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The effect of moisture on the properties 
of cement-bonded particleboards made 
with non-traditional raw materials
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Abstract 

The paper presents research into the changes of properties in cement-bonded particleboards caused by moisture 
saturation over the course of 504 h. Three particleboard variants were tested, all at the age of 18 months. The first is a 
standard production-line board manufactured by CIDEM Hranice, a.s. (identified as CP-R). The other two variants were 
modified by by-products of the particleboard manufacturing process—dust (CP-D) and a particulate mixture (CP-P). 
The experiment observed changes in the boards’ dimensions, volume, and mass. The effect of moisture on their basic 
material properties was also investigated. While the boards were being saturated by water, changes in their structure 
were examined using an optical microscope. It was found that the boards behave differently depending on their 
composition. Also there were differences in the dynamics of the property changes. The modified particleboards are 
more susceptible to dimensional and volume changes. Both, volume and mass undergo the most significant changes 
during the first 24 h. Cracks and air voids inside the wood chips begin to close upon contact with water as a result 
of swelling. It was observed by optical microscopy that this process occurs within 3 to 5 min since immersion in the 
water bath. Between 24 and 96 h the rate at which the air voids and pores are closing begins to decrease and there is 
a difference in the dynamics of mass and volume changes as well. Wet–dry cycling of the boards was analysed as well. 
Temperature and moisture fluctuations negatively affected particleboard behaviour and properties. Strength dropped 
up to 50%. Wider cracks in structure of the particleboards were detected by optical microscopy, namely in ITZ (inter-
nal transition zone) of cement matrix and spruce chips.
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Introduction
Particleboards are composite materials consisting of 
small wood particles bonded by a matrix [1]. There are 
many binders being used, including cement-based ones. 
Wang et  al. [2] investigated a mixture that consisted of 
waste wood bonded by magnesium phosphate cement. 
Miranda de Lima et  al. [3] presented research into the 
modification of binders by metakaolin and calcined 
ceramics. Caprai et  al. [4] dealt with the substitution of 

cement by MSWI (municipal solid waste incineration) 
bottom ash. The wood particles may come from many 
different kinds of wood, as documented by the findings 
of Odeyemi et  al. [1] (African balsam tree), Nadhari [5] 
(banana trunk), A.N. Papadopoulos [6] (Carpinus betulis 
L.), Sotannde et al. [7] (Afzelia africana wood residues), 
Fuwape et al. [8] (tropical wood), Borysiuk et al. [9] (sugar 
beet pulp), Taha et al. [10] (tomato stalk), Amiandamhen 
and Izekor [11] (Gmelina arborea wood), Hossain et  al. 
[12] a Wang [13, 14] (construction wood waste), Cabral 
et al. [15] (stalk particles of Jerusalem Artichoke), Karade 
et  al. [16] (lignocellulosic wastes), Sassoni et  al. [17] 
(hemp) and Schwarzova et al. [18, 19] (hemp fibres).
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The properties of wood and the cement matrix are 
markedly different. Wood is a heterogeneous mate-
rial consisting mostly of structural components (cel-
lulose, hemicellulose, and lignin) and non-structural 
components (polysaccharides of starch, extractives, 
proteins, some water-soluble organic compounds, and 
inorganic compounds). Wood is susceptible to volume 
changes due to moisture. Wood can hold water in the cell 
walls as bound water or in the cell cavities as free water 
[20]. In theory, most, if not all, of the hydroxyl groups 
in hemicelluloses are accessible to moisture [21]. Chris-
tensen and Kelsey [22] estimated that cellulose, hemicel-
luloses and lignin in Eucalyptus regnans are responsible 
for approximately 47%, 37% and 16% of the total water 
sorption of this wood species. The use of wood in cement 
composites is also strongly influenced by the leaching 
of hemicellulose, which slows the hydration rate of the 
cement matrix; cf. Janusa et al. [23].

However, with the proper treatment, the properties 
of wood can be at least somewhat stabilized against the 
effect of moisture or the unwanted extraction of hemi-
cellulose. The modification of wood in cement-bonded 
particleboards has already been the subject of research 
by Sotannde et al. [7] (modification by  CaCl2,  MgCl2, and 
 AlCl3), Makarona et  al. [24] (nanostructured ZnO coat-
ing), Ahmed et al. [25] (oil impregnation, thermal modi-
fication), and Pelaez-Samaniego et  al. [20] (thermally 
modified acacia and sesendok). Lee et  al. [26] conclude 
that a particleboard made with higher proportion of oil 
palm trunk particles has better dimensional stability than 
that with higher proportion of rubberwood particles. 
Nasser et al. [27] analysed the pre-treatment of the par-
ticles with either cold or hot water and the addition 3% of 
 CaCl2,  Al2(SO4)3, or  MgCl2 (by cement weight) in terms 
of its influence on the properties of the particleboards, 
specifically boards made with the pruning wastes from 
six wood species. Interactions between wood species and 
the W/C (water/cement) ratio were highly significant 
for all of mechanical properties and dimensional stabil-
ity characteristics. Treatment by hot water and  CaCl2 
was investigated by Amiandamhen and Izekor [11]. Their 
research also aimed to determine how the treatment of 
the wood (flakes and sawdust of Gamelina arborea) influ-
ences the strength, modulus of elasticity, water absorp-
tion, and swelling in thickness of the particleboards 
after 24 h in a water bath [11]. Li et al. [28] reached the 
conclusion that the vapour diffusivity of wood–cement 
composites decreases when the water content increases 
as a result of capillary condensation. Liquid diffusiv-
ity dramatically increases because of the high relative 
humidity at which the liquid water tends to saturate the 
pores, which allows the water to be free and thus to dif-
fuse more easily [28]. Lee [26], drawing on Sulaiman [29], 

found that rubber wood is more hygroscopic than oil 
palm trunk. Pelaez-Samaniego [20] confirmed that the 
main factor contributing to the improvement of dimen-
sional stability of particleboards of wood composites is 
the removal of hemicelluloses from the wood.

