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ABSTRACT • The present article investigates the microstructure of the cement matrices and the products of ce-
ment hydration by means of scanning electron microscopy, Fourier transform infrared spectroscopy and X-Ray 
diffraction. Then, the internal bonding strength (IB) is measured for the mixtures containing various amounts of 
nanosilica (NS), reed and bagasse particles. Finally, an Artifi cial Neural Network (ANN) is trained to reproduce 
these experimental results. The results show that the hardened cement paste including NS features the highest 
level of C-S-H. However, it has a lower level of C-S-H polymerization if reed or bagasse particles are applied. A 
relatively new dense microstructural degree is considered in the cement pastes containing NS, and a lower ag-
glomeration is observed in the samples including reed or bagasse particles with NS. According to the microstruc-
tural analysis, the addition of NS to the samples containing reed or bagasse particles increases the unhydrated 
amount of C2S and C3S in the cement paste due to the decrease in the water needed for fully hydrated cement grains 
through portlandite (Ca(OH)2), C-S-H and ettringite increase. Besides, it is shown that the ANN prediction model 
is a useful, reliable and quite effective tool for modeling IB of cement-bonded particleboard (CBPB). It is indicated 
that the mean absolute percentage errors (MAPE) are 1.98 % and 1.45 % in the prediction of the IB values for the 
training and testing datasets, respectively. The determination coeffi cients (R2) of the training and testing data sets 
are 0.972 and 0.997 in the prediction of the bonding strength by ANN, respectively.

Keywords: cement-bonded particleboard; nanosilica; internal bonding; hydration; ANN

SAŽETAK • U radu se opisuje istraživanje mikrostrukture cementnih matrica i proizvoda hidratacije cementa uz 
pomoć pretražnoga elektronskog mikroskopa, Fourierove transformirane infracrvene spektroskopije i rendgenske 
difrakcije. Pritom je izmjerena i čvrstoća na raslojavanje (IB) za smjese koje sadržavaju različite količine čestica 
nanosilike (NS), trske i ostataka od prerade šećerne trske. Na kraju su uz pomoć umjetne neuronske mr eže (ANN) 
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reproducirani eksperimentalni podatci. Rezultati su pokazali da otvrdnuta cementna pasta s nanosilikom ima 
najvišu razinu C-S-H. Međutim, ako se rabe čestice trske ili ostataka od prerade šećerne trske, cementna pasta 
ima niži stupanj polimerizacije C-S-H. Detaljno je analiziran relativno nov stupanj gustoće mikrostrukture ce-
mentne paste koja sadržava nanosiliku, pri čemu su uočene i manje nakupine u uzorcima koji su, osim nanosilike, 
sadržavali i čestice trske ili ostataka od njezine prerade. Prema analizi mikrostrukture, dodatkom nanosilike uzor-
cima koji sadržavaju čestice trske ili ostataka od prerade šećerne trske povećava se nehidratizirana količina C2S 
i C3S u cementnoj pasti zbog smanjenja vode potrebne za potpunu hidratizaciju cementnih zrna putem portlandita 
(Ca(OH)2) te povećanjem C-S-H i etringita. Osim toga, pokazalo se da je ANN model predviđanja koristan, pouz-
dan i vrlo učinkovit alat za modeliranje čvrstoće cementne iverice na raslojavanje. Srednja apsolutna pogreška 
(MAPE) u predviđanju čvrstoće na raslojavanje za eksperimentalne i izmjerene skupove podataka iznosi 1,98 %, 
odnosno 1,45 %. Koefi cijenti korelacije R2 eksperimentalnih i izmjerenih skupina podataka u predviđanju čvrstoće 
na raslojavanje uz pomoć ANN modela iznose 0,972 odnosno 0,997.

Ključne riječi: cementna iverica; nanosilika; čvrstoća na raslojavanje; hidratacija; ANN

1  INTRODUCTION
1.  UVOD

Mineral-bonded particleboards are panel prod-
ucts manufactured from the compressed particles of 
the wood or non-wood materials and a mineral binder 
such as cement. Among these panels, cement-bonded 
particleboards are well known and are applied in dif-
ferent components of the fi nal industrial products. The 
increasing population and demands for wood-based 
composite materials have encouraged the researchers 
to study the application of the non-wood-based bio-
mass in different composites. Annual plant and ligno-
cellulosic waste materials can be substituted for wood 
to produce agro-based panels. Nowadays, more than 
30 plants are used as renewable materials in various 
composed-productions around the world (Bektas et al., 
2005). Therefore, it seems that substitution of raw ma-
terials such as agricultural waste will play an important 
role in the composite production industries such as par-
ticleboards in the future (Nemli et al., 2009). One of 
the lignocellulosic renewable biomasses is reed (Arun-
do donax) stalks. This species is known as a weedy and 
invasive plant in several countries (Quinn and Holt, 
2008) and is considered as one of the 100 world’s most 
aggressive species (Lowe et al., 2000). In addition, 
since this species is a fast renewable alternative, it can 
meet the demand for biomass production via cultiva-
tion of A. donaxon in a wide scale. However, using this 
material is accompanied by drawbacks that can strong-
ly affect the properties of the lignocellulosic-based 
composite materials, including the adverse effects of 
certain extractives during cement hardening, undefi ned 
standard method to assess the compatibility of these 
materials with cement, etc. 

In order to improve the compatibility between 
cement and lignocellulosic materials and cement-
bonded particleboard properties, researchers studied 
the effect of many variables, including particle size, 
different kinds of wood or lignocellulosic materials 
with or without additives, water-, acid- or alkaline-so-
lution leaching, etc. on the cement hydration behavior 
and cement-bonded particleboard (CBPB) properties. 
According to Eusebio (2004), bagasse particles passed 
through a 2 mm-sized mesh with the bagasse–cement 

ratio of 1:2 that should be selected to make CBPB with 
the density of 1.00 g/cm3. Bilba et al. (2003) treated 
bagasse particles thermally at the temperature of 200 
°C to improve the bagasse–cement complex and 
showed the hydration behavior of the cement. Sedan et 
al. (2008), Arsene et al. (2007) and Troedec et al. 
(2011) showed that the alkaline and pyrolysis pre-treat-
ments of the fi ber can enhance the fl exural strength of 
the composites, while the acid treatment decreases the 
properties of the panels. Further improvement of the 
porosity, durability and strength of the panels can be 
achieved by adding pozzolanic materials such as fl y 
ash, slag, silica fume and metakaolin (Filho et al., 
2003; Juarez et al., 2007). Juarez et al. (2007) treated 
the fi bers with paraffi n and added fl y ash as a pozzolan 
admixture to the composite matrix. The performance 
of the composite was acceptable; so the paraffi n treat-
ment reduced the water absorption of the fi bers, while 
the tensile strength was at the suffi cient level (Coatan-
lem et al., 2006). Coatanlem et al. (2006) showed that 
CBPB properties are improved by saturating the wood 
particles with sodium silicate due to the formation of 
ettringite needles enhancing the bonds between wood 
particles and cement paste.

