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Abstract

In this paper, we investigate the effect of the clay concentration on the mechanical and rheological 
properties of the slip used in the fabrication of ceramic. We demonstrate an increase of flexural 
strength of the slip’s with an increase the clay concentration on the composition of the slip’s. 
Concerning the effect of clay concentration on rheological behavior of ceramic slip, the modified 
Cross model is used to fit the stationary flow curves at different concentration of clay added to 
ceramic slip and the generalized Kelvin-Voigt’s model successfully applied to fit the creep and 
recovery data and to analyse the viscoelastic properties of ceramic slip modified.  
Keywords: clay concentration, slip of ceramic, modified cross model, mechanical properties, 
rheological behavior
Kulcsszavak: agyagkoncentráció, kerámia massza, módosított keresztmodell, mechanikai 
tulajdonságok, reológiai viselkedés
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1. Introduction
Ceramic slips consist of raw materials such as clays, 

feldspars, silicas, calcites, etc., suspended in water in the 
presence of de!occulates. According to Baccour et al [1] the 
clay minerals used in the manufacture of ceramic tiles belong 
to the family of phyllosili. "e ceramic product requires clays 
having particular and appropriate characteristics; they must 
not contain a swelling phase, and are plasticised to facilitate the 
shaping of the body [2]. To improve the corrosion resistance of 
ceramic Shi et al [3] added the Na2B4O7 end EDTA in Na2SiO2 
– Na3PO4 in order to improve the ceramic coating. "e authors 
indicate that both additives cause an amelioration of corrosions 
resistance of the ceramic coatings.

"e e#ect of soda ash, liquid glass and sodium 
tripolyphosphate on rheological properties and stability of 
ceramic slip have been investigated by Kichkail and Levitskii 
[4]. It was shown that the introduction of electrolyte on ceramic 
slip caused stabilization as well as a decrease in the thixotropic 
behaviour of ceramic slip. Andreola et al [5] demonstrated that 
adding bentonite to clays used on ceramic improves the plastic 
components and this causes the amelioration of the mixture’s 
rheological behavior such as the increasing the viscosity and 
the thixotropy. Moreover, Hammadi [6] has indicated that 
incorporating a percentage from 0% to 9% of bentonite in the 
formation of ceramic cases an increase, not only in yield stress, 
but also in the consistency index of slip of ceramic. Likewise, 
the author demonstrated that the incorporation of bentonite 

on slip of ceramic causes an increase of mechanical resistance 
of slip of ceramic. Contreras et al [7] demonstrated that the 
incorporation of 7.5% of phosphogypsum in the formation 
of ceramic cause an increase of the rupture resistance of 
ceramic tiles. "e e#ect of solid loading on the rheological 
properties of feedstocks used on fabrication of ceramic has 
been investigated by Wei et al [8]. "e authors have proved 
the feed stocks viscosity increased with the solid loading 
increase.  Xuand Hilmas [9] studied the rheological behavior 
of mixtures . It was demonstrated that 
the rheological behavior of mixtures exhibits shear thinning 
with a yield stress."e e#ect of Hyperme KD on rheological 
properties of ceramic slip has been studied by Xin et al [10]. 
"e authors have demonstrated for lower solids loading (40%) 
dispersant does not greatly in!uence the rheological properties 
of the suspensions but with increasing solids loading to 50%, 
the rheological properties of the suspensions became more 
sensitive to the added amount of dispersant. Mohammadi et 
al [11] investigated the e#ects of slurry solid concentration 
on rheological properties of slip ceramics. It was shown that 
for solid concentration of 76% the rheological behavior of slip 
ceramics is thixotropic and for solid concentration between 
64% and 70% the rheological behavior of slip ceramics is near-
Newtonian. In this paper, we investigate the e#ect of the clay 
concentration on the mechanical and rheological properties of 
slip used in the fabrication of ceramic in order to improve the 
mechanical and rheological properties of ceramic tiles.
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2. Materials and methods
2.1 Materials

"e raw materials used in this study are from the “CERAL” 
Company of Hassi -Amer- Oran Algeria. "is company uses 
clays at $xed percentages by adding de!occulants to facilitate 
mold release from the plaster molds. Table 1 presents the various 
materials used by the company CERAL for the manufacture of 
ceramics [6, 12].

Materials Percentage

Schist 1 61%
Schist  2 10%

Sandstone 17%

 Table 1 Materials used by the company CERAL for the manufacture of ceramics
 1. táblázat A CERAL cég által kerámiagyártáshoz felhasznált anyagok

2.2 Preparation of mixtures
"e slips were prepared with 58% dry matter and 42% mixed 

water and dispersing de!occulant content was $xed at 0.63% 
(sodium tripolyphosphate of 0.42% and sodium metasilicate 
of 0.21%) for di#erent quantity of clay. "e Table 2 shows the 
percentage of mixtures.

Clay (%) Sandstone 

(%)

Schist 

(%)

STPP (%) MSI (%) Water 

(%)

6 23 71 0.42 0.21 42
8 21 71 0.42 0.21 42

10 19 71 0.42 0.21 42
12 17 71 0.42 0.21 42
14 15 71 0.42 0.21 42
16 13 71 0.42 0.21 42
18 11 71 0.42 0.21 42

 Table 2 Percentage of mixtures used in this study
 2. táblázat A tanulmányban használt keverékek százalékos összetétele

2.3 Preparation of samples
In the $rst step, each mixture was ground wet in a jet mill 

long enough until the residue on 63 µm sieves was reduced 
to require values [6]. In the second step, rectangular samples 
were carried out using the press (ceramic Instruments Srl) 
SASSUOLO-ITALY, the maximum pressure of this apparatus 
is 250 bar and a bending apparatus FLEXI 1000 LX GABTEC, 
to the company CERAMIR from HASSI AMER Oran. We 
introduced 100 g of the samples into the press apparatus and a 
pressure of 80 bars was applied to make tiles with a thickness 
of 7.8 mm, a length of 100 mm and a width of 45 mm. A%er 
2 hours of drying at 110 °C, the tiles of ceramic were $red 
at constant temperature of 1140 °C for 45 min in an electric 
furnace and took 45 min of soaking time [6].

2.4 Steady shear measurements
To study the e#ect of clay on !ow of slip of ceramic the 

sample was pre-sheared at a frequency of 200 s−1 for 60 s in 
the measuring device in order to avoid any memory e#ect. 
A%er pre-shearing the sample was kept at rest for 600 s prior 
to measurements in order to permit the material recovering 
at least its initial structure. A%er being kept in rest of 600 s, a 
continuous ramp of shear rate, which is ranging from 0.01 to 
200 s−1 and has been applied during 600 s.

