding. Calcium hydroxide and a mixture oj calcium hydroxide and sodium silicate were 

added to portions oj the C02-injected boards. Ali the boards were tested bejore and ajter JO 
cycles oj a 3-day soakljreeze/thaw/dry cycle. Boards injected with carbon dioxide showed 
better initial physical and mechanical properties and also better pe,formance after accele­
rated aging than did conventionally pressed boards. Excelsior board outpe,formed splinter 
board in ali conditions tested. No dif.ference could be attributed to additives in either the 
conventional or the C02-injected boards. In ali treatments, flexural modulus oj elasticity 
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retention was les s than 50% after 1 O cycles oj aging, and modulus oj rupture was less than 
75%. The analysis indicated that jreezing had no effect on aging. 

Key words: excelsior board, mineral board, cement, carbon dioxide, durability, cyclic test, 
accelerated aging, sodium silicate. 

SAŽETAK • Ploče od drvne vune (ili od excelsior iverja, kako se to naziva u SAD) nazivaju se po 
vrsti usitnjenog drva koje se koristi u njihovoj proizvodnji. Drvo se usitnjava struganjem okoranih 
drvnih trupčića, priblimo dugih 50 cm, u duge uvijene trake. Te trake odstupaju u debljini od 0,08 

mm do 0,50 mm a širina im može biti od 0,60 do 12,5 mm. Duge kovrčave trake imaju vrlo malu 
prostornu gustoću, što omogućuje izradu lakih ploča usprkos velikoj specifičnoj gustoći cementnog 
veziva ( 3, O glcm3 ). Lake cementne drvne ploče ( engl. low-density cement-bonded wood compos­
ites, W-CBWC) općenito imaju gustoću u rasponu od 0,48 do 0,58 glcm3. U SAD-u se za ploče 
drvne vune najčešće koristi borovina (Pinus spp) i jasikovina (Populus spp) koje se miješaju s 
portland slaine cementom ili magnezijskim cementom. Cementne ploče drvne vune koriste se za 
izalaciju krovova, stropova i zidova. Ploče imaju vrlo dobru dimenzijsku stabilnost i izvrsnu 
otpornost na gljive, insekte i gorenje. Nadalje, njihova mala gustoća smanjuje provodljivost topline 

i povećava zvučnu izalaciju. 
Cilj ovog istraživanja bila je procjena trajnsoti lakih cementnih drvnih ploča primjenom ubrzanih 
metoda starenja. Cementne drvne ploče male gustoće načinjene su od dvije vrste drvnih čestica 

( drvne vune - excelsior i dugog iverja - splintera), a prešane su ili uobičajenim - konvencionalnim 

načinom ili uz ubrzigavanje ugljikova dioksida. U konvencionalnim pločama su kalcijev klorid i 

natrijev silikat iskušani kao veziva da bi se poboljšalo vezanje drva i cementa. Kalcijev hidroksid 
i mješavina kalcijeva hidroksida i natrijeva silikata dodavani su dijelovima ploča koje su bile 
injektirane sa C02. Sve su ploče ispitivane prije i nakon 1 O ciklusa koji su se sastojali od trodnevne 
izmjene potapanja, smrzavanja, taljenja i sušenja. Ploče injektirane ugljikovim dioksidom 

pokazale su bolja početna fizička i mehanička svojstva kao i bolju postojanost pri izlaganju nego 
konvencionalno prešane ploče. Ploče drvne vune nadmašite su ploče od drugog iverja u svim 

ispitivanim uvjetima. Aditivima se ne može pripisati nikakvo značajno poboljšanje ni u konven­
cionalnim ni u injektiranim pločama. Pri svim tretmanima je nakon 1 O ciklusa starenja smanjenje 
modula elastičnosti bilo veće od 50%, a modul loma je umanjen za više od 25%. Analiza je pokazala 

da smrzavanje nema utjecaja na ubrzavanje starenja. 
Ključne riječi: ploče drvne vune, mineralne ploče, cement, ugljikov dioksid, postojanost, 
ubrzano starenje, cikličko ispitivanje, natrijev silikat. 