The diversity of the phenomena potentially oc-
curring in the cement-wood particleboard reinforced 
by NS is such that linking the IB to its physical origin 
is hardly achievable. For instance, changes in IB can be 
induced by different stress concentrations due to the 
volume and shape of macropores, difference of the ef-
fective w/c ratio owing to the absorption of water by 
wood particles, change of hydration degree of the ce-
ment paste, consumption of Portlandite by pozzolanic 
reactions strengthening the interface between the paste 
and the wood particles or leakage of soluble organic 
matters poisoning the hydration of the cement. Hence, 
it seems that there are many effective factors related to 
the physical and mechanical properties of CBPB, so 
that it is necessary to optimize panel production by 
changing the main effective variables to reduce the 
negative effect of the poisoning compounds, increasing 
the performance of the panels in different applications 
and decreasing the production cost of the panels. 

On one hand, common statistical methods in-
volve a great deal of work, and on the other hand, they 
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neither predict the properties of the panels nor optimize 
the production process. However, ANNs have emerged 
as one of the most useful methods for modeling and 
optimization in recent years, especially for non-linear 
problems (Desai et al., 2008). They are especially use-
ful for simulating experimental designs, which are dif-
fi cult to be explained by physical models. They dem-
onstrate a linkage between input and output data using 
a series of non-linear functions. The number of layers 
in the network and the number of neurons in each layer 
known as architecture are the most important steps in 
choosing a neural network modeling. 

There are a few studies related to the wood-based 
panel properties based on ANNs such as modeling for-
maldehyde emission (Akyuz et al., 2017), predicting 
effect of adding paraffi n on physical properties of me-
dium density fi berboard (Gurgen et al., 2019), predict-
ing the internal bond strength of the particleboard un-
der outdoor exposure (Watanabe et al., 2015; Korai and 
Watanabe, 2016), optimizing the process parameters in 
wood-based panel production (Cook et al., 2000; Oz-
sahin, 2013), obtaining the values of the internal bond 
of the particleboard using the manufacturing parame-
ters (Cook and Chiu, 1997), predicting the particle-
board mechanical properties (Fernandez et al., 2008), 
so on.

Even though there is suffi cient literature on the 
properties of the wood-based panels, only a few sys-
tematic investigations are reported so far to correlate 
the production parameters and properties of CBPBs 
and predict the panel properties. Hence, in this study, a 
design is developed from the experimental data that 
performs experiments to explore the correlation be-
tween the production variables including Nano SiO2 
content, particle size and weight ratio of bagasse to 
reed particles and multi-layer perceptron (MLP) model 
to predict the panel properties.

2  MATERIALS AND METHODS
2.  MATERIJALI I METODE

2.1  Microstructural investigations
2.1.  Istraživanje mikrostrukture

Reed stalks were collected from a suburb near 
Zabol City in Sistan-and-Baloochestan Province of 
Iran. Bagasse particles were obtained from Pars Paper 
Co. Ltd., Haft Tapeh, Iran. Reed stalks and bagasse 
particles were milled into fi ne particles using a hammer 
mill, and then, the oversized particles were eliminated 
by an analytical sieve shaker using a sieve with the 
mesh size of 40. The commercial grade Portland ce-
ment (Type II) was purchased from Sistan Cement In-
dustry Co., Ltd., Iran, to be used as a binder for making 
cubic samples with the dimensions of 2 cm × 2 cm × 3 
cm. Nano-SiO2 powder was purchased from Plasma 
Chem. GmbH, Berlin, Germany, under the trade name 
AEROSIL® 200 to be used as an accelerator additive, 
and its average BET surface area was (200±25) m2/g, 
with the average particle size of 7-14 nm and the purity 
99.80 %. In order to disperse Nano in cement well, the 
Nano was added to the distilled water and ultrasoni-

cated (frequency: 20 kHz; generating power: 600 W) 
for 6 min to form nanoparticle suspensions. The pre-
pared suspensions were then used as “mixing water” 
for preparing cement pastes. The nano-SiO2 powder 
was used as a replacement of the cement at the weight 
percentage of 6 % (by dry weight of the cement). 

The cement complex was divided into four dif-
ferent mixtures, i.e. the pure cement paste, cement 
mixed with Nanosilica, cement+Nanosilica mixed with 
reed fi ne particles and cement-Nanosilica mixed with 
bagasse fi ne particles. Due to the high absorption of the 
reed and bagasse particles, the cement paste samples 
were prepared with a high water to cement ratio of 
50:50.

After curing the samples for 15 days, scanning 
electron microscopy (SEM) was employed to study the 
microstructural changes in the samples with or without 
Nanosilica. Samples were metallized by a 1-2 nm thick 
conductive layer of Au under a vacuum medium after 
being mounted in the standard form. The morphology 
was observed by AIS 2100, Seron Technology, Korea. 
The transmission Fourier-Transform Infrared Spec-
troscopy (FTIR) technique was used to measure the 
infrared active cured-cement samples. For this pur-
pose, 1 mg of the powdered samples was blended with 
99 mg KBr as an infrared transparent soft salt in order 
to obtain the same concentration and avoid variations 
of the transmittance between the samples. The mix-
tures were then pressed into a solid disc and then 
scanned between 400 cm-1 and 4000 cm-1, with a total 
of 20 scans and a resolution of 8 cm-1 to identify their 
specifi c functional groups by a Bruker Optics TEN-
SOR 27 FTIR spectrometer. To consider the crystallin-
ity of the samples, their X-ray diffraction (XRD) pat-
terns were recorded by an Equinox 3000 (INEL, 
France) wide angle X-ray diffractometer using a CuKα 
radiation source with the wavelength of λ=0.154 nm.

2.2  Board preparation
2.2.  Priprema ploče

The raw materials used in this study were ba-
gasse (sugar cane) and reed (Arondodonax) particles 
prepared using a disc mill (DM 200, produced by 
Retsch Co., Germany) and screened by an analytical 
sieve shaker using sieves to obtain fi ve particle sizes: 
(1) very large, S1 (10 mm pass/8 mm on); (2) large, S2 
(8 mm pass/6 mm on); (3) medium S3 (6 mm pass/4 
mm on); (4) small S4 (4 mm pass/2 mm on), and very 
small S5 (2 mm pass). The particles were further oven 
dried to 5 % moisture content (MC). A commercial 
grade Portland cement, type II, was used as a bonding 
agent. The cement ratio of the lignocellulosic particles 
applied in this study was 1:3 based on the oven dry 
weight. Calcium chloride (CaCl2 – 5 % based on the 
weight of the cement) was added to the cement com-
plex as the accelerator of the cement hydration. The 
nominal board density of 1150 kg/m3 was selected with 
the weight ratio of bagasse/reed particles at fi ve levels 
of 2.55:97.45, 6.94:93.06, 13.38:86.62, 19.81:80.19 
and 24.20:75.80. In order to produce CBPB, the parti-
cles were wetted by water containing CaCl2 and then 
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mixed with cement containing Nano SiO2 at fi ve levels 
(the cement weight 0.48, 1.5, 3, 4.5 and 5.52 %) as the 
third variable of the study. After stirring them for 15 
minutes, one-layered mats were formed among two 
steel plates with the dimensions of 350 mm × 350 mm. 