2.5 Creep-recovery measurements
Creep and recovery tests were carried out as follows: a%er rest 

time of 600 s prior to the measurements, a constant shear stress 
 was applied to the samples and the compliance (J) 

was recorded as a function of creep time; at t = 180 s the stress 
τ was set to zero and the recoverable part of compliance was 
measured as a function of the recovery time equal to 180 s.

 Fig. 1 Particle size of materials used by CERAL Company on fabrication of ceramic
 1. ábra A CERAL Company által kerámiagyártáshoz használt anyagok szemcseméret eloszlása
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 Fig. 2 X-ray di!raction of schist
 2. ábra Pala röntgendi!rakciós vizsgálatának eredménye

 Fig. 3 X-ray di!raction of sandstone
 3. ábra Homokkő röntgendi!rakciós vizsgálatának eredménye

 Fig. 4 X-ray di!raction of clay
 4. ábra Agyag röntgendi!rakciós vizsgálatának eredménye
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3. Results and discussions
3.1 Physical characteristics

"e particle size analyses the raw materials are carried out by 
sieving according to Standard NF P 94-056 and sedimentometry 
by Standard NF P 94-057."e physical analyses carried out on 
samples taken from the materials used by CERAL Company 
gave the following results: the particle size analysis shows that 
the raw product has a spread out particle size (Fig. 1). 

"e obtained results show that the Schist, Sandstone and clay 
are aggregates rich in $ne elements, composed of an important 
fraction of silt, sand, gravel and clay. Fractions of clay, silt and 
sand are listed in Table 3. We observe in Table 3 the Schist 
indicates a low plasticity the sandstone is medium plasticity 
and clay is high plasticity.

Physical parameters Schist Sandstone Clay

Clay fraction (<2 μm) 3.70 2.46 13.1

Silt fraction (2-63 μm) 7.70 19.2 42.4

Sand fraction (>63 μm) 88.2 78.3 44.5

Liquidity limits 31.2 39.7 62.0

Limits of plasticity 17.2 21.7 31.9

Plasticity index (%) 14.0 18.0 30.1

 Table 3 Physical parameters of schist, sandstone and clay
 3. táblázat A pala, homokkő és agyag #zikai paraméterei

3.2 Chemical analysis
Table 4 indicates the chemical analysis of materials used by 

CERAL (schist, sandstone and clay). "e data given in Table 4 
illustrate that the alumina and silica oxide are present in major 
quantities while other minerals are present in trace amounts.

Elements Schist (%) Sandstone (%) Clay (%)

SiO
2

63.1 61.0 52.9

Al
2
O

3 
16.6 13.6 14.6

Fe
2
O

3
7.62 5.42 7.04

CaO 1.69 6.70 6.22

MgO 1.38 1.47 1.94

SO
3

0.07 0.07 0.51

K
2
O 2.56 2.26 1.74

Na
2
O 0.33 0.61 0.21

LOI 5.76 6.05 14.3

 Table 4 Chemical analysis of schist, sandstone and clay
 4. táblázat A pala, homokkő és agyag kémiai összetétele

3.3 Mineralogical RX analysis
"e mineralogical RX analysis of the raw materials (Schist, 

Sandstone and clay) is reported in Fig. 2, 3 and 4. "e identi$ed 
minerals are mainly quartz, calcite and in a smaller amount of 
clays (kaolinite and illite) on the Schist and Sandstone. In clay, 
the kaolinite and illite are present on high quantity. According 
to [13-14] these elements exploitation is favoured in the $eld 
of ceramics.

3.4 E!ect of quantity of clay on "exural strength of slip
Fig. 5 shows the variation of slip’s !exural strength as a 

function of the clay’s concentration on ceramic slip a%er $rings 
1140 °C at di#erent pressures. We observe in the Fig. 5, an 
increase in the mechanical resistance with the increase in the 
amount of quantity of clay in the slip, this rise can be explained 
by the increase in the kaolinite and illite content as well as 
the increase in quantity of clay in slip of ceramic. According 
to Khalfaoui and Hajjaji [15] at 1140 °C  the quartz begins to 
react with the decomposed micaceous phase, contributing to 
the formation of the glassy phase, this formation of glass cause 
an increase on !exural strength of slip.

 Fig. 5 Flexural strength as a function of clay concentration added to slip of ceramic 
a$er #rings 1140 °C

 5. ábra Hajlítószilárdság az 1140 °C-os kiégetés után a kerámiához adott 
agyagkoncentráció függvényében

3.5 E!ect of clay in "ow properties of slip of ceramic
"e variation of the shear stress τ as a function of the shear 

rate  at di#erent percentage of clay which vary between 
6% and 18% for the studied sample has clearly shown two 
behaviors separated by a critical shear rate: a Non-Newtonian 
behavior a%er a yield stress followed by a plastic behavior 
(Fig. 6). Experimental data were $tted to modi$ed Cross 
model (Eq. (1)) developed by Grassi et al [16] which has been 
successfully employed for weak gel systems.

 (1)

where τ0 is the yield stress, η0 is the zero shear rate viscosity 
(lower Newtonian plateau),  is the in$nite shear rate viscosity 
(upper Newtonian plateau), λc is a characteristic time and  is a 
dimensionless exponent. It should be noted here that, in the 
case of plastic systems, the zero shear viscosity η0 represents 
the estimated value for the viscosity in which this system is 
maintained a typical solution behavior for low values of shear 
rates.

As it can be observed from Fig. 7 the increase of clay in slip 
of ceramic causes an increase in the yield stress τ0 and in the 
in$nite shear rate viscosity . According to Reeds [17] and 
Blanc and Van Damme [18] the increase in the yield stress and 
the viscosity of slip ceramic can be explained by the Van der 
Walls attracting forces, which are responsible for the formation 
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of !ocks and aggregates and for the resistance to !ow. When 
the clay percentage increases, so do the number of particles and 
the double layer repulsions, thus leading to higher interaction 
forces and $nally to a rigid continuous network [19].

 Fig. 6 Flow curves for slip ceramic at di!erent quantity of clay
 6. ábra A kerámia massza folyási görbéi különböző mennyiségű agyag adagolása 

esetén

 Fig. 7 Variation of the yield stress τo and the in#nite shear rate viscosity  of slip 
ceramic as a function of quantity of clay

 7. ábra A kerámia massza τo folyáshatárának és végtelen nyírási viszkozitásának  
változása az agyag mennyiségének függvényében

3.6 E!ect of quantity of clay on creep and recovery of slip of 
ceramic

Fig. 8 shows the values of compliance , as a function 
of time, for the creep tests corresponding to the ceramic slip 
studied for mass concentration of clay  range between 6% and 
18% added in slip of ceramic , in a period of time intervals 
between 0 and 180 . For the interval time, we have 
represented the corresponding recovery. We observe on this 
$gure a decrease of the elastic compliance with the increase of 
quantity of clay added to the slip of ceramic, i.e. the increase of 
the elastic modulus , indicating an increase of the viscoelastic 

properties of the slip of ceramic. In other words, the creep 
deformation decreases with increasing the clay in slip and 
the time necessary to reach a constant deformation during 
recovery decreases, a%er removal of the shear stress.