Currently there are several by-products (from cement-
bonded particleboard production) that lack any further 
utilization and are therefore discarded as waste. The most 
promising of these materials is dust produced by the cut-
ting and grinding of the boards (6500 t/year) and a lefto-
ver particulate mixture consisting of cement, wood chips, 
admixtures, etc. (1000 t/year). Both the dust (D) and the 
particulate (P) contain cement and spruce chips. These 
materials could potentially be re-used in the production 
of new cement-bonded particleboards. A survey of avail-
able literary sources and particleboard manufacturers has 
revealed that the re-use of the above-mentioned mate-
rials is still a largely unexplored area. Similarly, authors 
who have investigated the water absorption of parti-
cleboards have failed to produce a more complex and 
detailed analysis. Studies usually limit themselves to test-
ing the compliance of materials with the requirements of 
technical standards [30–39].

Materials
Cement-bonded particleboards were manufactured by 
CIDEM Hranice, a.s. The batch per every test mixture 
was 11  m3. The reference mixture represents a stand-
ard market-available particleboard. Two more mixtures 
were designed, both modified by alternative compo-
nents produced as by-products during the particle-
board manufacturing process. The modification took 
into account prior research conducted in collaboration 
with CIDEM Hranice, a.s.; see [40, 41]. Components 
D and P were not treated (milling, crushing, sifting, 
etc.). Composition of designed mixtures is shown in the 
Table  1 (CP-R—reference particleboards; CP-D—par-
ticleboards modified by dust D; CP-P—particleboards 
modified by particulate mixture P).

Table 1 Volume composition (%) of designed mixtures—
reference and modified by dust and particulate mixture

Component Mixture
CP-R

Mixture
CP-D

Mixture
CP-P

Cement 25.00 24.75 24.00

Spruce chips 63.00 59.22 60.48

Dust—D 0.00 4.03 0.00

Particulate mixture—P 0.00 0.00 3.52

Water 10.00 10.00 10.00

Admixtures 2.00 2.00 2.00



Page 3 of 18Melichar et al. Journal of Wood Science           (2021) 67:75  

The mixtures are based on blended cement CEM II/A-
S 42,5 R (Českomoravský cement, a.s., Mokrá, Czech 
Republic; specific surface area of 458   m2/kg; density 
3124  kg/m3; initial set 215–250  min; 28-day strength 
59 MPa). The structure and microstructure of the wood 
chips are shown in Figs. 1 and 2. Their particle size dis-
tribution curve is in the chart below along with the 
other materials (Fig.  3). Besides these components, the 
mixtures also contained water and hydration-control 
admixtures.

The dust D is formed during cutting by a format saw, 
from where it is suctioned away via a cyclone that sep-
arates it from coarser particles. The particulate mix-
ture P is created, for instance, by changes made to the 
manufacturing process, such as when the mixture is 

adjusted in response to weather conditions, etc. Anal-
ysis of D and P microstructure (Fig.  2) has revealed a 
very thorough mineralization of a large number of 
spruce chips. Cement matrix residues (hydration prod-
ucts) are present on wood chips surface. It is therefore 
evident that the wood chips are to a large extent sealed 
against the ingress of moisture. The properties of the 
alternative components D and P have already been ana-
lysed by Melichar et al. [40–42]. Particle size distribu-
tion of P and D is shown in Fig. 3.

The chemical and mineralogical composition of D 
and P corresponds to the composition of a production-
line particleboard. The dust D has a larger wood con-
tent (determined by TOC analysis; Table 2).

Fig. 1 Structure of: a the raw spruce chips; b dust D; c particulate mixture P

Fig. 2 Microstructure of wood chips: a the raw spruce chips mag. 500 × ; b wood particle in dust D mag. 5000 × ; c wood particle in particulate 
mixture P mag. 2000 × ; pictures taken by a Tescan MIRA3 XMU scanning electron microscope



Page 4 of 18Melichar et al. Journal of Wood Science           (2021) 67:75 

Experimental methods
The particleboards with density 1300–1400  kg/m3 and 
12 mm in thickness were made and cut into specimens 
at the production line at CIDEM Hranice, a.s. 28 days 
later the boards were transported to the laboratories 
of the Institute of Building Materials and Components, 
Faculty of Civil Engineering, BUT. Specimens matured 
for roughly 17 months in the laboratories. All the tests 
and analyses were planned so that their end would 
coincide with the specimens reaching 18 months of age.