The complex was pressed under a hydraulic press 
with the thickness of 12 mm and kept under constant 
pressure for 24 h using a press clamp. When the panels 
were removed from the press, in order to minimize the 
cement capillary desiccation and improve the hydra-
tion process, panels were sprayed by distilled water (25 
ml for every panel) and wrapped in a plastic bag before 
being stored to be cured at 60 °C for 4 h. Then, bag-
wrapped samples were conditioned for 28 days at 
(25±2) °C with (60±10) % RH. According to the ex-
perimental design and levels of variables, 20 panels 
were manufactured. After being manufactured, the 
panels were trimmed and tested for the internal bond-
ing (IB) according to EN 319 (1999). The bonding 
strength test was performed using a HONSFILD mate-
rial testing device.

The variance analysis was used to determine the 
effect of the production parameters on the IB of the 
panels. For this purpose, the response surface method-
ology (RSM) was applied.

2.3  Artifi cial neural network analysis
2.3.  Analiza uz pomoć umjetne neuronske mreže

The MATLAB Neural Network Toolbox was 
used to predict the internal bonding strength values of 
CBPB in response to other levels of the selected vari-
ables that were not obtained from the experimental 
study. In the ANN modeling of the present work, silica 
content, particle size and bagasse/reed particles ratio 
were considered as the prime processing variables. 
Hence, our aim was to reveal the optimum level of 
each selected variable for each CBPB to obtain the 
highest internal bonding strength values. The data were 
obtained from the experimental study. 

The performances of the ANN model are evalu-
ated by computing mean-square errors (MSE), root-
mean-square errors (RMSE), mean absolute percentage 
error (MAPE) and the coeffi cient of determination (R2) 
(Zhang et al., 1998). 

In order to minimize MSE and determine the 
weight and bias values, ANNs training process was fol-
lowed with MATLAB software package. 

Since the error between the actual and predicted 
outputs must be minimized, the trial and error method 
was selected to design the back propagation ANN model 
among several different ANN structures (Zhang et al., 
1998), and the parameters including the number of in-
puts, hidden and output layers and neurons in each layer, 
transfer functions, number of learning cycles, initializa-
tion of the weights and the biases, etc. Levenberg – Mar-
quardt algorithm (trainlm) was used as the training algo-
rithm. However, avoiding overfi tting is another 
important point when applying ANN models. A method 
for improving generalization is called early stopping, 
which is provided for all of the supervised network crea-
tion functions in Neural Network Toolbox. Therefore, to 
determine the effects of the particle size, bagasse/reed 
particles ratio and nanosilica content on the internal 
bonding strength, and simultaneously to use early stop-
ping method in order to avoid overfi tting, the experi-
mental data were divided into three groups: training (for 
adjusting the weights of the network), validation (for 
preventing the network in local minima) and testing. 
Among these data, fourteen samples (70 % of the data) 
were selected for ANN training process, three samples 
being selected (15 % of the data) for the validation set, 
and the remaining three samples (15 % of the data) for 
the testing set. The data sets used in the training, test and 
prediction model are illustrated in Tables 1 and 2.

A typical multi-layered ANN architecture and the 
optimum architecture of the ANN model are schemati-
cally shown in Figures. 1a and b in terms of the param-
eters mentioned above. To determine the number of the 

Table 1 Training data set and IB prediction model results
Tablica 1. Eksperimentalni podatci i rezultati modela predviđanja čvrstoće na raslojavanje

Nano content
Sadržaj 

nanočestica

Particle size
Veličina 
čestica

Weight ratio (bagasse/reed)
Maseni udio

(ostatci od prerade šećerne trske / trska)

Internal bonding, MPa
Čvrstoća na raslojavanje, MPa

Measured
Izmjerena

Predicted
Predviđena

Error, %
Pogreška, %

1.5 2-4 19.81:80.19 0.42 0.4489 -0.0289
1.5 6-8 6.94:93.06 0.18 0.1932 -0.0132
1.5 6-8 19.81:80.19 0.32 0.3170 0.0070
3 <2 13.38:86.62 0.26 0.2508 0.0091
3 4-6 2.55:97.45 0.32 0.3915 -0.0715
3 4-6 13.38:86.62 0.47 0.4995 -0.0295
3 4-6 13.38:86.62 0.48 0.4995 -0.0195
3 4-6 13.38:86.62 0.49 0.4995 -0.0095
3 4-6 13.38:86.62 0.495 0.4995 -0.0045
3 4-6 13.38:86.62 0.50 0.4995 -0.0005
3 4-6 24.20:75.80 0.65 0.6370 0.0130

4.5 2-4 6.94:93.06 0.25 0.2424 0.0075
4.5 6-8 6.94:93.06 0.22 0.2413 -0.0213
5.52 4-6 13.38:86.62 0.33 0.3608 -0.0309
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hidden layer neurons, 6 neurons were fi nally consid-
ered in this layer after following the method of trial and 
error and repetition in the training of the network by 
changing the number of neurons from 0 to 20 in the 
hidden layer. In this condition, the network showed the 
best performance, so that as the number of neurons de-
creased or increased in the hidden layer, the effi ciency 
of the network decreased and the network did not learn.

Before training the network, the data sets were 
normalized using their minimum and maximum values 
within the range of -1 to 1 by applying the hyperbolic 
tangent sigmoid function in order to prevent any calcu-
lation error related to different parameter magnitudes. 
The normalized data were fi nally converted into the 
original scale using a reverse normalizing process to 
evaluate the results with MATLAB software. The 
ANN’s training process was discontinued after 3 ep-
ochs because of the mean square error of 0.000658. 
Figure 2 estimates the error along with iterative pro-
cess to determine the best network architecture.

Table 2 (A) Testing data set and (B) validation data set of IB prediction model results
Tablica 2. (A) Skup izmjerenih podataka i (B) skup podataka za provjeru valjanosti rezultata modela predviđanja čvrstoće na 
raslojavanje

Nano 
content
Sadržaj 

nanočestica

Particle size
Veličina čestica

Weight ratio (bagasse/reed)
Maseni udio (ostatci od prerade 

šećerne trske / trska)

Internal bonding, MPa
Čvrstoća na raslojavanje, MPa

Measured
Izmjerena

Predicted
Predviđena

Error, %
Pogreška, %

(A): Testing data set and IB prediction model results
(A): Skup izmjerenih podataka i rezultati modela predviđanja čvrstoće 
na raslojavanje

0.45 4-6 13.38:86.62 0.21 0.2245 -0.0145
1.5 2-4 6.94:93.06 0.20 0.2311 -0.0311
3 4-6 13.38:86.62 0.493 0.4995 -0.0065

(B): Validation data set and IB prediction model results
(B): Skup podataka za provjeru valjanosti i rezultati modela predviđanja 
čvrstoće na raslojavanje

4.5 8 19.81:80.19 0.43 0.4335 -0.0035
3 9.36 13.38:86.62 0.19 0.1955 -0.0055

4.5 4 19.81:80.19 0.52 0.5045 +0.0155

Figure 1 (a) A typical multi-layered ANN architecture and (b) ANN architecture used as prediction model for IB 
Slika 1. (a) Tipična višeslojna ANN arhitektura i (b) ANN arhitektura upotrijebljena kao model predviđanja čvrstoće na 
raslojavanje 

Figure 2 Evolution of error during iterative process for 
ANN
Slika 2. Evolucija pogreške tijekom iterativnog postupka za 
ANN

Besttraining performance is 0.000658 at epoch 3
najbolji rezultat treninga je 0,000658 za epohu
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3  RESULTS AND DISCUSSION
3.  REZULTATI I RASPRAVA

3.1  Microstructural study
3.1.  Istraživanje mikrostrukture

SEM examinations were performed to study the 
morphology and microstructure of the pure cement 
sample, samples with nanosilica, samples with nano-
silica and bagasse fi ne particles and samples with na-
nosilica and reed fi ne particles for 15 days. In Figure 
3A (pure sample), a large amount of Ca(OH)2(CH) 
crystals and a high level of porosity can be observed in 
the composite mass of the calcium silicate hydrate (C-
S-H) with a foil-like or platy shape and monosulphate, 
showing that without nanosilica, large air pores with 
many plate-like hydrates are formed in the hardened 
cement, and that Ca(OH)2 has enough space to grow.