 Fig. 8 Compliance versus time in creep and recovery test for quantity di!erent of 
clay added to slip of ceramic

 8. ábra Megfelelőség az idő összefüggése a kúszási és visszanyerési teszt során a 
kerámia masszához adott különböző mennyiségű agyag esetében

"e elastic properties were de$ned by correlating the results 
with the well-known viscoelastic models of Burger model or 
Generalized Kelvin-Voigt [20-22], comprising the association 
in series of the Maxwell model and the Kelvin-Voigt. 

 Fig. 9 Instantaneous elastic modulus of the Maxwell G0 and elastic modulus of 
Kelvin–Voigt G1 as a function of quantity of clay in slip of ceramic 

 9. ábra A Maxwell G0 pillanatnyi rugalmassági modulus és a Kelvin–Voigt 
G1  rugalmassági modulus a kerámiában lévő agyag mennyiségének 
függvényében

"e creep curves are described by:

 (2)

 (3)
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Whereas the recovery strain is given by: 

 (4)

Where   is the purely elastic contribution (or the instantaneous 
elastic compliance),  is the purely viscous contribution, 
represented by the dashpot of the Maxwell model, i.e., the 
uncoupled or residual steady-state viscosity obtained from the 
creep curve at long times when the compliance curve is linear, 

 is the contribution to retarded elastic compliance,  is the 
retarded time,  is the retarded viscosity  and  is the time 
where the stress is applied for  and removed at .

"e $ttings in Fig. 8 were performed with just one Kelvin–
Voigt solid (N=1) and the $tting parameters are shown 
in Fig. 9 and 10. "e  represents the instantaneous 
elastic modulus of the Maxwell unit at t = 0; that is, the 
instantaneous elastic response of the system and the  
is the elastic modulus of Kelvin–Voigt. "e latter represents 
the contributions of the retarded elastic region to the total 
compliance. "e strong increase is observed in G0 and G1 when 
the quantity of clay  is added, the  slip of ceramic is varied  
between 6% and 18% and it is a manifestation of the shi% from 
viscous to elastic behaviour and an increase of the viscoelastic 
properties in that range of clay.

 Fig. 10 Viscosity of slip ceramic as function of quantity of clay 
 10. ábra Kerámia massza viszkozitása az agyag mennyiségének függvényében

Fig. 10 shows the variation of viscosity  of slip ceramic as 
function of quantity of clay; it is important to mention that it 
has the meaning of viscosity of the system in the Newtonian 
regime, whereas it shows a clearly increasing trend as the 
quantity of clays is increased in slip of ceramic. "is increasing 
of viscosity could be explained by the e#ect of Brownian motion 
on the strong network structure formed in the dispersion with 
the increasing of clay concentration in slip of ceramic [6, 23]. 
According to Hammadi [6] at high quantity of clay (18%) 
added to slip of ceramic, the applied stress is not su+cient to 
break weak particle-to-particle bonds, and the suspensions do 
not !ow.

4. Conclusions
In this work, the e#ect of the clay concentration on the 

mechanical properties and rheological behavior of slip used in 
fabrication of ceramic was studied. "e study shows that an 
increase of !exural strength with increase of quantity of clay 
in slip of ceramic. 

"e non-Newtonian stationary !ow behavior of slip of ceramic 
was successfully modeled by using the coupled Cross and 
Bingham models over the studied range of clay concentration. 
"e increase of clay concentration ranging between 6% and 
18% in ceramic slip, caused the augmentation  in the yield stress 

 and the in$nite shear rate viscosity  with adding dose of 
clays. "e increase of these parameters was mainly related to the 
interaction between the solid particles and viscous e#ects. "en, 
the increase of the parameters of modi$ed Cross model causes 
an increase, not only in the friction, but also in the viscosity 
of the ceramic slip. "e study also shows that the increase of 
quantity of clay in the slip of ceramic causes an increase  on  the 
viscoelastic behavior of slip of ceramic and structure of particle-
to-particle bonds. "e structure of particle-to-particle bonds of 
slip of ceramic facilitates the operation of demolding the tiles of 
ceramic. Finally in order to ameliorate mechanical properties  
and rheological behavior of slip of ceramic we suggest the use 
of 18% of clay, 11% of Sandstone and 71% of Schist for the 
preparation of the tiles of ceramic.
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Abstract 

The high cost of cement as a significant component of concrete has led to the high cost of 
concrete production in most developing countries. Because of its longevity and good benefit-to-
cost ratio, blended cement has grown in popularity in developed countries. Rice husk ash (RHA) 
is a residue produced by the burning of rice husk that is abundant in rice mills. RHA has been 
proven as a good supplementary cementitious material for concrete production due to its low 
energy requirements, minimal greenhouse gas emissions during processing and service life, and 
strong pozzolanic reaction. Using Scheffe’s (4, 2) simplex-lattice design, a mathematical model 
was developed to optimise the compressive strength of RHA reinforced concrete in this research. 
RHA was used as the second component in concrete, along with water, cement, fine and coarse 
aggregates, at a partial replacement ratio of 20% in cement. The compressive strength of RHA 
concrete was determined using Scheffe’s Simplex technique for the various componential 
ratios as well as the control points that would be used to validate the Scheffe’s model. The 
model’s adequacy was assessed using the f-statistics test, the student’s t-test, and ANOVA at a 
5% significance level. The statistical result shows a satisfactory correlation between the values 
produced from the developed Scheffe’s model and the control laboratory data. The maximum 
compressive strength of RHA concrete obtained was 40.75 N/mm2 corresponding to a mix ratio 
of 0.475: 1.0: 2.75: 3.50 and the minimum compressive strength obtained was 7.41 N/mm2 
corresponding to a mix ratio of 0.47: 1.0: 2.5: 4.5 for water, binder (80% cement and 20% RHA), 
fine aggregate, and coarse aggregate, respectively. The ratio of the mix elements to a particular 
required compressive strength value may be calculated with a high degree of precision using the 
established Scheffe’s simplex model, while also giving the answer in less time by resolving trial 
mix challenges.
Keywords: compressive strength, concrete, optimisation, Scheffe’s model, rice husk ash
Kulcsszavak: nyomószilárdság, beton, optimalizálás, Scheffe-modell, rizshéj pernye
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1. Introduction
Concrete compressive strength is one of the most signi$cant 