INTRODUCTION 

Excelsior board, or "wood-wool" as it 
is referred to in Europe, is named after the 
type of particle used in its manufacture. The 
particle is produced by shredding debarked 
wood bolts, approximately 50-cm long, into 
long curly strands. Strands vary in thickness 
from 0.08 to 0.50 mm and in width from 0.60 
to 12.5 mm. The long curly strands have a 
very low bulk density, which permits the 
construction of a low-density board despite 
the 3.0 specific gravity (SG) of the cement 

binder. Low-density cement-bonded wood 
composites (LD-CBWC) generally range in 
density from 0.48 to 0,58 g/cm3 (10). In the 
United States, southern pine (Pinus spp. ) and 
aspen (Populus spp.) are favored for excel­
sior and are mixed with Portland cement and 
magnesia cement (5,8,18). The LD-CBWCs 
are used in roof decking, ceilings, and walls 
(8, 15). Like their high-density counterparts, 
LD-CBWCs have very good dimensional 
stability and excellent resistance to fire, 
fungi, and insects (15,19). In addition, their 
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reduced density lowers thermal conductivity 
and increases sound insulation (7). 

Many publications on LD-CBWC dis­
cuss the problem of wood-cement compati­
bility (2,3,6,9-11). The hydration-inhibiting 
effect of wood sugars and extractives can be 
reduced by seasoning the logs, washing the 
excelsior, or adding chemicals such as cal­
cium chloride and sodium silicate. Studies 
have shown that the use of carbon dioxide in­
jection to promote cement cure also im­
proves the effective compatibility of wood 
and cement (13,16,18). 

Studies on strength properties of LD­
CBWC by Lee (5) indicated that the modulus 
of elasticity (MOE) of low-density boards in­
creased almost linearly when the wood/ce­
ment ratio was increasd from 0.38 to 0.50. 
Modulus of rupture (MOR) also increased 
with increasing wood/cement ratio. Pablo 
and Geimer (14) obtained similar results with 
wood/cement ratios of 0.45 to 0.65. 

In comprehensive work on durability 
of agro-fiber-cement composites, Gram ( 4) 
concluded that durability is greatly af­
fected by soaking/drying cycles. Accord­
ing to Gram, fiber degradation and board 
embrittlement caused by elevated pH (be­
tween 11 and 12) is aggravated by cement 
pore water movement. He suggested that 
an accelerated aging test that incorporates 
soaking/drying cycles is appropriate for ce­
ment composites. Soroushian et al. (17) 
and Moslemi et al. (13) investigated the du­
rability of high-density cement-bonded 
wood composites. Durability studies on 
LD-CBWC, however, are somewhat lim­
ited. Lee (6) investigated the bending and 
thickness swelling properties of a commer­
cially produced excelsior board tested be­
fore and after 48 h water soaking. Bending 
properties tested after reconditioning the 
boards in a 65% relative humidity chamber 
were not significantly affected. Lee con­
cluded that the boards were very stable. 

OBJECTIVES 

The overall purpose of this study was 
to evaluate the durability of low-density ce­
ment-bonded particleboard using an acceler­
ated aging process. Specific objectives were 
to determine the effect of two wood particles 
(excelsior and splinter), two press systems 
(conventional and carbon dioxide injection), 
and two additives ( calcium chloride and so­
di um silicate) on bending and compression­
shear strength retention and dimensional 
stability following a 10-cycle wet/dry expo­
sure. 
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EXPERIMENTAL METHODS 

Wood Preparation 

Two different wood particles were 
used in this study: commercial aspen (Popu­
lus sp. ) excelsior and aspen splinters. The ex­
celsior, commercially specified as excelsior 
604, was 0.3 mm thick and 6 mm wide. The 
original particle was shortened from about 
500 mm to between 100 and 150 mm, to fa­
cilitate blending and also achieve better ce­

. ment coverage over the particles. Splinters 
were obtained by crushing freshly harvested 
aspen logs. The logs were first reduced to 
splinters by passing them several times 
lengthwise through a specially designed 
crushing device. The 300- to 500-mm-long 
splinters were then cross-cut to approxi­
mately 80 mm long, and finally passed cross­
wise through a commercial grain-crushing 
machine. The second reduction generated 
rough splinterlike particles with low bulk 
density, similar to those described by Marra 
(12). The grain-crushing machine imparted a 
singificant amount of cross-grain damage to 
the splinters. However, we felt that develop­
ment of commerical machines could im­
prove splinter quality and that the potential 
utilization of large quantities of forest resi­
dues as splinters warranted investigation of 
the material. The furnish was screened on a 
1.6- mm mesh to separate the fines. Prior to 
board fabrication, all particles were soaked 
in water for 24 h to reduce the amount of 
water-soluble sugars and tannins and were fi­
nally dried to approximately 1 % moisture 
content. 