Due to the availability of the void space for unin-
hibited growth situations, as NS is added to the cement 
paste, CH formation changes and dense and compact 
structures of other hydration products are produced 
such as C-S-H and monosulphate, while Ca(OH)2 crys-
tals are reduced (Figure 3B). In fact, nano-SiO2 addi-
tives can fi ll the pores in the cement by activating poz-
zolanic reaction, reacting with CH in the solution to 
produce more C-S-H, so that the micro-structure of the 
samples with nano-SiO2 is denser than that of the sam-
ples without nano-SiO2. In fact, most of the ettringite 
and C-S-H crystals were covered by the added NS and 
this addition accelerated the hydration process. This 
created more compaction, so that the hydration prod-
ucts were produced fully, they fi lled the pores and 
Ca(OH)2 was not observed. This improved the me-
chanical properties of the cement complex. 

SEM images provide evidence of a denser struc-
ture of hydrated products in the cement paste containing 
NS, and the occurrence of micro- or/and nano-cracks in 
the cement paste reinforced by reed is likely due to a 
lower effective water to cement ratio as a part of water 
has been absorbed by reed. (Figures 3C and 3D).

As the addition of organic and hydrophilic ligno-
cellulosic-based materials greatly increases the viscos-
ity of the cementitious mixtures (Spiesz and Brouwers, 
2014; Rupasinghe et al., 2017), the increase in the po-
rosity of hardened cement at microscale is expected 
due to the formation of a large amount of air cavities 
entrapped in the cementitious system. Since the organ-
ic materials are not saturated, they absorb some water 
from the cement paste, thus reducing its effective wa-
ter-to-cement ratio and increasing its viscosity.

On the other hand, evaluation of the hydration 
process of the cement paste mixed with accelerators 
can show the changes in the properties of not only ce-
ment paste but also cement-binder-based panels. Ac-
cording to Xie et al. (2016), the intensity of the chang-
es in the hydration behavior of lingo-cement systems is 
related to differences in the existing amount of poison-
ous component in the lignocellulosic materials such as 
sugars, which delay the hydration process. In order to 
accelerate the hydration process and according to the 
fi rst step of this study (Nazerian et al., 2018), it was 

determined that the addition of pozzolanic materials 
such as SiO2 can accelerate the hydration process, so 
that adding 3 % nano SiO2 (based on cement weight) to 
the cement paste even containing bagasse or reed fi ne 
particle raised the maximum hydration temperature, 
while the time of reaching the main rate peak short-
ened. Also, the increase of SiO2 replacement shortened 
the setting time. 

Besides, due to the nucleation effect of nanosilica 
in the system and the corresponding increase in the ce-
ment hydration and C-S-H generation, the formation of 
air voids can be limited using an optimal nanosilica 
content. Since the water defi ning the water/cement ra-
tio includes the water required to saturate the dry reed 
particles, the effective water to cement ratio is likely 
decreased by adding reed particles. It might be de-
creased to the point that the hydration of the cement 
becomes incomplete. With respect to the fact that one 
of the most important cement hydration products is C-
S-H as a product of this pozzolanic reaction, which is 
made by mixing calcium hydroxide (CH) and silica in 
the presence of water due to the lake of suffi cient wa-
ter, CH production decreases in the hydration process, 
so that less C-S-H is formed.

Since the structure of cement systems is very sen-
sitive to the moisture movement during the hydration 
(due to the existence of hydrophilic fi ber elements), the 
lower effective w/c ratio may also explain the occur-
rence of microcracks induced by shrinkage (Jennings 
et al., 2007) that are visible on SEM images, as shown 
in Figure 3C. The positive infl uence of NS addition is 
due to the fi lling ability and the Pozzolanic activity, 
which results in C-S-H formation (Raiess Ghasemi et 
al., 2010). Hence, it seems that the addition of nano 
SiO2 can compensate for the negative effect of using 
reed particles in the cementitious systems.

The addition of nanosilica formed a dense and uni-
form structure in the hardened cement by increasing the 
C-S-H gel content. However, a stronger water absorp-
tion ability in the spongy structure of bagasse compared 
to denser reed particles leads to a higher decrease in the 
system water, which makes the cement grains unhydrat-
ed (Figure 3D). Hence, cement hydration and generation 
of CH are delayed or limited. As CH decreases, the for-
mation of C-S-H gel dense structure is limited as a result 
of the reaction of NS with CH, and hence, the porosity of 
the hardened cement is relatively large. 

Figure 4 shows the FTIR spectra of the pure ce-
ment paste (CP), cement-nanosilica (CN) mixture and 
cement paste reinforced by reed (CNR) and bagasse 
(CNB) fi bers with nanosilica after being cured for 15 
days. The broad absorption bands of IR spectra are ob-
served in the range of 3800–3000 cm-1, corresponding 
to the stretching vibrations of both structural and free 
–OH groups of water, CH and CSH gel with maxima 
close to 3446 cm-1 (Xu et al., 1999; Kontoleontos et al., 
2012,). The intensity of the band at 3446 cm–1 for CP, 
CN and CNB was similar, while that of CNR decreased 
a little compared to others. In addition, the IR spectra 
of this band shifted slightly to 3420 cm–1 and became 
broader and smaller. According to Xu et al. (1999), 
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Figure 3 SEM micrographs: (A) pure hardened cement paste, (B) 6 % nanosilica-cement paste, (C) 6 % nanosilica-cement 
paste-reed fi ber, and (D) 6 % nanosilica-cement paste-bagasse fi ber, after 15 days of curing
Slika 3. SEM mikrografi je: (A) čista otvrdnuta cementna pasta, (B) 6 %-tna nanosilikatno-cementna pasta, (C) 6 %-tna 
nanosilikatno-cementna pasta – vlakna trske i (D) 6 %-tna nanosilikatno-cementna pasta – vlakna ostataka od prerade šeće rne 
trske 15 dana nakon otvrdnjivanja
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Bjornstrom et al. (2004) and Kontoleontos et al. (2012) 
a decrease in the amount of bonded-OH groups and 
free water or the equivalent reduction in Ca(OH)2 con-
tent and an increase in C-S-H content in CNR are the 
reasons of the changes in IR spectra.

According to the spectra, the gelation mechanism 
and siloxane bond (Si-O-Si) formation, due to the ab-
sorption band with the wave number of 1112 cm-1, oc-
curred in the samples containing nanosilica (CN), 
which is more than that in the CP (the presence of val-
ley in the curve (CP)). This can be related to the fact 
that the reduction of the repulsion effect of Ca2+ and 
Al3+ formed from cement dissolution as a gelling agent 
on the nanosilica inter-particles net accelerates the ge-
lation process (Innocentini et al., 2002), in which hy-
droxyl groups (Si-OH) on the surface of silica are con-
verted into siloxane bonds, and a three-dimensional 
network is formed (Anjos et al., 2008), affecting the 
strength of the hardened cement. 