material properties utilised in structural design and quality 
control [1]. Concrete is mainly utilised in civil engineering 
under compression loading situations because its compressive 
strength is signi$cantly greater than its tensile and/or !exural 
strengths. Furthermore, because it is directly connected to the 
structure of the hydrated cement paste, compressive strength 
is frequently regarded as a diagnostic of concrete quality 
[2]. For these reasons, compressive strength is commonly 
used to make choices about the strength and serviceability 
of concrete components and structures [3]. "e compressive 
strength of concrete is one of its major engineering features, 
and it has become a standard in industrial practice to classify 
concrete based on its compressive strength (i.e. grades) 
[4]. "e compressive strength of concrete is de$ned by its 
capacity to withstand cracking and $ssure failure. "e ultimate 
compressive strength of a material is equal to the value of 
uniaxial compression stress attained at the complete failure 
point and is a#ected by factors such as constituent compressive 

strength, water-cement ratio, material quality, curing methods, 
air entrainment, temperature e#ects, and mixture constituent 
proportion. Concrete compressive strength is proportional to 
its density. Additionally, it is dependent on the mix proportion, 
aggregates, cement properties, water-cement ratio, curing 
duration, and SCMs replacement level [5-6]. "e experimental 
technique of concrete mix design consists of a series of lengthy 
experiments that are mostly based on trial and error and 
entail approximate estimations based on practical experience 
without the use of a mathematical or statistical scienti$c 
approach [7]. To reduce the number of experimentation tests 
required before determining the ideal combination ratio for 
concrete mixed with RHA, an analytical approach that tries 
to justify the initial trial mix into a logical and systematic 
procedure is being developed. Based on established knowledge 
of certain empirical connections, particular weights of mixture 
ingredients, and $ndings from previous literatures, this will 
aid in determining the optimal combination for the mixture 
ingredients in spending less resources [8]. 

https://creativecommons.org/licenses/by-nc/2.0/
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Sche#e’s approach is a mixed model strategy for adjusting 
statistical signi$cance levels in a linear regression study to 
account for multiple comparisons. When performing evaluation 
of simultaneous con$dence levels for regression analysis using 
objective functions [9], it is critical for a particular kind of 
regression analysis known as analysis of variance. Sche#e’s 
simplex second order regression model is created statistically 
to maximise the compressive strength attribute of RHA 
concrete. "e statistical method used for recycling, use, and 
re-use of agricultural solid waste material such as RHA has 
been proven to be a bene$cial strategy in engineering practice 
[4-10]. "e application of Sche#e’s simplex lattice design to 
accomplish mixture design has been used in various civil 
engineering applications to provide solutions in $elds such as 
material science, pavement material changes, soil stabilisation, 
geotechnical and concrete technology [11-13]. Ambrose et 
al. [14]; in their work on Compressive strength and Sche#e’s 
optimisation of mechanical properties of recycled ceramics 
tile aggregate concrete. Laboratory tests were performed in 
relation to the calculated Sche#e’s design point. To validate 
the established mathematical model, statistical analysis was 
performed. In their results, the maximum predictable response 
from the compressive strength model was 42.13 N/mm2 
existing at vertex X5 of the simplex and corresponding to mix 
ratio of 0.45:1:0:1:2 for water, cement, sand, recycled-ceramic 
tiles (CRT) and coarse aggregates (CA). Conversely, the lowest 
predictable compressive strength was found to be 20.34 N/mm2 
existing very close to Vertex X3 and corresponding to mix 
ratio of 0.64:1:2.35:0.06:4.35. "eir investigation also revealed 
that CRT, which is widely available and inexpensive, has been 
e#ectively employed to produce concrete. Also, Alaneme and 
Mbadike [15]; in their research study on compressive strength 
modelling of palm nut $ber concrete using Sche#e’s theory. 
"e concrete mixture consists of $ve components: cement, 
water, coarse aggregates, $ne aggregates, and palm-nut $ber, an 
agricultural waste. At a strength value of 31.53 N/mm2, the best 
combination ratio of 0.525:1.0:1.45:1.75:0.6 was found, while the 
lowest combination ratio of 0.6:1.0:1.8:2.5:1.2 for water, cement, 
$ne and coarse aggregate, and palm nut $ber was reached at 
a strength value of 17.235 N/mm2. Furthermore, Chiemela 
et al. [45] used Sche#e’s theory to model the compressive 
strength property of concrete when given componential ratios, 
as well as predict the corresponding portions of the mixture 
ingredients with prescribed values of compressive strength vale 
of concrete obtained by substituting quarry dust for river sand 
in their work. "e formulated model was then put to the test 
with the response value of the control point. F-statistics and a 
student’s t-test with a 95% con$dence level were employed in 
this statistical investigation. "e results demonstrate that the 
anticipated and measured values are not signi$cantly di#erent.

"ere are currently no mathematical models for RHA 
concrete, but the demand for such models is essential. "erefore, 
this research seeks to investigate the use of RHA, a residual 
agricultural waste, as a partial replacement in the second 
component (binder) in concrete mixtures. "e goal of this 
study is to partially integrate ash material at 20% replacement 
level into concrete mixtures rather than using it as a separate 
component, and to use statistical methods to determine the 

best mixture combination of the concrete mixture’s ingredients, 
which include water, cement, RHA, $ne aggregate, and coarse 
aggregate. RHA is being employed in this study to improve 
ecological infrastructure development by recycling solid 
wastes originating from agricultural or industrial operations, 
which is accomplished by substituting traditional concrete 
materials. "e compressive strength of concrete is typically 
in!uenced by the mix proportions of its constituents. "e 
optimal combination ratio for the mix elements of water, binder 
(cement and RHA) $ne aggregate, and coarse aggregate was 
determined using Sche#e’s optimisation approach to predict 
the concrete compressive strength behaviour. "is study will 
add to the body of information regarding the optimisation 
of concrete mixtures including solid  waste  materials as an 
additive. "e $ndings of this study will allow for improved 
choice in terms of determining concrete grade and batching 
of its constituents for structural application.  Additionally, this 
will simplify mix designs by resolving trial mix issues, reducing 
experimental blunders.