Specimen preparation and dimensions
Specimens with the dimensions of 
50  mm × 50  mm × 12  mm (water saturation dynam-
ics up to 30  min), 290  mm × 50  mm × 12  mm 
(testing of mechanical properties), and 
300  mm × 100  mm × 12  mm (dimensional and mass 
changes) were made. All the specimens were stored 
in a climate chamber until they reached a stable mass. 
Afterwards the specimens were placed in an exica-
tor for temperature stabilization. Next, all the dimen-
sions (length, width, and thickness) as well as mass 
were measured. Also detailed images of the specimen 
structure were taken using an optical microscope. Each 
individual parameter was determined using a set of 6 

specimens where 3 specimens were cut from the boards 
in the longitudinal and 3 in the transverse direction.

Analysis of structure—computed tomography
Before the water saturation, three-dimensional structure 
of CP-R particleboard was analysed. This non-destruc-
tive analysis was focused on identification of prevailing 
direction and orientation of spruce chips in the boards. 
Orientation of wood chips is important due to different 
behaviour during dimensional changes related to water 
saturation. XRD tomography device phoenix v|tome|x m 
300 was used for this purpose.

Water saturation, swelling
Standard EN 317 [34] determines swelling in the thick-
ness of a specimen after being completely submerged 
under water at (20 ± 1)  °C. In principle, the experiment 
followed EN 317. The standard only observes changes 
in thickness. The presented research examined vol-
ume changes in greater detail, including changes in 
length and width. The specimens had dimensions of 
300  mm × 100  mm × 12  mm (see Fig.  4), which is simi-
lar to those of particleboards used in real-life applica-
tions. Besides dimensional changes, mass increases 
were observed as well. The standard EN 634-2 [32] only 
examines the value of swelling in thickness 24  h after 
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Table 2 Chemical composition, wood content and water absorption of D and P

Alternative material SiO2
[%]

CaO
[%]

Al2O3
[%]

Fe2O3
[%]

Na2O,  K2O
[%]

Wood content
[%]

WA [%]

D 10.5 46.1 14.8 3.8 0.4 26.1 49.9

P 14.9 41.9 13.9 4.4 1.2 19.8 40.1
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full immersion in water. The above-mentioned proper-
ties (dimensions and mass) were measured at 0, 1, 4, 6, 8, 
12, 24, 48, 72, 96, 168, 336, and 504 h for a more detailed 
determination of the water saturation dynamics.

The specimens were maintained in laboratory environ-
ment after their removal from the water. Gradual drying 
of the tested particleboards occurred till the stable weight 
was reached. Subsequently, irreversible changes of moni-
tored parameters were determined.

Wet–dry cycling
Conditions characterized by cyclic wetting and drying 
were simulated in water bath and drying oven. One cycle 
(total 48  h) consisted of two follow-up phases—immer-
sion in water at 20 °C for 24 h; drying in oven at 103 °C 
for 24 h. A total of 7 such cycles were performed. Mass 
and dimensions were determined after each cycle. Evalu-
ation of reversible, irreversible changes and macroscopic 
failures was possible.

Leachability of sugars
Cement-bonded particleboards contain sugars, mainly 
hemicellulose, which has negative effect on cement 
matrix hardening. Hemicellulose is dissoluble in presence 

of water. Thus, the water from the bath (where the speci-
mens were stored) was sampled after 168 and 504 h and 
tested for sugar content. The sugar content determina-
tion (Fig.  5) followed the principle of reducing sugar 
with potassium permanganate  (KMnO4) in an alkaline 
environment. The reduction of  MnVI to  MnIV changes 
the colour of the solution to yellow or yellow–brown. 
Brown  MnO2 precipitate may form at high permanganate 
concentrations.

Density, bending and tensile properties
Three sets of specimens were tested. One reference set 
was tested. The second set contained particleboards 
that were saturated by moisture (up to 504  h) and sub-
sequently dried in laboratory conditions. The last set 
consisted of particleboards that were exposed to wet–dry 
cycles. Their dimensions were 50 mm × 50 mm × 12 mm 
(density, tensile) and 290 mm × 50 mm × 12 mm (bend-
ing). Before the tests of physical and mechanical proper-
ties were conducted, the particleboard specimens were 
stored at relative humidity of (65 ± 5)% and temperature 
(20 ± 2) °C to allow them to reach stable mass.

The method for determining the density of particle-
boards is described in EN 323 [37]. Bending strength 
and modulus of elasticity in bending were determined 
according to EN 310 [33] (the three-point bend test). 
The strength of the specimen is calculated as the ratio 
between the bending moment M at maximum load Fmax 
and the moment of the whole cross-section. The dis-
tance between the centres of the two support rollers is 
set at 20 × the thickness of the board. The maximum load 
(specimen failure) must occur no later than (60 ± 30) s at 
a constant loading rate. Tensile strength perpendicular to 
the plane of the board was determined from the maxi-
mum force acting upon the specimen surface according 
to EN 319 [36]. The loading rate was set so that the speci-
mens would suffer failure within (60 ± 30) s; 3 mm/min.