According to the FTIR spectrum of CP and CNB 
systems, two distinct peaks are observed around 1420 
cm–1 and 873 cm–1 related to the stretching and bending-
in-plane vibrations of the C–O bonds of CH and CaCO3, 
resulting from the reaction between Ca(OH)2 and CO2 in 
the air (Yılmaz and Olgun, 2008; Chang and Chen, 
2006; Fernandez-Carrasco and Vazquez, 2009). The in-
tensity of the band at 1420 cm-1 is assumed to be closely 
related to the ratio and depth of the carbonation (Chang 
and Chen, 2006; Fernandez-Carrasco and Vazquez, 
2009). The bands at 1420 cm-1 and 873 cm-1 shifted 
slightly to 1489 cm-1and 875 cm-1 in the FTIR spectra of 
CN and CNR samples after being cured for 15 days, re-

spectively. The intensities of the bands at 1489 cm-1and 
1420 cm-1of CNR were smaller than those of CNB, CN 
and CP, indicating the decrease in the carbonation ratio 
and depth in these samples. Similarly, the bending-in-
plane vibrations of the C–O bonds at 873 cm-1(Chang 
and Chen, 2006) had lower intensities in the IR spectra 
of the CNR sample. According to these bands, carbona-
tion increases as NS is added. In addition, CP paste ex-
hibits a higher rate of carbonation than other cement 
complexes. The small OH bands from Ca(OH)2 of the 
samples containing nanosilica may be due to their reac-
tion with SiO2–based CSH. This means that nanosilica 
enhances the crystallinity of portlandite and increases 
the density of the structure of the cement complex at 
microscale and improves the mechanical properties of 
the hardened cement. 

Figure 5 shows the XRD analysis of the hydra-
tion behavior of the hardened cementitious samples in 
four compositions: pure cement (A), cement with na-
nosilica (B), cement with nanosilica and reed fi ne par-
ticles (C) and cement with nanosilica and bagasse fi ne 
particles (D). Comparing XRD spectra of (A), (B), (C) 
and (D) compositions, the peaks of calcium hydroxide 
(Ca(OH)2) at 17.8°, 28.5°, 34°, 50.5°, 54° and 62.7°(2θ) 
(Singh et al., 2016; Nakanishi et al., 2016) appear in 
the XRD spectrum of (A), they become more intense in 
the samples (B) and (C), while they disappear or weak-
en in the cement pastes containing nanosilica with ba-
gasse. In fact, the intensity of these peaks is largest for 
portlandite in the cement with nanosilica, reducing 
gradually as reed and bagasse particles are applied. 
Due to the high performance of SiO2 to form pozzo-

Figure 4 FTIR of (CP) pure cement, (CN) cement + Nano SiO2, (CNR) cement + Nano SiO2 +reed, (CNB) cement + Nano 
SiO2 + bagasse
Slika 4. FTIR (CP) čistog cementa, (CN) cementa + nano SiO2, (CNR) cementa + nano SiO2 + trska, (CNB) cementa + nano 
SiO2 + ostatak od prerade šećerne trske
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lanic reactions with CH, the intensity of these peaks is 
observed in the samples (C) and (D) and increases 
largely in the sample (B). 

Apparently, these spectroscopic results foresee 
the weaker strength of CBPB made with bagasse parti-
cles resulting from insuffi cient formation of hydrate 
products at the bagasse particles interface. On the other 
hand, compared to pure cement pastes (A), the de-
crease in the calcium hydroxide XRD peaks in the ce-
ment pastes containing nanosilica illustrates that CH 
can react with SiO2 and form more CSH gel as it was 
mentioned in previous studies (Rupasinghe et al., 
2017; Lavergne et al., 2019).

A peak near 42.9° (2θ) can be related to periclase 
MgO (Stutzman et al., 2016), which may slowly react 
with water and trigger an expansion of the concrete, 
though the porosity and local low relative humidity like-
ly prevent such a phenomenon. Furthermore, Portlandite 
features a peak near 47° (2θ). These peaks at 47° (2θ) 
look smaller or wider for mixes containing CH: it might 
be due to the smaller amount of CH or the size of CH 
crystal being nearly at nanometric scale. The peak near 
34° (2θ) is reduced by NS in a similar manner. These 
two peaks can disappear as the pozzolanic reaction en-
tirely consumes the CH (Maddalena et al., 2019).

It is found that the intensity of the peaks is similar 
around 9° (2θ) for syngenite, while the intensity of the 
peaks around 18° (2θ) for portlandite, 23° (2θ) for gyp-
sum and 33° (2θ) for aluminate in the pure cement 
(Stutzman et al., 2016) reaches the minimum, and then 
increases slightly as nanosilica and bagasse particles 
are added. Some of these peaks increased as reed parti-

cles were added. Due to the increment of the fi nal 
amount of cement hydration products, the intensity of 
these peaks disappeared or decreased. It can be attrib-
uted to the fact that nanosilica can improve the hydra-
tion of cement, enabling the production of more hydra-
tion products such as ettringite. Ettringite needles are 
formed due to better bonds between reed or bagasse 
particles and cement paste (Coatanlem et al., 2006).

It is known that C3S (alite) and C2S (belite) are 
fundamental contributors to the early strength develop-
ment of the cement paste due to the reaction of C3S and 
C2S with suffi cient water and with C-S-H gel formation 
acting as a binder. The addition of silica accelerates the 
formation of C-S-H gel. However, comparing XRD 
spectra of samples, alite peaks at 27.5° (2θ) and 29.2° 
(2θ) and ettringite peak at 32° (2θ) and belite peaks 
around 29° and 48° (2θ) (Wei et al., 2003) appear in the 
spectrum of the cement paste containing 6 % nanosilica 
with reed and bagasse particles at the maximum inten-
sity, while these peaks decrease in the cement pastes 
containing only 6 % nanosilica to the minimum intensity 
in the pure cement as shown in Figure 5.

In fact, in this analysis, XRD peak patterns cor-
responding to the phases C2S and C3S increase as lig-
nocellulosic particles are used due to the decrease of 
the hydration process. Due to the high specifi c surface 
area and the high ability of nano particles to absorb 
water molecules on one hand, and the high absorbent 
characteristics of carbohydrate chains, as well as the 
existence of a spongy tissue in the inner layer of reed or 
bagasse cane on the other hand, the amount of water is 
not suffi cient to complete the hydration process and 

Figure 5 XRD analysis of (A) pure cement, (B) cement + Nano SiO2, (C) cement + Nano SiO2 + reed, (D) cement + Nano 
SiO2 + bagasse
Slika 5. XRD analiza (A) čistog cementa, (B) cementa + nano SiO2, (C) cementa + nano SiO2 + trska, (D) cementa + nano 
SiO2 + ostatak od prerade šećerne trske
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form C-S-H gel. Hence, substitution of cement with 
nanosilica and addition of lignocellulosic particles to 
the cement paste matrix result in the excessive con-
sumption of water and absorption of a part of the water 
for hydration. Therefore, this observation agrees with 
the statement that a threshold of nanosilica content 
needs to be considered to enhance the hydrated cement 
paste properties through pozzolanic reactions (Mondal 
et al., 2010; Kim et al., 2010).