Board Fabriation 

Three replications were made of eight 
board types. Variables included two particle 
types (excelsior and splinters), two pressing 
methods (conventional and CO2 injection), 
and two additives (calcium chloride (CaCh) 
and sodium silicate (Na2SiO3) for conven­
tional boards and calcium hydroxide 
(Ca(OH)2) and a mixture of Ca(OH)2 and 
Na2SiO3 for CO2-injected boards). Type I 
Portland cement was used as the binding 
agent. Ali boards had a wood/cement rati o of 
0.5, with additives considered part of the ce­
ment binder. Additive quantities based on to­
tal weight of the binder were as follows: 
Conventional boards: 
2% CaCh 
2% Na2SiO3 
Co-injected boars: 
5% Ca(OH)2 
5% Ca(OH)2 and 2% Na2SiO3. 
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All boards measured 660 by 600 mm 
and were fabricated to a specific gravity (SG) 
of 0.5 based on ovendry hydrated weight. 
Board thickness was 25 mm, and water/ce­
ment ratio was 0.6. Boards made in the con­
ventional manner were cold pressed to target 
thickness; at this thickness they were re­
strained by clamps for 24 h. Boards made us­
ing CO2 inj ection were pressed in a sealed 
gas injection press. After target thickness had 
been attained and following 220 s of gassing 
at a gas pressure of 400 kPa, the CO2 supply 
was terminated ant the gas in the system al­
lowed to disperse into the board. Total press 
time was 400 s. More information about CO2 
injection can be found in Souza (14). 

Testing 

Bending stiffness of the whole board 
was obtained immediately after pressing by 
measuring deflection directly beneath a con­
centrated load at the center of the board 
which was supperted on a 61-cm span. Thi� 
test was repeated after curing the board at 
27°C and 80% relative humidity (RH) for 28 
days. 

Each board provi ded three sets of four 
specimens each. Each set included a static 
bending specimen (76.2 by 355.6 mm), linear 
expansion (LE) specimen (76.2 by 304.8 
mm), 24-h water absorption and thickness 
swell specimen (152.4 by 152.4 mm), and 
compression-shear (also called Minnesota 
shear) specimen (50.8 by 57.1 mm). Except 
for the water absorption and thickness swell 
specimens, which were reduced in size, ali 
testing was performed according to ASTM 
D 1037-89 (1). Toughness (work to maxi­
mum load) was calculated from the bending 
data and is presented without adjustment for 
sample volume. Bending, compression­
shear, water absorption, and thickness swell 
specimens were tested after conditioning to 
equilibrium at 27°C, 80% RH. The LE speci­
mens were measured after conditioning once 
to 23°C, 50% RH and again to 23°C, 90% 
RH. Linear expansion was measured using 
an optical gauge capable of reading, -to the 
nearest 0.0025-mm, the distance between 
two brass pins embedded approximately 
254-mm apart. The water absorption and 
thickness swelling specimens were mea­

. sured before and after horizonta! immersion 
in water for 24 h. 

The first set of specimens was used as 
the control. The second set of specimens was 
subjected to 1 O cycles of accelerated aging. 
The accelerated regime was based on work 
published by Gram (4) and modified to suit 
our conditions. Each cycle consisted of the 

following: 
1. immersion in water at 20°C for 24 h 
2. freezing at-l 7°C for 24 h 
3. thawing at room temperature for 2 h 
4. ovendrying at 100°C for 22 h 

After accelerated aging, the specimens 
were equilibrated again at 27°C and 80% RH 
prior to testing. 