Fig. 4 Cement-bonded particleboard specimens about 1 h after 
immersion in water at approximately 20 °C. The specimens were used 
to assess the dynamics of moisture saturation

Fig. 5 Analysis of sugar concentration in the water solution in which the specimens were immersed for 504 h
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Microstructural analysis—optical microscope
The structural changes were analysed with a Keyence 
VHX-950F optical microscope (up to 200 × magnifica-
tion). Special attention was paid mainly to areas where 
cracks had formed, as these parts make it possible to 
see how moisture saturation influences the dimen-
sional or volumetric changes of the boards. The analy-
sis focused mainly on the moisture saturation dynamics 
of the cement-bonded particleboards and its role in 
the closing and subsequent re-occurrence of microc-
racks. The moisture saturates the cell walls of the wood 
chips, which causes it to swell and cause microcracks 
to form in the cement matrix. A total of 3 sets of speci-
mens were subjected to a detailed analysis. The first 
set was examined from 0 through 30  min after immer-
sion and consisted of specimens with the dimensions of 
50  mm × 50  mm × 12  mm. The microstructural analy-
sis of these specimens took place while they remained 
immersed in water (see Fig. 6). The second set comprised 
specimens of 300  mm × 100  mm × 12  mm, which were 
examined at a set time interval together with weigh-
ing and dimension measurement; i.e. before water satu-
ration and after 1, 4, 6, 8, 12, 24, 48, 72, 96, and 168  h 
under water. The third set comprised specimens of 
300 mm × 100 mm × 12 mm which were analysed during 
wet–dry cycles, i.e. each 24 h (after water saturation and 
also after drying).

Results and discussion
3D structure of the particleboards
Following figures (Figs. 7 and 8) show CP-R board with 
emphasis on orientation of spruce chips. Orientation 
of chips in the particleboards is important in terms of 

dimensional changes because wood is an anisotropic 
material. Significant dimensional and volume changes 
occur in radial and tangential direction of wood [24, 43].

CT analysis proved that axial direction of the chips is 
mostly parallel with plane of the particleboard. Radial 
and tangential direction of the wood chips is oriented 
perpendicular to the length (linear direction) of the parti-
cleboards. Thus, the most apparent dimensional changes 
could occur in thickness direction.

Dynamics of water saturation
The charts (Fig. 9) show a detailed evaluation and com-
parison of the dimensions, mass, and volume of the 
particleboard specimens (development up to 504 h). Irre-
versible changes of tested parameters after gradual drying 
in laboratory environment are shown in Table 3. Results 
confirmed diverse behaviour of boards in dependence on 
their composition during soaking. This relates to differ-
ent ratio of cement and chips in CP-R, CP-D and CP-P. 
Ratio of cement, chips and alternative raw materials also 
has effect on structure of ITZ of matrix and spruce chips. 
The sorption of the boards not only occurs separately in 
spruce chips and cement matrix, but it is also compli-
cated by the interfacial region [44]. Sorption dynamics, 
characterized by rapid changing dimensions and mass, is 
apparent up to 96  h of soaking. The most rapid change 
was determined after the first hour of the immersing 
boards. This indicates relatively open porous structure 
of the boards when the first water penetrates through 
cement matrix capillary system into the cell structure of 
spruce chips. Penetration of water is more difficult with 
increasing water amount within the boards, because 
porous structure is gradually filled by the water and less 

Fig. 6 Observation and evaluation of volume changes in a specimen being saturated by liquid moisture using an optical microscope: a the 
microscope with a specimen; b specimen detail under the lens of the microscope



Page 7 of 18Melichar et al. Journal of Wood Science           (2021) 67:75  

free space remains. Therefore, another penetration of 
water into the boards slows down. When fibre satura-
tion point (FSP—fully saturated cell walls of wood) is 
reached, dimensional and volumetric changes are not 
so significant. However, it is quite difficult to determine 
exactly FSP of spruce chips in the boards with regard 
to heterogeneous structure of this composite material 
(cement matrix, spruce chips, ITZ). The spruce chips 
are also stabilized (modified) by water glass, Ca ions of 
cement binder and thermal treatment during the produc-
tion of boards. This stabilization of the chips perceptibly 
changes their sorption dynamics. Reference boards CP-R 

show the most stable properties in terms of dimensional, 
volume and mass changes. Irreversible changes of the 
tested parameters were determined in case of all types of 
boards. Irreversible mass changes of CP-R correspond to 
findings Fan et al. [45].

The linear direction is characterized by the smallest 
dimensional changes (0.39% CP-P; Fig. 9a). This relates to 
the orientation of spruce chips in the particleboards and 
direction of pressure during production of the boards 
(Figs.  7 and 8), including residual stress in the chips. 
Residual stress did not affect linear expansion strongly. 
Length change 0.23% (CP-R), 0.28% (CP-D) and 0.29% 

Fig. 7 Structure of board CP-R—CT analysis; orientation of spruce chips: a longitudinal slice—perpendicular to the plane of the board; b 3D model; 
c longitudinal slice—in plane of the board; d transversal slice

Fig. 8 Structure of board CP-R—CT analysis; orientation of spruce chips—detail. Direction of thickness and pressure effecting during production of 
boards—yellow crowfoot
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(CP-P) was determined after 24 h of soaking. After grad-
ual drying, irreversible linear change was determined in 
range of 0.10% to 0.15%.