3.2  Experimental results
3.2.  Eksperimentalni rezultati

Apparently, these spectroscopic results foresee 
the weaker strength of CBPB made with bagasse parti-
cles resulting from insuffi cient formation of hydrate 
products at the bagasse particles interface. On the other 
hand, compared to pure cement pastes (A), the de-
crease in the calcium hydroxide XRD peaks in the ce-
ment pastes containing nanosilica illustrates that CH 
can react with SiO2 and form more CSH gel, as men-
tioned in previous studies (Rupasinghe et al., 2017; 
Lavergne et al., 2019).

A peak near 42.9° (2θ) can be related to periclase 
MgO (Stutzman et al., 2016), which may slowly react 
with water and trigger an expansion of the concrete, 
though the porosity and local low relative humidity like-
ly prevent such a phenomenon. Furthermore, Portlandite 
features a peak near 47° (2θ). These peaks at 47° (2θ) 
look smaller or wider for mixes containing CH: it might 
be due to the smaller amount of CH or the size of CH 
crystal being nearly at nanometric scale. The peak near 
34° (2θ) is reduced by NS in a similar manner. These 
two peaks can disappear as the pozzolanic reaction en-
tirely consumes the CH (Maddalena et al., 2019).

It is found that the intensity of the peaks is similar 
around 9° (2θ) for syngenite, while the intensity of the 
peaks round 18° (2θ) for portlandite, 23° (2θ) for gyp-
sum and 33° (2θ) for aluminate in the pure cement 
(Stutzman et al. 2016) reaches the minimum, and then 
increases slightly as nanosilica and bagasse particles 
are added. Some of these peaks increased as reed parti-
cles were added. Due to the increment of the fi nal 
amount of cement hydration products, the intensity of 
these peaks disappeared or decreased. It can be attrib-
uted to the fact that nanosilica can improve the hydra-
tion of cement enabling the production of more hydra-
tion products such as ettringite. Ettringite needles are 
formed due to better bonds between reed or bagasse 
particles and cement paste (Coatanlem et al., 2006).

It is known that C3S (alite) and C2S (belite) are 
fundamental contributors to the early strength develop-
ment of the cement paste due to the reaction of C3S and 
C2S with suffi cient water and with C-S-H gel formation 
acting as a binder. The addition of silica accelerates the 
formation of C-S-H gel. However, comparing XRD 
spectra of samples, alite peaks at 27.5° (2θ) and 29.2° 
(2θ) and ettringite peak at 32° (2θ) and belite peaks 
around 29° and 48° (2θ) (Wei et al., 2003) appear in the 
spectrum of the cement paste containing 6 % nanosilica 
with reed and bagasse particles at the maximum inten-
sity, while these peaks decrease in the cement pastes 
containing only 6 % nanosilica to the minimum intensity 
in the pure cement as shown in Figure 5.

In fact, in this analysis, XRD peak patterns cor-
responding to the phases C2S and C3S increase as lig-
nocellulosic particles are used due to the decrease of 
the hydration process. Due to the high specifi c surface 
area and the high ability of nano particles to absorb 
water molecules on one hand, and the high absorbent 
characteristics of carbohydrate chains as well as the ex-
istence of a spongy tissue in the inner layer of reed or 
bagasse cane on the other hand, the amount of water is 
not suffi cient to complete the hydration process and 
form C-S-H gel. Hence, substitution of cement with 
nanosilica and addition of lignocellulosic particles to 
the cement paste matrix result in the excessive con-
sumption of water and absorption of a part of the water 
for hydration. Therefore, this observation agrees with 
the statement that a threshold of nanosilica content 
needs to be considered to enhance the hydrated cement 
paste properties through pozzolanic reactions (Mondal 
et al., 2010; Kim et al., 2010).

The calculated RMSE, MAPE and R2 statistics of 
the ANN model are listed in Table 4. As seen in Table 
4, RMSE, MSE, MAPE and R2 were found to be 0.0256, 
0.00066, 1.988 % and 0.9727 for the training data, 
0.02, 0.004, 2.894 % and 0.9970 for the validation 
data, and 0.202, 0.0004, 1.455 % and 0.9972 for the 
testing data. One of the most important evaluation cri-
teria is MAPE. It is generally used to determine the pre-
diction accuracy as the primary criterion. According to 
Table 4, MAPE values of the model range from 1.455 
% to 2.894 % for IB. The error values are satisfactory. 
The results of the MAPE have ascertained that the per-
formance of the model developed for the prediction of 
IB is quite good.

Another important evaluation criterion is R2, 
which shows the extent of similarity or relationship be-

Table 3 ANOVA results for IB (only signifi cant terms)
Tablica 3. ANOVA rezultati za čvrstoću na raslojavanje (samo značajni rezultati)

Source SS DF MS F value Prob>F
Model 0.37 7 0.053 563.25 < 0.0001

A 0.018 1 0.018 197.24 < 0.0001
B 9.370E-003 1 9.370E-003 100.23 < 0.0001
C 0.14 1 0.14 1524.21 < 0.0001
A2 0.086 1 0.086 919.53 < 0.0001
B2 0.13 1 0.13 1339.66 < 0.0001
AC 1.800E-003 1 1.800E-003 19.25 0.0009
BC 2.450E-003 1 2.450E-003 26.21 0.0003
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tween the actual data and the predicted data. If R2 value 
is less than 0.82, the relationship is poor, if it is be-
tween 0.82 and 0.90, the relationship is good, and if it 
is more than 0.91, the relationship is excellent (Shenk 
and Westerhaus 1996). As shown in Table 4 and Figure 
6, R2 values are greater than 0.91, which means that the 
predictive success of the model is good. According to 
the statistical analyses, RMSE, MSE, MAPE and R2 are 
acceptable for the internal bonding and meet the accu-
racy of the ANN learning and testing stages (Table 4). 
As confi rmed by the results, the ANN approach has a 
suffi cient validity rate to predict the internal bonding 
value of the cement-bonded particleboard. 

There is limited information on the prediction of 
the mechanical properties of non-wood based cement-
bonded composites. However, several studies have 
been conducted on some strength properties of the 
wood-based panels. Fernandez et al. (2008) obtained 
the R2 values of 0.75 and 0.76 to predict the MOR and 
MOE of the particleboard by ANN, respectively. In an-
other study, R2 value of the regression model was 0.70 
to predict the internal bonding of the particleboard 
(Cook and Whittaker, 1992). Eslah et al. (2012) found 
the R2 values of 0.79 and 0.69 to predict the MOR and 
MOE of the particleboard, respectively, using the re-
gression model. Watanabe et al. (2015) obtained the R2 

value of 0.93 to predict the internal bonding strength of 
the particleboard by ANN (15). Ozsahin (2013) deter-
mined the R2 values as 0.973, 0.983 and 0.853 to pre-
dict the moisture absorption, thickness swelling and 
thermal conductivity of OSB by ANN. Thus, it can be 
seen that the R2 values obtained by ANN models devel-
oped in this study are higher compared to those ob-
tained by the above-mentioned modeling applications 
to predict the cement-based wood composites.