The third set of specimens was sub­
jected to 10 cycles of an alternative regime 
similar to that j ust described but with the 
elimination of the freezing/thawing steps. 
The third set of specimens was tested in the 
same way as the second set. 

Experimental Design 

The small number of sample replica­
tions (one sample from each of three repli­
cated boards) coupled with large variations 
between samples, characteristic of LD­
CBWC, lessened confidence in statistical 
analysis. However, a Ryan-Einot-Gabriel­
W elsh (REGWF) multiple F test was con­
ducted to check differences in test results of 
boards made with various additives. The ef­
fect of freezing was studied in a separate one­
way ANOVA. 

RESUL TS AND DISCUSSION 

A major concern in the development 
of aging tests in the proper selection of the 
type and extent of exposure conditions that 
permit measurable degradation of selected 
properties in a reasonable time. A harsh ex­
posure sequence that reduces a specific 
property to zero in one cycle is of no more 
value than a mild one that has no effect on 
the property in question. Time and space 
limitations, associated with the research re­
ported here, dictated only one evaluation of 
the exposed specimens. Preliminary testing 
had indicated that 10 cycles of the previously 
described exposure conditions would result 
in a measurable degradation of the st:rength 
properties in question. The exposure pro­
gram used was indeed useful in determining 
the relative effect of fabrication variables 
(press type, particle type, and additives) on 
loss of bending, shear, and toughness prop­
erties. In general, the cyclic exposure had lit­
tle effect on thickness swell and water 
absorption of the LD-CBWCs. However, 
surface erosion of the low-density boards 
disrupted the LE measuring pins and pre­
vented precise measurement of LE changes 
attributed to the exposure. There was no at­
tempt to correlate the extent of degradation 
in the aging tests to any meaningful long­
term weatherability factor. 
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Initial bending stiffness, measured on 
the whole board after 24 h of conventional 
pressing, was 54% of final stiffness meas­
ured after 28 days of curing. The CO2-in­
j ected boards measured after 400 s of 
pressing reacht::d 30% of their final stiffness. 
In both cases, the initial cure was adequate to 
pr�vent springback from occurring and per­
m1tted easy handling of the boards after 
pressing. 

A verage board weight gain (based on 
cement weight) during pressing far all CO2-
injected boards was 10%. This represents the 
amount of gas that was incorporated into the 
board. Typical CO2 system efficiency 
(weight gain/measured gas consumption) 
was 32%.  The additional gas was used to fill 
the system or was lost through leakage. 

Excelsior Boards 

Data on physical · and mechanical 
properties are presented in Table 1. The CO2-
inj ected boards consistently showed higher 
mean values than did the conventionally 
pressed boards far MOE, MOR, shear, and · 
toughness. No consistent difference in the 
thickness swell, water absorption, and LE 
properties of the control excelsior boards 
could be attributed to pressing method. The 
effect of Na2SiO3 addition varied with press 
mode and particle type- detrimental to some 
properties and favorable to others. Statistical 
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analysis did nat detect any difference be­
tween the faur additive treatments far any of 
the variables tested. Coefficients of variation 
far this test were 21 %, 30%, 28%, and 48% 
far MOE, MOR, shear, and toughness, re­
spectively. 

After 1 O cycles of aging, strength 
properties were substantially reduced in most 
cases (Table 1). The extent of loss varied 
considerably, depending on the strength 
property under consideration (Fig. 1). The 
CO2-injected boards retained higher proper­
ties after aging. 

Sample thickness was nat obtained in 
a saturated conditon, i.e., immediately after 
the soaking portion of the cyclic exposure. 
However, no warping, delamination, or 
�wist�ng of the specimens was observed. Ag­
mg d1d nat generate any unrecoverable thick­
ness swell, as measured far conditioned 
specimens befare and after aging. As men­
tioned previously, surface deterioration suf­
fered by the samples prevented measurement 
of linear ex pansion after cyclic exposure. Ef­
florescence, the movement of free Ca (OH)z 
to the surface creating a white "blush", was 
very noticeable in the conventionally pressed 
boards. This phenomenon did nat occur in 
the CO2-injected pressed boards. 

Data far boards subjected to a cyclic 
exposure without freezing indicate that the 
frezing porti on of the 10-cycle aging expo­
sure had a negligible effect on mechanical 
properties (Table 1). 