Radial and tangential swelling occurs mostly in thick-
ness direction of the boards due to the chips orienta-
tion. Also residual stress (from production of the boards) 
in the chips is relaxed during their soaking. This stress 
causes increasing expansion pressure of spruce chips 
and thus strongly affects thickness change. Therefore, 
compared to the linear changes, much higher values of 
swelling in thickness were determined (see Fig.  9b)—
CP-P (1.58% after 504 h). After 24 h, the CP-R specimens 

swelled by 0.3%, which corresponds to the informa-
tion declared by the manufacturer [46]. The dynamics 
of water saturation in case of CP-P is the most appar-
ent up to 96 h of soaking. CP-R shows a more significant 
increase between 168 and 504  h. After gradual drying, 
irreversible change of thickness was determined in range 
of 0.26% to 0.35%. Particleboards CP-D and CP-P suf-
fered from swelling in thickness after 24  h in a much 
smaller degree than particleboards containing other 
available agricultural waste (various plants and woods). 
This is supported by results—Nasser et al. [27] (4.51% to 
4.87%), Odeyemi et al. [1] (2%), Sotannde et al. [7] (0.8% 
to 2.19%), Fuwape et al. [47] (4.44%), Okino et al. [48] (1.1 
to 1.8%) and Zhou et al. [49] (0.53%). Strong dependence 
of swelling in thickness on particleboards composition 
was proved. However, relationship between dimensional 
changes (see Fig.  9a,b) and density (see “Physical and 
mechanical parameters” section) of the particleboards 
was not proved, as for example Nasser et al. [27] present.

Volume changes (see Fig. 9c) roughly follow the trend 
of swelling in thickness (see Fig.  9b). Particleboard 
specimens CP-P appear the most susceptible to volume 
change with 1.52% (24 h) and 2.51% (504 h) during water 
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Fig. 9 Dimensional, volume and mass the changes of the boards during water saturation over the total of 504 h: a linear—length change; b 
lateral—thickness change; c volumetric change; d mass change

Table 3 Irreversible changes of dimensions, volume and mass of 
tested cement-bonded particleboards

Mixture–boards Linear—length
[%]

Lateral—
thickness
[%]

Volume
[%]

Mass
[%]

CP-R 0.10 0.26 0.69 1.20

CP-D 0.14 0.26 0.99 3.01

CP-P 0.15 0.35 1.38 3.14
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saturation. The volume increases the most rapidly dur-
ing the first 48  h of immersion. This is partially caused 
by the dissolution of soluble substances of the spruce 
chips, which may increase stress in the remaining wood 
substances and surrounding solids of cement paste. This 
leads to a corresponding volume change in both the wood 
chips and the adjacent cement paste [44]. Particleboards 
CP-D and CP-P exhibit the same volumetric behaviour 
over the first hour of soaking (0.76% and 0.77%). After 
gradual drying, irreversible volumetric change was deter-
mined in range of 0.69% to 1.38%. These values are not 
negligible considering the maximal volumetric changes 
after 504 h.

The results show that differences between mass 
(Fig. 9d) of CP-R, CP-D and CP-P boards are smaller in 
comparison with the dimensional and volume changes. 
The most dramatic increase occurs within 1  h of initial 
immersion (approximately 10%). After 504  h of immer-
sion, the mass of all the specimens increased to a simi-
lar degree, ranging from 24.40% to 25.79%. After gradual 
drying, irreversible change of mass was determined in 
range 1.20% to 3.14%. The tested particleboards exhibit 
different water absorption depending on the type of alter-
native material used. The dynamics of mass change vary 
as well. This confirm results and findings related to water 
absorption after 24  h immersion by Sotannde et  al. [7] 
(9.28–16.14%), Nasser et al. [27] (13.4–21.3%), Odeyemi 
et  al. [1] (5.8%), Fuwape et  al. [47] (20.40%), Savastano 
et  al. [50] (10.7–24.8%), Okino et  al. [48] (14.4–16.7%) 
and Zhou et al. [49] (6.9%). The particleboards analysed 
by Okino et al. [48] show a more dynamic water satura-
tion during the first two hours of initial immersion.

CP-D boards appear more resistant to moisture-
induced changes than CP-P. The cause is partly due to 
the nature of the alternative components. Component P 
contains larger particles and aggregations of cement and 
wood chips. Another crucial factor is that dust D comes 
from particleboards that have passed through the entire 
manufacturing process, including two thermal curing 
cycles. On the contrary, particulate mixture P accumu-
lates in the production line after mixing and layering into 
a continuous sheet. This means that component P has not 
completed its full mineralization cycle. Performed tests 
confirmed that the origin of the alternative component 
plays a significant part in the dimensional and volumet-
ric changes. However, effect on water absorption (mass 
changes) of the particleboards is not so evident.

Wet–dry cycling
Effect of cyclic water soaking and drying on parameters 
of the particleboards was analysed (Fig.  10). Irrevers-
ible and reversible changes of the tested parameters 
after wet–dry cycling are apparent from Table 4. Linear 

changes are the smallest, with irreversible component 
approximately −  0.1%. The differences between the 
CP-R, CP-D and CP-P are not significant. On the other 
hand, thickness change is more obvious and increase was 
noticed, while linear irreversible change is characterized 
by shrinkage. The differences in thickness between indi-
vidual types of particleboards are more evident. Refer-
ence boards CP-R show the smallest dimensional, volume 
and mass changes. Boards CP-P are the most susceptible 
to the analysed parameters due to wet–dry cycles.