1.1 #e Sche!e’s Simplex-lattice Design
Simplex lattice design is a type of mixed experiment that is 

used to study response and component correlations. Simplex 
lattice designs are simply referred to as Sche#e’s simplex lattice 
designs in Sche#e’s theory. Mixture experiment approaches are 
generally used in instances when the response is determined 
by the mass or volume proportions of individual components 
rather than their overall mass or volume, as is common of 
concrete properties [9, 17]. According to [4], if q indicates the 
number of mixture components, X1, X2, X3, X4....,Xq, however,  
y signi$es the intended response. No component has a negative 
value in a mixing experiment, and the sum of the component 
ratios must be one. 

"e simplex-lattice is an orderly arrangement of lines that 
connects the expected experimental points of the mixed 
constituent ratio design. "e factor space in a q-component 
mixing experiment is a regular {q-1} simplex [18]. If q = 2, 
the lattice simplex is a straight line; if q = 3, it is an equilateral 
triangle; and if q = 4, it is a regular tetrahedron with each 
vertex representing one of the components. However, Sche#e 
proposed that in a mixture design, each component of the 
mixture resides on a vertex of a simplex lattice with {q-1} 
factor space, such that if the degree of the polynomial to be 
$tted to the design is denoted by n, then a {q, n} simplex 
lattice for q-components consists of uniformly spaced points 
de$ned by all the possible combinations of {n+1} levels of each 
component [19]. Concrete’s properties are determined by the 
appropriate mass or volume mix proportion of its ingredients, 
not by its overall mass or volume. Sche#e’s optimisation theory, 
as a result, may be employed to model and optimise concrete 
properties. According to [14], for a 4-compomponent mixture 
adopted in this work, the reduced second-degree polynomial 
can be obtained as follows:

 (1)
Where; X1= Water/Cement Ratio; X2 = Binder (80% OPC 
and 20% RHA); X3 = Fine Aggregates (Sand); X4 = Coarse 
Aggregates (Granite). 
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(2)

"e number of terms in the simpli$ed polynomial is also 
related to the design points on Sche#e’s lattice simplex. As a 
result, the equations’ coe+cients can be expressed as functions 
of expected responses (yi) at the simplex’s design and control 
points. "e general relationship between the two is as follows:

 (3)

And for a (4,2) polynomial
 (4)

Obam [20] also considered experiments with mixtures 
in which the property he studied was determined by the 
proportions of the components but not by their quantities 
in the mixture. "e relationship between the compressive 
strength of concrete and the proportion of w/c (water/cement), 
cement, $ne and coarse aggregates is an obvious example of 
such a study. If a mixture has q components in total, and Xi 
is the proportion of the components (ingredients) of the ith 
component in the mixture such that
Xi ≥ 0 (i =1-4) (2) (5)

"en, assuming the mixture to be a unit quantity, he calculated 
that the sum of all the proportions of the components must 
equal unity. "at is to say

 (6)

where in this case,
X1 is proportion of water/cement (w/c) ratio
X2 is proportion of cement
X3 is proportion of sand
X4 is proportion of crushed stone.

"us, the factor space is a regular (q-l) dimensional simplex.

1.1.1 Components relationship in Sche!e’s factor space
For a quaternary system, 𝑞 = 4, the regular simplex is a 

tetrahedron where each vertex represents a straight component, 
an edge represents a binary system and a face a tertiary one. 
Points inside the tetrahedron correspond to quaternary systems 
as shown below. Each point in the tetrahedron therefore 
represents a certain composition of the quaternary system. "e 
component X1 is therefore absent in the face X2, X3, X4 but as 
tetrahedron sections parallel to the face approach vertex X1, 
component X1 in them grows concentration.

 Fig. 1 A {4.2} Sche!e’s simplex lattice with the tetrahedron and corresponding points
 1. ábra A {4.2} Sche!e tetraéder szimplex rács a hozzátartozó csomópontokkal

"e mixed components are uniformly dispersed in Sche#e’s 
simplex design, and the proportions assumed by each 

component are n+1 equally spaced levels from 0 to 1 according 
to Eq. (7).

 (7)

 Fig. 2 A {4.2} Sche!e’s simplex lattice with pseudo ratios at design points
 2. ábra A {4.2} Sche!e szimplex rács pszeudoarányokkal a tervezési pontokban

"e factor space for a 4,2 Sche#e’s simplex lattice, as illustrated 
in Fig. 2 above, is a tetrahedron, and each component has the 
proportions 0, and 1. "ere are 10 points at the tetrahedron’s 
borders and vertices, which correspond to the number of terms 
in the simpli$ed second-degree polynomial in Eq. (4). "e four 
points indicated by (1,0,0,0); (0,1,0,0); (0,0,1,0); and (0,0,0,1) 
at the vertices represent single component mixes, whereas 
the remaining six points in the middle of each edge represent 
binary blends of two component mixtures [14].

2. Methodology 
"e investigation in this work was divided into two stages. 

"e compressive strength of concrete with varied degrees of 
RHA substitution with Portland limestone cement (PLC) was 
investigated in the $rst stage (part A). Polynomial models were 
developed in the second stage (part B) for optimisation and 
prediction of compressive strength of RHA concrete using 
Sche#e’s simplex lattice model.

2.1 Laboratory experiment  
Water, cement, RHA, $ne aggregates (river sand), and 

coarse aggregates (granite chippings) were used in laboratory 
tests in both stages of this study. "e cement utilised in this 
study, Unicem brand of Portland Limestone cement of grade 
32.5R was used and it met the requirements of the CEM II class 
of cements as described in NIS 444-1 [21]. "e river sand was 
collected from a river sand mining location in Nsukka, Enugu 
State, while the granite chippings were sourced from a quarry 
in Abakaliki, Ebonyi State, all in Nigeria. "e rice husks were 
obtained from Ogoja in Cross River State. "ey were burned in 
the open air, and the ash was collected and stored in a dry place 
in the laboratory. Physical examination revealed that RHA 
obtained was greyish in colour a%er being burned. "e ashes 
were chemically analysed to identify the elemental content of 
each ash. 

"e main elemental oxide composition of rice husk 
ash (RHA) was determined using X-Ray Fluorescence at 
the Standard Organisation of Nigeria (SON) Engineering 
laboratory, Enugu State O+ce, Emene Industrial Layout, 
Enugu State, Nigeria. "e compressive strength test is used 
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to determine the behavior of materials under compression. 
Compressive strength is widely regarded as the most signi$cant 
feature of concrete. "ree duplicate concrete samples were 
produced in 150 mm × 150 mm × 150 mm moulds for each 
mix ratio. Following the mixing and casting of the concrete, the 
specimens were removed from the mould and cured for 28 days 
in a curing tank before being tested for compressive strength in 
accordance with BS EN 12390 [22]. "e compressive strength 
of concrete was calculated using the formula:  

 (8)
where P is the failure load; A is the cross sectional area of the 
concrete cube.