The model outputs of the training, validation and 
testing data and their comparisons with the actual out-
puts of the internal bonding strength are given in Fig-
ure 7 for each data set.

Also, the comparison of the actual values and the 
ANN prediction values are illustrated graphically in Fig-
ure 8 for all data. The results of the graphical compari-
sons showed similar internal bonding properties be-
tween the experimental study and the outputs obtained 
by ANN model and guaranteed the validity of the model. 
The results indicate that there is a permanent agreement 
between the outputs of the ANN model and the experi-
mental data. This implies that the ANN model can be 

used to optimize the internal bonding strength value of 
the panels. Hence, values estimated by ANN model can 
be used to produce panels rather than the measured data, 
which reduces the testing time and cost.

Generally, all outputs of the effects of the produc-
tion factors on the internal bonding strength of the pan-
els can be estimated by the designed model for innumer-
able combinations. According to Figure 9, the predictive 
changes in the internal bonding are presented graphi-
cally for different nano contents and lignocellulosic par-
ticle sizes when bagasse/reed weight ratio is 13.38 %.

Table 4 Evaluation results in terms of performance criteria 
of ANN model
Tablica 4. Rezultati evaluacije kriterija izvedbe ANN 
modela

Data sets
Skup podataka

IB, MPa
RMSE MSE MAPE, 

%
R2

Training / trening 0.0256 0.0006 1.988 0.9727
Validation
validacija

0.0200 0.0004 2.894 0.9970

Testing / testiranje 0.0202 0.0004 1.455 0.9972
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Figure 6 Presentation of fi t between actual and predicted 
values of IB for training (a), validation (b) and testing data (c)
Slika 6. Prikaz podudaranja stvarnih i predviđenih vrijed-
nosti IB-a (a) za trening, (b) za validaciju te (c) za ispitne 
podatke 
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Besides, in other cases (Figure 10), the particle size 
was 6 mm, and the nano content and bagasse/reed weight 
ratio changed. As a result, the predictive changes in the 
internal bonding for different particle sizes and bagasse/
reed weight ratios are given graphically in Figure 11.

Using the ANN model, it is possible to conceive 
the relative effect of all selected variables using the 
contour plots in the 2-D graph. To generate plots and 
determine the effect of the parameters on the depend-
ent variables, the third variable of each plot is held at 
the medium value and the other two parameters range 
from minimum to maximum values. As shown in Fig-
ures. 9, 10 and 11, the plots of the suggested model 
indicated optimum values of the internal bonding as 
dependent variables for all combinations of the manu-
facturing parameters with a low deviation.

Figure 9 represents quantitatively the counter 
plot of the IB developed by the ANN model in an esti-
mated response in the manufacturing process (nano 
content and particle size) depicted at a fi xed bagasse/
reed particle weight ratio. As shown, it is found that the 
IB was improved up to 0.56 MPa as the nano content 
increased up to 4.5 % and the particle size ranged from 
4.5 to 5.5 mm. This situation can be related to the suf-
fi cient amount of the generated C–S–H seeds due to the 
hydration products grown on their surfaces and the for-
mation of a dense C–S–H gel. 

It is well known that silica can effectively increase 
pozzolanic reaction. Due to the shortage of silica, the 
cement paste may not be able to drive the pozzolanic 
reaction suffi ciently. During the mixture of water and 
cement, a high amount of the soluble paste calcium hy-
droxide (CH) is formed which does not react with any 
component in the paste and increases the porosity of the 
cement paste. The solubility of this component of the 
hydrated cement is high and it increases diffusivity by 
more than an order of magnitude when it is present in the 
paste (Bentz and Barboczi, 1992).

Since silica has adequate time to react with calci-
um hydroxide produced by the hydration of the cement 
(Chowdhury et al., 2015), the replacement of the cement 
with enough nanosilica may consume the paste CH 
through an early pozzolanic reaction between CH and 
surface of nanosilica to form C-S-H seeds, thus  signifi -
cantly lowering the diffusivity (Burris and Riding, 
2014). According to this hypothesis, with a higher 

Figure 7 Comparison of actual and model outputs of 
training (a), validation (b) and testing data (c)
Slika 7. Usporedba stvarnih i modeliranih rezultata (a) 
treninga, (b) validacije, (c) ispitnih podataka 
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Figure 8 Comparison of actual and model outputs of all data
Slika 8. Usporedba stvarnih i modeliranih rezultata svih podataka
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Figure 9 Comparison of actual and model outputs of all data
Slika 9. Usporedba stvarnih i modeliranih rezultata svih podataka

Figure 10 Predictive changes in IB for different nano content and bagasse/reed ratio
Slika 10. Predviđene promjene čvrstoće na raslojavanje za različite sadržaje nanočestica i omjer ostatka od prerade šećerne 
trske i trske

Figure 11 Predictive changes in IB for different particle size and bagasse/reed ratio
Slika 11. Predviđene promjene čvrstoće na raslojavanje za različite veličine čestica i omjer ostatka od prerade šećerne trske i 
trske
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amount of nanosilica, a suffi cient amount of the gener-
ated C-S-H seeds enables the growth of the hydration 
products on their surfaces and results in the formation of 
a dense C-S-H gel (Birgisson et al., 2012). This process 
decreases the CH content and porosity due to the higher 
calcium silicate hydrate density resulting from the poz-
zolanic reaction. Simultaneously, the increase in IB due 
to nanosilica addition can be related to the formation of 
less micro- or nanopores in the microstructures of the 
cement complex through the growth of the silica chains 
as fi llers in C-S-H (Jeffrey et al., 2009). On the other 
hand, according to Yu et al., the addition of nanosilica 
greatly increases the viscosity of the cement-water sys-
tem, and a large amount of air can be entrapped into the 
complex, which in turn increases the porosity of the 
hardened concrete (Yu et al., 2014). However, this state-
ment cannot be true when the microstructure of the pan-
els particles and the space among these particles. 

Finer and shorter particles have a higher specifi c 
surface area, which can expose more surface to the ce-
ment paste with a high pH (≈12.5). Hence, more poly-
saccharides, mainly hemicelluloses and extractives, 
can be dissolved in this alkaline solution so that oligo- 
or monosaccharides are formed. These materials 
(known as poisonous materials) can prevent the nucle-
ation process of C-S-H gel on the grain cement. As C-
S-H seeds increase, the retarding effects of these mate-
rials can be neutralized at the time of mixing cement 
with water and can be reversed by adding supplemen-
tary C-S-H after the retarding effect has already been 
established. The addition of nano SiO2 provides an al-
ternate pathway for increasing the C-S-H content in ce-
ment paste and the rate of the hydration process (Rao 
2003). At the same time, it reduces the Ca(OH)2 con-
tent that cannot drive the pozzolanic reaction, if there is 
not enough nanosilica.

As it is well known, calcium silicate hydrate (C-S-
H) and calcium hydroxide (CH) are the main products 
obtained by the hydration process of the cement paste. 
Calcium silicate hydrate affects the mechanical proper-
ties of the cement paste through the hydration of C3S and 
C2S, while calcium hydrate containing about 20-25 % of 
the volume of the hydration products does not affect the 
cementing property. With respect to the morphological 
properties, calcium hydroxide component is relatively 
weak and brittle so that the propagation of the cracks 
under the tensile loading situation can be easily in-
creased through the area enriched by it (Tasdemir et al., 
1996). Nanosilica added to the mixture can activate the 
cement compounds chemically; so reactions are acceler-
ated by calcium hydrates available on the cement paste 
and calcium silicate hydrate is produced, which enhanc-
es the cementitious complex strength.