Irreversible swelling is caused by the release of the 
residual compressive stresses imparted to the board dur-
ing the pressing process [47]. Relief of residual stresses 
within the wood due to hot pressing process was also 
presented by Rowell [51]. Composition of the particle-
boards also has significant effect on its changes during 
wet–dry cycles. Based on comparison of results [47] with 
outcomes in this study, very strong dependence on com-
position of the particleboards is obvious.

Boards CP-R, CP-D and CP-P show irreversible change 
in range of 0.40 to 0.74%, whereas authors [47] deter-
mined irreversible changes of the particleboards in range 
15 to 21%. An interesting fact is that these different values 
are noticeable despite very similar density and cement/
particle ratio of the particleboards. Another key factor, 
affecting rate of changes, is de-bonding of the cement 
matrix and wood particles due to chips shrinkage during 
drying [47]. Failures between cement matrix and spruce 
chips are apparent from microscopic observation (see 
“Microstructure” section). Regarding to very low changes 
of CP-R, CP-D and CP-P it is evident that de-bonding 
effect is very slight in comparison with boards based on 
sawdust and wastepaper [47]. Irreversible changes of par-
ticleboards mass (growing trend) and length (downward 
trend) were determined by Fan et al. [45] during wet–dry 
cycles (90–65–35–65–90% RH). Length and mass trend 
is obvious also from hysteresis loops (isotherms) [45].

Results (Fig. 10 and Table 4) are supported, among oth-
ers, by Ahmed et al. [25]. Mass loss of the particleboards 
is connected with removal of water-soluble carbohy-
drates or extractives from spruce chips, especially after 
the first cycle (see Fig. 10d). Nevertheless, the mass loss is 
very low, i.e. 0.76%. Mass and length trend (Fig. 10a and 
d) is confirmed also by Fan et al. [44]. Wood chips degra-
dation in cement-bonded particleboards can occur due to 
highly alkaline environment (cement matrix). This causes 
loss of mass and dimensional changes (chips).

Sugar leachability
Negative effect of sugars during cement matrix harden-
ing analysed and described among others [52–55]. There-
fore the water (in which the specimens resided) was 
sampled after 168 and 504 h and tested for sugar content. 
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By this time, the water had changed colour and taken on 
a yellow hue. Sugars inhibit the hydration of the cement 
matrix. Janusa et al. [23] claim that sugars at concentra-
tions as low as 0.03–0.15% (originating from hemicellu-
lose) will delay initial setting and strength gain in cement 
composites. Table  5 lists the measured values of sugar 
content in the eluate. Selected representative samples 

during analysis—see Fig.  11. Each of the specimen sets 
was placed in a separate water bath.

The results show that over 168  h, only a very small 
amount of sugars had leached. Given the findings of 
Janusa et  al. [23], this amount is too insignificant to 
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Fig. 10 Dimensional, volume and mass the changes of the boards during wet–dry cycling (7 cycles): a linear—length change; b lateral—thickness 
change; c volumetric change; d mass change

Table 4 Irreversible changes of dimensions, volume and mass of 
tested cement-bonded particleboards

Mixture–boards Linear—length
[%]

Lateral—
thickness
[%]

Volume
[%]

Mass
[%]

CP-R − 0.10 0.40 0.29 − 0.22

CP-D − 0.08 0.54 0.43 − 0.09

CP-P − 0.08 0.74 0.71 − 0.13

Table 5 Sugar content in the water bath after 168 and 504 h of 
immersion of the cement-bonded particleboards

Mixture Consumption 
of 2%  KMnO4 
solution 
(168 h)
[mL]

Sugar 
content in 
the leach 
(168 h)
[%]

Consumption 
of 2%  KMnO4 
solution 
(504 h)
[mL]

Sugar 
content in 
the leach 
(504 h)
[%]

CP-R 0.75 0.008 3.00 0.030

CP-D 1.25 0.013 5.00 0.050

CP-P 1.00 0.010 3.25 0.033
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have any particular influence on cement hydration. A 
slightly higher amount of sugar was found in the water 
where the specimens remained for 504 h. In the case of 
CP-R and CP-P, this amount was at the bottom thresh-
old of the sugar concentration given by Janusa et  al. 
[23]. A higher amount was found only in the eluate of 
CP-D. The results of sugar concentration in the water 
bath correspond to the material composition of each 
mixture.

The results show that 504  h of moisture contact will 
cause sugar leaching that is capable of affecting the 
hydration of the cement matrix.  C3A reacts very rapidly. 
Therefore it can be assumed that sugar leaching of a rate 
that was observed within this experiment (see Table 1) is 
too slow to affect the  C3A reaction. It is more likely that 
the sugars would affect the  C3S reaction. However, this 
clinker mineral also reacts relatively quickly. Especially 
when a large amount of water is present, it is very likely 

that  C3S will have reacted before enough sugars have 
leached to slow it down.

Physical and mechanical parameters
The density values of all the specimens are shown in 
Fig. 12a (ranging between 1320 and 1350 kg/m3). Immer-
sion in the water bath has increased these values to 1350 
to 1380 kg/m3. Slight decrease of density was determined 
in case of the boards subjected to the wet–dry cycles, val-
ues in range of 1300 to 1320 kg/m3.