2.2 Mathematical modelling 
"e number of design components in the second phase of 

this study, which required modelling, was four, and the data 
would be $tted into Sche#e’s second-degree polynomial. As a 
result, the mixed experiment was planned with a 4, 2 simplex 
lattice using a commercial statistical so%ware and the design 
matrix is shown in Tables 1 and 2. "e simplex condition that 
X1+X2+X3+X4 =1 makes it impossible to use standard mix 
ratios such as 1:3:6 at a given water-cement ratio. As a result, 
a modi$cation of the real components (normal mix ratios) 
is required to ful$ll this criterion. "e design matrix for 
the Xi experimental points given in Table 1 is referred to as 
“Peudo-components,” whereas Zi are the actual experimental 
components.
X=AZ (9)
Where A is the inverse of Z matrix and 
Z=AXT (10)
Where A is the inverse of Z matrix, XT is the transpose of 
matrix X.

Table 1 presents the values of the computed real components 
(Z1, Z2, Z3, Z4), whereas Table 2 shows the values for the control 
locations.

S/N X1 X2 X3 X4 Res-

pon se

Z1

Water

Z2

Binder

Z3

FA

Z4

CA

1. 1 0 0 0 Y1 0.45 0.50 0.46 0.44

2. 0 1 0 0 Y2 1 1 1 1

3. 0 0 1 0 Y3 1.5 2.0 2.5 3.0

4. 0 0 0 1 Y4 3 4.0 5.0 6.0

5. ½ ½ 0 0 Y12 0.475 1 2.75 3.5

6. ½ 0 ½ 0 Y13 0.455 1 2.0 5.0

7. ½ 0 0 ½ Y14 0.445 1 2.25 4.5

8. 0 ½ ½ 0 Y23 0.48 1 2.25 4.5

9. 0 ½ 0 ½ Y24 0.47 1 2.5 4.5

10. 0 0 ½ ½ Y34 0.45 1 2.75 5.5

Binder (PLC-80%, RHA-20%); FA-#ne aggregate; CA-coarse aggregate 

 Table 1 Actual  and pseudo  components for Sche!e’s {4, 2} simplex lattice
 1. táblázat Sche!e {4, 2} szimplex rácsának aktuális  és pszeudo  komponensei 

S/N X1 X2 X3 X4 Res-

ponse

Z1

Water

Z2

Binder

Z3

FA

Z4

CA

11. ½ ¼ 1/4 0 C1 0.465 1 1.88 3.75

12. ¼ ¼ 1/4 1/4 C2 0.463 1 2.25 4.5

13. 0 ¼ 0 3/4 C3 0.46 1 2.63 5.5

14. ½ 0 1/4 1/4 C4 0.48 1 2.13 4.25

15. ½ ¼ 0 1/4 C5 0.46 1 2.0 4.0

16. 0 ¼ 3/4 0 C6 0.47 1 2.38 4.75

17. 0 ½ 1/4 1/4 C7 0.475 1 2.13 4.75

18. ¼ 1/8 1/2 1/8 C8 0.46 1 2.25 4.50

19. ¼ ¼ 0 ½ C9 0.458 1 2.38 4.75

20. 1/8 1/8 1/4 ½ C10 0.454 1 2.56 5.13

 Table 2 Control points for Sche!e’s {4, 2} simplex lattice
 2. táblázat Sche!e {4, 2} szimplex rácsának kontrolpontjai 

S/N Z
1

Z
2

Z
3

Z
4

Z
1
Z

2
Z

1
Z

3
Z

1
Z

4
Z

2
Z

3
Z

2
Z

4
Z

3
Z

4

1 0.08 0.23 0.23 0.46 0.018 0.018496 0.036993 0.052847 0.105694 0.105694

2 0.07 0.168 0.253 0.51 0.012 0.018706 0.037411 0.042513 0.085025 0.127538

3 0.07 0.155 0.31 0.47 0.011 0.021633 0.03245 0.048074 0.072111 0.144222

4 0.05 0.095 0.286 0.57 0.005 0.013605 0.027211 0.027211 0.054422 0.163265

5 0.06 0.135 0.269 0.54 0.008 0.015578 0.031157 0.036229 0.072457 0.144915

6 0.05 0.111 0.278 0.56 0.006 0.014881 0.029762 0.031002 0.062004 0.155009

7 0.04 0.087 0.348 0.52 0.004 0.015399 0.023098 0.030193 0.04529 0.181159

8 0.04 0.107 0.322 0.54 0.004 0.011373 0.018955 0.034463 0.057439 0.172317

9 0.06 0.117 0.234 0.58 0.008 0.015047 0.037618 0.027359 0.068397 0.136794

10 0.06 0.099 0.248 0.59 0.006 0.014704 0.035291 0.024507 0.058818 0.147044

 Table 3 ZT Matrix based on Eq. (14)
 3. táblázat A ZT matrix a 14-es egyenlet alapján

α1      =   35.72, α2 = 27.99, α3 = 23.1, α4 =18.23
From Eq. (4)

"us, from Eq (2), we have;
σc = 35.7X1 + 27.99X2 + 23.1X3 + 18.23X4 +35.42X1X2 + 
20.56X1X3 - 47.60X1X4 + 20.22X2X3 – 62.76X2X4 + 15.86X3X4
 (11)

Eq. (11) is the mathematical model for the optimization of 
the compressive strength of RHA concrete based on She#e’s 
(4,2) polynomial.
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3. Results and discussion
3.1 Material characterisation 

Fig. 3 shows the results of the particle size distribution study 
performed on cement and non-ground RHA. "e results reveal 
that the percentage passage of non-ground RHA is equivalent 
to cement and, as such, should be expected to play a pozzolanic 
role as well as a micro$ller e#ect in order to increase the particle 
packing density of concrete. "e chemical composition of the 
ash used for the experiment is shown in Table 4 below; the 
$ndings shows that RHA is a highly reactive pozzolana due to 
a combined SiO2, and Fe2O3 content of 85.60 percent, which is 
greater than the minimum value of 70 percent prescribed in 
ASTM C 618 [23]. 

Fig. 4 depicts the compressive strength of concrete at various 
levels of RHA replacement. As a consequence, it is clear that 
incorporating RHA enhances the compressive strength of the 
resultant concrete substantially.