Figure 1. 
Retention values for 

MOE, MOR, shear, and 
toughness obtained for 
excelsior boards after JO 
cycles oj accelerated 
aging. • Postoci 
zadržanih početnih 
vrijednosti modula 
elastičnosti (MOE), 
modula loma (MOR), 
čvrstoće na smicanje i 
žilavosti za ploče od 
drvene vune ("excelsior") 
nakon 1 O ciklusa 
ubrzanog starenja. 
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Table 1. 
Physical and 

mechanical properties oj 
low-density aspen 
excelsior boards after 28 
days oj curing and 1 O 
cycles oj aginl • 
Fizikalna i mehanička 
svojstva "excelsior" 
lakih cementnih ploča od 
jasikovine nakon 28 
dana stezanja i 1 O 
ciklusa starenja 

60 

Propertl - Svojstvob 

MOE MOR Shear Thickness Water Linear 
Treatment Modul Modul 

Čvrstoća To�ghness swell adsorption expansion 
Postupak 

elasticiteta loma 
na Zilavost Debljinsko Nakuplja- Linearno 

izrade (GPa) (MPa) smicanje (N.mm) bubrenje nje vode istezanje 
(kPa) (%) (%) (%) 

Before agingc 

Prije starenjac 

Conventional 
Konvencionalno 0,84a 1 .28a 383a 383a 2.6a 63a 0 . 13a 

Conv/Na2SiO3 0.75a 1 .39a 260a 268a 3 . 1a  66a 0.1 1 a  

CO2 0.94a 2.29a 404a 630a 2.9a 63a 0. 1 0a 

CO2iNa2SiQ3 0.93a 2.04a 409a 564a 3. 1 a  62a 0 . 1 1 a  

After 1 O cycles of aging with freezingc 

Nakon 10 ciklusa starenja sa smrzavanjemc 

Conventional 
Konvencionalno 0.3 0.9 213 252 2.9 54 -

Conv/Na2SiO3 0.1  0.4 214  1 92 1 .2 75 -

CO2 0.48 1 .42 290 450 3.5 70 -

Co2/Na2SiO3 0.34 1 .21 373 552 1 .7 61 -

After 1 O cycles of aging without freezingc 

Nakon 10 ciklusa starenja bez smrzavanjac 

Conventional 
Konvencionalno 0.2 0.71 238 237 - - -

Conv/Na2S iO3 0. 1 1  0.40 1 63 1 97 - - -

CO2 0.37 1 . 1 6  365 337 - - -

Co2iNa2SiO3 0.25 0.97 41 5 350 - - -

•Mean values with the same letter, in the same group, are not significantly different at 5% level, using REGWF-F test 
b24-h thickness swell, 24-h water adsorption, and linear expansion from 50% to 90% relative humidity. 
c Average specific gravity was 0.46 for conventional boards and 0.52 for C02-injected boards before aging and 0.52 
and 0.54 after aging, respectively. 
"Srednje vrijednosti s istim slovom u istoj grupi nisu signifikantno različite na niovu 5%, upotreobm REGWF-F testa. 
b24-satno debljinsko bubrenje, 24-satno nakupljanje vode i linearno istezanje od 50% do 90% relativne vlažnosti 
zraka. 
c Prosječna specifična težina je prije starenja za konvencionalne ploče iznosila 0.46 a 0.52 za C02 injektirane ploče, 
dok su te vrijednosti nakon starenja iznosile 0.52 i 0.54 g cm·3. 

Splinter Boards 

Property values for splinter boards are 
given in Table 2. 1n almost all cases, strength 
properties of splinter boards were lower than 

· those of excelsior boards. Similar to that expe­
rienced with excelsior boards, C02 injection 
resulted in higher strength properties of the 
splinter boards compared to conventional 
pressing. Thickness swell appeared to be 
slightly less and water absorption slightly more 
than that observed in the excelsior boards. Sta­
tistical analysis showed some effect of additive 

treatrnent, but no pattem was apparent. 
Strength properties were in most cases 

considerably reduced by the cyclic exposure 
(Fig. 2). Shear and toughness suffered less 
than bending MOE and MOR. Aging did not 
affect board thickness or density, and it had 
little effect on 24-h thickness swelling and 
water absorption, indicating the very stable 
characteristics of inorganic bonded boards. 
Analysis again indicated that the freezing 
portion of the 10 aging cycles has little effect 
on mechanical property reduction. 
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Property - Svojstvo 