Bending strength tests have revealed a slight benefit 
of the water immersion, but very significant deteriora-
tion due to wet–dry cycling (see Fig. 12b). The bending 
strength and density of reference and immersed boards 
has similar trend. The bending strength of specimens 
matured in a normal environment ranges between 12.3 
and 12.7  N/mm2. Prolonged immersion in water has 
increased these values by 1.3 to 4.1%. An interesting 

Fig. 11 Colour change indicating sugar content. The identified value for sugar content calculation was indicated by a light magenta colour
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finding is that the modified particleboard specimens 
showed higher strength than the reference. This is prob-
ably related to higher density of modified boards. It is 
obvious that the minor volume changes do not reduce the 
final bending strength. It is also evident that the modifi-
cation by alternative components brings a slight benefit. 
In addition, the bending strength results prove that the 
sugars leached during immersion did not hinder the con-
tinuing hydration of the cement matrix. The boards sub-
jected to the wet–dry cycling show significant decrease 
of bending strength, from 34 to 37%, which confirms all 
aforementioned phenomena (release of residual stress in 
chips, de-bonding chips and cement matrix etc.).

Regarding the modulus of elasticity in bending (see 
Fig. 13a), the tested particleboards behave a little differ-
ently than in the case of bending strength. Immersed par-
ticleboards CP-D show a slight decrease in the bending 
modulus, specifically 2.2%, while the other mixtures show 
an increase between 2.7 and 7.6%. On the contrary, par-
ticleboards subjected to wet–dry cycles show decrease 
of modulus in range of 47.3 to 49.4%. There is no strong 
relation of modulus to density trend.

Transverse tensile strength perpendicular to the plane 
of the board (see Fig. 13b) indicates the bond and coher-
ence of the particleboards in the direction of their com-
pacting, i.e. thickness. Strong decrease in tensile strength 
was determined after wet–dry cycling (39.4 to 48%). 
Immersed boards show increased tensile strength. The 
smallest degree of swelling was found in CP-R, which 
also showed a slightly higher increase in tensile strength 
than modified boards CP-D and CP-P. This is a negative 
effect of swelling in thickness (release of stress and pres-
sure of swelled chips on adjacent matrix). All phenomena 

(release of residual stress from pressing boards, orienta-
tion of chips, de-bonding chips and matrix, etc.) showed 
strong effect in lateral direction (thickness).

Microstructure
First, selected areas of the specimens were observed for 
30  min (Figs.  14 and 15). During the examination, the 
specimens remained in the water bath. The structure 
of the particleboards was also analysed over the longer 
term; i.e. 1 through 504  h, during which the specimens 
were removed from the water bath to be examined. 
Images of microstructure were taken immediately after 
the removal. The most interesting changes were observed 
after 0, 1, 24, and 168 h. It was possible to record move-
ment of the chips in all three directions by 3D analysis 
(Figs.  16-18). Some publications examine the volume 
changes of wood as such. However, the wood that is part 
of a composite behaves differently. Specifically in cement-
bonded particleboards, the wood chips are surrounded 
by the cement matrix. Adjacent cement matrix prevents 
the wood from dilating normally. Moreover, the wood is 
chemically and thermally treated. Observing areas where 
cracks occurred in the wood/cement interfacial zone was 
interesting.

The examination by an optical microscope showed that 
the dynamics of volume (dimensional) changes is vary-
ing rapidly. Cracks situated in the interfacial zone close 
within several minutes. This is a result of the wood chips’ 
swelling upon contact with water (Figs. 14 and 15). The 
initial width of chip (Fig. 14) was determined at 552 µm, 
after 3  min 609  µm (10.3% increase) and after 10  min 
621  µm (12.5% increase). However, it must be empha-
sized that the adjacent crack allowed the spruce chip to 
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move in this direction. The crack closes rather rapidly, 
already after 3 min (Fig. 14). Crack in the interfacial zone 
of CP-D board also closed immediately after 3  min of 
board immersion in water (Fig.  15). Reason is that cell 
walls are filled by water in the first stage. Saturation of 
cell walls by liquid water before reaching FSP is very fast. 
The dynamics of saturation is intensive up to 5 min from 
immersion to water bath. All free gaps, pores or cracks 
situated in contact zone of chips and matrix are closed 
due to spruce chips swelling in several minutes. Spruce 
wood is subjected to a macroscopic swelling, whereas, 
at the microscopic scale, the cell walls absorb bound 
water through the hemicellulose [56]. Water is bound to 
hemicellulose and amorphous component of cellulose. 
After reaching the FSP, there is no obvious macroscopic 

swelling. The cell walls are already saturated by bound 
water. The free water is located in lumens.

Swelling of spruce chips is obvious in all directions 
from microscopic pictures. Especially if there is free 
space around the chips. However, generally with regard 
to orientation of chips, swelling is more obvious in thick-
ness direction (Fig. 9). There is an important factor when 
the boards are immersed to the water. That factor is 
releasing of stresses induced during the production of the 
particleboards.