S/N Samp les

Chemical composition (%)

ZnO SiO2 CaO Fe2O3 K2O MnO MgO Na2O

1
Cement 

(PLC) 0.12 23.5 65.2 3.40 0.40 0.18 1.35 0.30

2 RHA 0.75 84.6 0.30 0.25 0.69 0.43 0.45 0.51

 Table 4 Chemical composition of PLC and RHA
 4. táblázat A PLC és az RHA kémiai összetétele

 Fig. 3 Particle size distribution for RHA and PLC
 3. ábra RHA és PLC szemcseméret-eloszlása

 Fig. 4 Compressive strength result at di!erent RHA replacement levels
 4. ábra Nyomószilárdság eredménye különböző RHA helyettesítési szinteken

3.2 Mathematical modelling results 
S/N X

1
X

2
X

3
X

4
Lab.

response

Z
1

Water

Z
2

Binder

Z
3

FA

Z
4

CA

1. 1 0 0 0 35.72 0.45 0.50 0.46 0.44

2. 0 1 0 0 27.99 1 1 1 1

3. 0 0 1 0 23.10 1.5 2.0 2.5 3.0

4. 0 0 0 1 18.23 3 4.0 5.0 6.0

5. ½ ½ 0 0 40.75 0.475 1 2.75 3.5

6. ½ 0 ½ 0 34.64 0.455 1 2.0 5.0

7. ½ 0 0 ½ 17.50 0.445 1 2.25 4.5

8. 0 ½ ½ 0 30.67 0.48 1 2.25 4.5

9. 0 ½ 0 ½ 7.41 0.47 1 2.5 4.5

10. 0 0 ½ ½ 24.63 0.45 1 2.75 5.5

 Table 5 Compressive strength test results and replication based on Sche!e’s (4,2) 
simplex lattice

 5. táblázat Nyomószilárdság-vizsgálati eredmények és azok visszabontása a Sche!e-féle 
(4,2) szimplex rács alapján

S/N X
1

X
2

X
3

X
4

Response
Z

1

Water

Z
2

Binder

Z
3

FA

Z
4

CA

11. ½ ¼ 1/4 0 31.09 0.465 1 1.88 3.75

12. ¼ ¼ 1/4 1/4 37.72 0.463 1 2.25 4.5

13. 0 ¼ 0 3/4 19.37 0.46 1 2.63 5.5

14. ½ 0 1/4 1/4 31.22 0.48 1 2.13 4.25

15. ½ ¼ 0 1/4 20.25 0.46 1 2.0 4.0

16. 0 ¼ 3/4 0 24.23 0.47 1 2.38 4.75

17. 0 ½ 1/4 1/4 26.09 0.475 1 2.13 4.75

18. ¼ 1/8 1/2 1/8 37.33 0.46 1 2.25 4.50

19. ¼ ¼ 0 ½ 31.67 0.458 1 2.38 4.75

20. 1/8 1/8 1/4 ½ 36.67 0.454 1 2.56 5.13

 Table 6 Control points 
 6. táblázat Kontrol pontok

Res 

ponse 

Symbol

Lab.  

Response

(Y
k
)

Model  

Response 

(Y
E
)

 

C1 31.09 29.57 1.525 -0.654 2.325625 0.427716

C2 37.72 37.72 8.155 7.496 66.50402 56.19002

C3 19.37 19.57 -10.195 -10.654 103.938 113.5077

C4 31.22 30.41 1.655 0.186 2.739025 0.034596

C5 20.25 23.52 -9.315 -6.704 86.76923 44.94362

C6 24.23 24.26 -5.335 -5.964 28.46223 35.5693

C7 26.1 26.10 -3.465 -4.124 12.00623 17.00738

C8 37.33 39.24 7.765 9.016 60.29522 81.28826

C9 31.67 33.20 2.105 2.976 4.431025 8.856576

C10 36.67 38.65 7.105 8.426 50.48103 70.99748

∑ 295.7 302.24   417.9517 428.8226

Mean 29.57 30.224 46.43907 47.64696

F Critical one-tail= 3.178893 F = 1.02601

 Table 7 F-statistics test on experimental and model results for the control points
 7. táblázat A kontrollpontok kísérleti és modelleredményeinek F-statisztikai vizsgálata 
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 Laboratory  

Response

Model  

Response 

Mean 29.565 30.224

Variance 46.43907222 47.64696

Observations 10 10

Pearson Correlation 0.977327267

Hypothesized Mean Difference 0

Df 9

t Stat -1.424297987

P(T<=t) one-tail 0.0940481

t Critical one-tail 1.833112933

P(T<=t) two-tail 0.188096201

t Critical two-tail 2.262157163

 Table 8 T-Statistical tests on experimental and model results
 8. táblázat A kísérleti és modelleredmények T-statisztikai vizsgálata

Group Count Sum Average Variance

Laboratory 

response 

10 295.65 29.565 46.43907

Model 

response 

10 302.24 30.224 47.64696

 Table 9 ANOVA: Single Factor
 9. táblázat Egyfaktoros ANOVA

3.3 Model validation and test for adequacy 
To ascertain whether the formulated model in Eq. (11) is 

acceptable to be used in predicting compressive strength, it is 
essential to carry out statistical test. "e test for adequacy of the 
model was carried out with the aid of f-statistics test, student’s 
t test and analysis of variance. Fi%een extra points were used to 
test the model’s validity and adequacy of the model was tested 
by comparing the experimental results of the control points 
with the predicted results. In this test, the two hypotheses 
tested are that: "ere is no signi$cant di#erence between the 
obtained laboratory results of the compressive strength and 
the model predicted values at 0.05 critical value (α), this is 
the null hypothesis. "ere is a signi$cant di#erence between 
the obtained laboratory results of the compressive strength 
and the model predicted values at 0.05 critical value (α), this 
is the alternate hypothesis. "e F-test two-sample for variance 
was used to compare the two laboratory and model results. 
If F > Fcrit, we reject the null hypothesis. Table 7 shows the 
analytical results: F = 1.02601 and Fcrit = 3.178893, indicating 
that Fcrit > F. As a result, we do not reject the null hypothesis. 
"is, however, implies that there was no substantial di#erence 
between the experiment and model results. As a result, the 
model is now suitable for predicting the compressive strength 
of rice husk ash mixed cement concrete. A two-tailed student 
t test with a critical value of 0.05 (α) was also employed to 
compare the two groups. If tstat > tcritical two-tail, we reject the 
null hypothesis. Table 7 shows the experimental and model 
results of compressive strength for the control points. For the 
t test, tstat = -1.424297987 and t critical two-tail = 2.262157163, 
therefore tcritical > tstat. As a result, we reject the null hypothesis. 
Table 8 shows the results.

If F > Fcrit, the null hypothesis of the analysis of variance is 
rejected. Table 9 shows the analytical results: F = 0.046158 and 
Fcrit = 4.413873, indicating that Fcrit > F. As a result, we do not 
reject the null hypothesis. "is, however, implies that there was 
no substantial di#erence between the experiment and model 
results. As a result, the model is now suitable for predicting the 
compressive strength of rice husk ash mixed cement concrete. 