Toyghness 
Zi lavost 

MOE MOR Shear Toughnes Thickness Water 
Čvrstoća swell adsorption Modul Modul s 

Postupak elasticiteta loma na 
Žilavost 

Debljinsko Nakuplja-
izrade smicanje bubrenje nje vode (GPa) (MPa) (kPa) (N.mm) 

(%) (%) 

Before aging8 

Prije starenja8 

Conventional 
Konvencionalno 0.47a 0.80b 31 9a 206b 1 .9a 82a 

Conv/Na2SiO3 0 .51a 1 .04ab 340a 21 8b 2.4a 78a 

CO2 0.70a 1 .76a 398a 588a 1 .5a 77a 

CO2iNa2SiO3 0.42a 1 .0 1 b  377a 274b 1 .3a 74a 

After 1 O cycles of aging with freezing8 

Nakon 10 ciklusa starenja sa smrzavanjem0 

Conventional 
Konvencionalno 0.21 0.72 243 238 o.a 99 

Conv/Na2S iO3 0 . 19  0.50 258 1 60 1 . 1 92 

CO2 0.29 0.92 387 348 1 .5 86 

Co2iNa2SiO3 0.23 0.76 342 317 0.4 82 

After 1 O cycles of aging without freezing 
Nakon 10 ciklusa starenja bez smrzavanja 

Conventional 
Konvencionalno 0 . 17  0.58 1 80 236 - -

Conv/Na2S iO3 0.1 2 0.39 1 1 4  257 - -

CO2 0.26 0.90 362 306 - -
CO2'Na2SiO3 0 . 14  0.47 2 1 5  254 - -

Linear 
expansion 
Linearno 
istezanje 

(%) 

0. 1 2a 

0 . 1 0ab 

0.09ab 

0.07b 

-

-
-
-

-

-

-
-

a Average specific gravity was 0.48 for conventional boards and 0.49 for C02-injected boards before aging and 0.50 
and 0.53 after aging, !espectively. 
"Prosječna specifična težina je prije starenja za konvencionalne ploče iznosila 0.48 a 0.49 za C02 injektirane ploče, 
dok su te vrijednosti nakon starenja iznosile 0.50 i 0.53 g cm·3. 
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Figure 2 
Retention values far 

MOE, MOR, shear, and 
toughness obtainedfor 
splinter boards after 1 O 
cycles oj accelerated aging. 
• Postoci zadržanih 
početnih vrijednosti 
modula elastičnosti (MOE), 
modula loma (MOR), 
čvrstoće na smicanje i 
žilavosti za ploče od dugog 
iverja ( "splinter") nakon 1 O 
ciklusa ubrazanog starenja. 

Table 2. 
Physical and 

mechanical properties oj 
low-density aspen 
splinter boards after 28 
days oj curing and 1 O 
cycles oj aging • 
Fizikalna i mehanička 
svojstva lakih cementnih 
ploča od jasikovog dugog 
iverja ( "splinter") nakon 
28 dana stezanja i 1 O 
ciklusa starenja. 
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CONCLUDING REMARKS 

Excelsior produced stronger boards 
than did splinters . The CO2-injected boards 
had consistently higher bending and shear 
strength mean values after 28 days of curing 
than those of conventionally pressed boards. 
However, statistical analysis did not identify 
consistent significant inital strength differ­
ences resulting from either pressing tech­
nique or the addition of Na2SiO3 . Strength 
properties were severely affected by the 10-
cycle soaking, freezing, thawing, and drying 
test. Modulus of elasticity and MOR reten­
tion after aging was, in most cases, below 
50% and 75%, respectively, for both the ex­
celsior and splinter boards. No unrecover­
able thickness swelling appeared during 
aging, nor was thickness swelling or water 
absorption of the reconditioned boards af­
fected. The data indicate that freezing has no 
effect on aging . 
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