Some chips are characterized by lower value of swell-
ing. It could therefore mean that this particular spruce 
chip comes from the alternative component (particulate 
mixture). The wood contained in these components had 
been treated by a mineralization process. That is why 

Fig. 14 Detailed structure of board CP-D—pictures from an optical microscope: a before immersion in water; b after 3 min of water saturation

Fig. 15 Detailed structure of board CP-P—pictures from an optical microscope: a before immersion in a water bath; b after 3 min of water 
saturation
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Fig. 16 Detailed structure of particleboard CP-P—pictures from an optical microscope: a before immersion in water (height difference of 
63.31 µm); b after 1 h of water saturation (height difference of 99.31 µm)

Fig. 17 Detailed picture of a crack in particleboard CP-D (before immersion in water)—picture from an optical microscope: a 3D view of the 
surface with a crack; b 2D view of the cross-section; c profile curve of the cross-section
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these particles should be more resistant to swelling due 
to moisture.

Analysing the specimens’ structural changes in 2D 
and 3D makes it possible to analyse the profile changes 
with more complexity. This analysing is interesting 
mainly in terms of the closure of cracks and volume 
changes. The following images show selected outcomes 
(see Figs. 17 and 18). The images show that the pictured 
crack closed within the first hour as the wood swelled.

It is evident that not all the spruce chips observed 
in the area undergo the same volume changes. This is 
caused either by their orientation, damage to their struc-
ture, or by their origin (whether they are primary spruce 
chips or part of the alternative components). However, a 
detailed microscopic analysis can be of great use in veri-
fying, confirming, or explaining certain observations and 
findings obtained during the determination of dimen-
sional changes in the cement-bonded particleboards. 
The combination of the 2D and 3D cross-section profile 
is particularly useful, as it enables an easy yet thorough 
analysis of these changes.

Irreversible extending of crack width was observed 
(Fig.  19) during wet–dry cycling. Also it is evident 

that chip itself was deteriorated, i.e. damaged struc-
ture is apparent. Failures formed mostly in ITZ zone 
between spruce chips and cement matrix. The reason 
is that different volume changes (within the chips and 
the matrix) during temperature and moisture fluctua-
tion occurred. During wetting, the chips swelled and 
caused pressure on the adjacent matrix (supported by 
results and findings of Rowell [57]). This pressure could 
contribute to damage of surrounding cement matrix of 
the boards. Wood chips shrink more quickly than the 
matrix during drying phase. Therefore, separation of 
the chips and matrix occurs. Fluctuation in moisture 
and temperature caused decrease in mechanical prop-
erties of the particleboards (Figs. 12 and 13).

Apparent irreversible changes were determined in 
case of CP-P (Fig. 19), which is in accordance with pre-
vious results and findings (Fig. 10 and Table 4). Signifi-
cant aspect is also structure of cement matrix, which 
is affected by the amount of substituent (particulate 
mixture P or dust D). Increased amount of substitu-
ent P resulted in less compact and rigid structure. Less 
coherent structure of the boards is obvious from ten-
sile strength results (Fig. 13b). Loss of coherence of the 

Fig. 18 Detailed picture of a crack in particleboard CP-D (after 1 h of immersion in water)—picture from an optical microscope: a 3D view the 
surface with the crack; b 2D view of the cross-section; c profile curve of the cross-section
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tested boards was more apparent after wet–dry cycling. 
Irreversible changes of cement-bonded particleboards 
also relate to deformation of cement matrix. The matrix 
is subjected to irreversible changes during swelling and 
subsequent drying of the boards. Contrary, the chips 
are more flexible and reach almost the same dimen-
sions after drying. Therefore, widened cracks in ITZ 
of analysed boards are apparent after 7 wet–dry cycles 
(Fig. 19b, d).

An interesting research would be also study of trans-
port of the water in the boards and separate components 
(matrix and chips) in terms of different water entering 
the edge and inner structure of the boards. However, 
this research requires more complex and detailed study, 
which is above the scope of the presented study.

Conclusions
All the parameters were determined in terms of the effect 
of the particleboards’ different composition.

Cement-bonded particleboards behave differently dur-
ing water saturation (up to 504 h under water) depend-
ing on their composition. The changes in the observed 
parameters follow different dynamics. Particleboards 
with a modified composition are more susceptible to vol-
ume and dimensional changes. Most volume and dimen-
sional changes occur roughly within the first 24 h. Very 
fast changes were detected by optical microscopy within 
3 to 5 min of being immersed in water. Between 24 and 
96 h the rate at which pores and air voids close begins to 
decrease. Volume and mass changes occur at a different 
rate. Mass increases at larger increments than volume.

Mechanical properties (strength and modulus of elas-
ticity) were not harmed by swelling. In fact, the 504  h 
of water saturation caused them to increase by a small 
degree. The continuing cement hydration had a stronger 
effect than the structural damage caused by the swell-
ing of the wood within the particleboard matrix. On the 
other hand, boards subjected to wet–dry cycling dete-
riorated significantly. Especially, apparent decrease of 

Fig. 19 Development of failure in contact zone of matrix and spruce chip within the particleboard during wet–dry cycling: a CP-R before cycling; b 
CP-R after 7 cycles; c CP-P before cycling; d CP-P after 7 cycles
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strength (up to 50%) and modulus has occurred. Micro-
structure also contained more failures and flaws.

Despite the fact that the properties of the wood chips 
had been stabilized as part of the manufacturing process, 
sugar leaching had occurred during the water saturation. 
A slightly higher sugar concentration was found only 
after 504  h of water saturation. However, the strength 
tests show that the leached sugars have not affected 
properties of the particleboards.
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