According to Tasdemir et al. (1996), in the presence 
of nanosilica, the cracks usually develop through the ce-
ment grain. However, in the absence of nanosilica, the 
cracks usually spread around the coarse grain resulting in 
a more tortuous fracture path (Norsuraya et al., 2016). 
This different crack pattern can be attributed to the strong-
er and more homogeneous interfacial zone as a result of a 
denser C-S-H formation in the interfacial zone than CH 
formation due to the addition of nanosilica.  

Generally, many combinations of the studied pa-
rameters can be used for predicting IB by the designed 
model if all outputs are applied. According to Figure 
10, the predictive changes in IB are indicated for nano 
content and bagasse/reed ratio when the particle size is 
>6 and <8 mm. The superior IB strength (>0.7 MPa) 
was predicted at the nano content >4.5 % and at the 
bagasse/reed particle weight ratio >19.81:80.19. This 
can be attributed to the fact that among the agricultural 
residues, bagasse is one of the herbaceous species with 
the highest ash and silica content in ash (~53.10 %, 
Frias and de Rojas, 2013; ~59%, Pilu et al., 2012). 
However, the amount of ash (6.1 %, Galletti et al., 
2015; 3.6-4.2 %, Spatz et al., 1997) and silica content 
in ash (49.4 %) are much lower for reed than for ba-
gasse. Hence, according to the differences between 
qualitative studies shown in Figures 3, 4 and 5, it can 
be hypothesized that changing the content of portland-
ite, ettringite, alite, belite and other compounds pro-
duced by hydration process results in variations in the 
strength, so that raising the pozzolanic reaction in ba-
gasse particles increases the strength of the cement due 
to the presence of a high level of pozzolanic materials 
(includes ash, fl y ash, condensed silica fume etc.).

The cross-section of reed culms consists of a hy-
podermal texture with sclerenchyma fi bers covered by 
a very hard, brittle and smooth glossy surface layer and 
thick parenchyma cells in the inner ring containing a 
large number of vascular bundles, characterized by 
heavily lignifi ed bundle sheaths (60), resulting in rein-
forcement against reversible (elastic) and specially ir-
reversible (plastic) deformation during the cold press-
ing process of panel manufacturing. On one hand, a 
drastic increase in the surface smoothness of the reed 
particles can adversely infl uence the strength because 
of the decreased mechanical interlocking between the 
cement and the particles, and on the other hand, the 
non-deformability of the reed particles can decrease 
the contact between particle-cement-particle and in-
crease the empty space between particles.

Furthermore, the value range of the manufactur-
ing variables might give a better understanding to spec-
ify the IB with the nano content of 3 % (coded values 
of 0), the bagasse/reed ratio of 19.81:80.19 and the par-
ticle size >4 to <6 mm (Figure 11). This combination 
produces panels with the IB values >0.65 MPa. For the 
present study, it is possible to say that approximately a 
higher IB value can be obtained with a higher bagasse/
reed ratio. If the model is considered to work with an 
average error (MAPE) of 1.455 % for the testing data 
set, this result is acceptable and can be considered as a 
reasonable outcome.

The panels made from fi ne particles have struc-
tures without any macroscopic empty space in between; 
meanwhile, the panels prepared with coarser particles 
consist of structures with empty spaces in between. Ba-
sically, this increases the IB strength. However, smaller 
particles have higher specifi c surface area. Increasing 
the surface covered by binder, IB decreases. Hence, de-
spite the largest surface covered by binder in coarser 
particles on one hand, and the smallest voids within the 
fi ner particles on the other hand, the greatest IB strength 
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was determined when medium-sized particles were used 
rather than less coarse particles.

Due to the difference in the cross-section of par-
ticles with different sizes, it can be assumed that the IB 
strength is correlated with the binder penetration in the 
longitudinal direction of particles and with the amount 
of the binder on the particle surface, i.e. with the cohe-
sion strength of the bond between the binder and the 
particles. Fine particles expose higher cross-sectional 
surface area, so they can absorb more cement paste 
through the cross-section and also more poisonous 
component can enter into the solution. These factors 
decrease the amount of the cement paste on particles 
and delay the hydration process of the cement paste, 
and consequently, decrease the cohesion strength. Due 
to the over-penetration of water into particles, water 
content in the cement paste is insuffi cient; hence, ce-
ment grains cannot be hydrated completely.

4  CONCLUSIONS 
4.  ZAKLJUČAK

The microstructural compositions of the pure ce-
ment pastes, cement paste with 5.5 % hydrated nano-
silica, cement paste with 5.5 % nanosilica containing 
bagasse and cement paste with 5.5 % nanosilica con-
taining reed particles were examined for 15 days using 
SEM, FTIR and XRD. It is evident from SEM analyses 
that a large amount of portlandite (Ca(OH)2) crystals 
can be observed as plate-like-hydrates forming a high 
amount of porosity in the pure cement containing less 
calcium silicate hydrate (C-S-H), while the addition of 
nanosilica to the cement paste decreases the CH crystal 
formation and increases the density and the compac-
tion structure of other hydration products such as CSH. 
By adding bagasse or reed particles, the porosity of the 
hardened cement increases due to the formation of a 
large amount of air cavities. The addition of nanoparti-
cles can compensate for the negative effect of using 
lignocellulosic particles in cementitious systems.

According to the results of FTIR and XRD analy-
sis, portlandite, ettringite and C-S-H gels as hydration 
products increased to a maximum level as nanosilica 
was added, and the poisonous effect of using lignocel-
lulosic material was compensated by the hydration 
process of cement paste. However, unhydrated prod-
ucts such as C2S and C3S increased simultaneously 
due to the higher hydrophilicity of nanosilica and lig-
nocellulosic particles. It is expected that using a higher 
level of water can be effective in increasing the hydra-
tion products.

The infl uence of different dosages of nanosilica 
(0.45, 1.5, 3, 4.5, and 5.52 wt %), particle size of bagasse 
and reed as lignocellulosic materials (2 mm pass/ 0 on, 4 
mm pass/2 mm on, 6 mm pass/4 mm on, 8 mm pass/6 
mm on and 8 mm on) and different weight ratios of ba-
gasse to reed particles (2.55:97.45, 6.94:93.06, 
13.38:86.62, 19.81:80.19 and 24.20:75.80) on the inter-
nal bonding strength of the cement-bonded particleboard 
was studied using ANN. The maximum internal bonding 
strength of 0.60MPa is exhibited by cement-bonded par-

ticleboards manufactured with the optimized parameters 
including the nanosilica content of 3.5 %, the particle 
size of 5.5 mm and the bagasse:reed ratio of 19.81:80.19.

The effect of the bagasse:reed ratio on the IB of 
the CBPB is more than that of nanosilica and particle 
size. The acceptable predictions of the observed CBPB 
internal bonding by the model indicate that ANNs can 
be a favorable tool for understanding those complexes. 
Consequently, the model can be used by producers to 
choose the internal bonding optimally as an important 
function of the measured properties of the cement-
bonded lignocellulosic panels.
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