Source of 

Variation

SS df MS F P-value Fcrit

Between 

Groups
2.171405 1 2.171405 0.046158 0.832304 4.413873

Within  

Groups
846.7743 18 47.04302

Total 848.9457 19     

 Table 10 Statistical analysis of the results
 10. táblázat Az eredmények statisztikai analízise

3.4 Discussion of results 
In general, the simplex technique of Sche#e was used 

in this research, and the outcomes of 28 days compressive 
strength were achieved. Tables 5 and 6 show the compressive 
strength $ndings derived from both the laboratory response 
and the model response. Based on the developed model, a 
peak compressive strength of 40.75 N/mm2 was obtained 
with a corresponding mix ratio of 0.475: 1.00: 2.75: 3.50 for 
the fractions of water, binder (80% cement, 20% RHA), $ne 
aggregate, and coarse aggregate. It is worth noting that the 
addition of approximately 2.598 percent by weight of rice husk 
ash to the concrete mix with a water cement ratio of 0.475 
resulted in maximum compressive strength value. "e lowest 
compressive strength response was 7.41 N/mm2 as a result of 
adding approximately 2.36 percent by weight of rice husk ash to 
the concrete mix with water cement ratios of 0.47: 1.00: 2.50: 4.5 
for binder, $ne aggregate, and coarse aggregate, respectively. 
"e maximum 28 days compressive strength value was higher 
than the minimum requirements of 20 and 25 N/mm2 cube 
strength of concrete for structural application NCP 1 [24] and 
reinforced concrete according to BS 8110: Part 1 [25]. "is 
indicates, however, that the compressive strength model may 
be used to predict concrete grades C8/10 to C32/40 according 
to BS EN 206 [26]. Furthermore, this $nding shows that 
RHA, although being an excellent SCM, may still be used as 
a building material in concrete structures in order to promote 
environmental protection, eliminate waste management issues, 
and promote sustainable development.

4. Conclusions and recommendations 
Sche#e’s second degree polynomial was used in this study 

to develop a model for optimising the compressive strength of 
rice husk ash blended cement concrete. "e results showed that 
the response predicted by the formulated model corresponds 
well with the practically observed results. "e maximum 
compressive strength of 40.75 N/mm2 was obtained with a 
mix ratio of 0.475: 1.00: 2.75: 3.50 for the fractions of water, 
binder (80% cement and 20% RHA), $ne aggregate, and coarse 
aggregate, respectively. In contrast, the minimum compressive 
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strength response was 7.41 N/mm2 with a matching mix ratio of 
0.47: 1.00: 2.50: 4.5. Based on the test of adequacy, F-statistical 
tests, student t test, and analysis of variance (ANOVA) test at 95 
percent con$dence level were used to check the adequacy of the 
models, and the results show that there is a strong relationship 
between the control laboratory values and computed model 
results, with a p-value of 0.832 obtained from the ANOVA 
statistical results. ANOVA, on the other hand, proved to be 
the most appropriate approach for this objective. Furthermore, 
using the model equations, equivalent optimisation for any 
desired response within the simplex may be performed.

Notations 
k = degree of dimensional space
q = number of components
n  = order of polynomial regression
m  = order of the Sche#e’s polynomial
Xi = proportion of ith components of mixtures
X1  = proportion of water cement ratio
X2  =  proportion of binder (cement and RHA)
X3  = proportion of $ne aggregate
X4  = proportion of coarse aggregate
Z = actual components
X = pseudo components
Y1, Y2, Y3, Y4, Y12, Y13, Y14, Y23, Y24, Y34 = responses from 

treatment mixture proportions
C1, C2, C3, C4, C5, C6, C7, C8, C9, C10  = responses from control 

mixture proportions
α1, α2, α3, α4, α12, α13, α14, α23, α24, α34, = model coe+cients
Y = optimised compressive strength of RHA concrete
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Abstract 

The objective of this work is the study of the effect of the addition of anionic polymers on the 
rheological characteristics of a water-based drilling mud (WBM). The modified Cross model 
is successfully applied to fit the flow curves of WBM at different quantity of poly-salt. The 
incorporation of poly-salt in a concentration range between 0 and 1 wt% induces an increase in 
the yield stress τ0 in the zero shear rate viscosity η0 and in the infinite shear rate viscosity η∞ of 
the WBM. It is also shown the addition of poly-salt between 0 and 1 wt% to WBM that may cause 
an increase of their degree of thixotropy. Finally the thixotropic behavior studied at different 
concentration of poly-salt added in WBM at 20°C is analyzed by using a structural kinetic model 
(SKM) in order to investigate time dependent effect.
Keywords: bentonite, poly-salt, structural parameter, thixotropic, kinetic model
Kulcsszavak: bentonit, polimer só, szerkezeti paraméter, tixotróp, kinetikai modell

Safaa HATHOUT
He is engineer in hydraulic, preparing the 

PHD thesis on Rheological properties water-
based drilling mud, at University of Science 
and Technology of Oran  Mohamed Boudiaf 
(USTO-MB) under the direction of Professor 
Larbi HAMMADI and Professor Nasr-Eddine 

BOUDJENANE.

Larbi HAMMADI
Larbi Hammadi is professor in Hydraulic 

(University of Science and Technology of Oran) 
and Engineer in Mechanical Engineering. 

Currently is Researcher Professor at the 
University of Science and Technology of Oran  

Mohamed Boudiaf (USTO-MB) where he exercised 
many teaching activities. He is actually the 

director of Laboratory of Rheology, Transport 
and Complex Fluids Treatment (LRTTFC) Oran 

Algeria. Significant results have been obtained 
in recent years, for example, in emulsions for 

pharmaceutical use, drilling muds, vases of 
dams, sewage treatment plant sludge’s, ceramic, 

polymers and cavitation. See https://scholar.
google.com/citations?user=LLbBaNAAAAAJ&h

l=fr&oi=ao

Nasr-Eddine BOUDJENANE
Nasr-Eddine BOUDJENANE is Professor in 

Hydraulic and currently works in the Department 
Hydraulic, University of Science and Technology 
of Oran Mohamed Boudiaf (USTO-MB), Algeria. 

He heads a research group in the Laboratory of 
Rheology, Transport and Complex Fluids Treatment (LRTTFC) Oran Algeria. His research focuses on 

subjects in hydraulics, in particular the Rheology and transport of complex fluids, solid transport, 
and in materials science. 

1. Introduction 
Clay-polymer systems are commonly used as basic 

constituents of water-based drilling !uids to meet such 
requirements as !uid which facilitates the smooth running of 
operations [1-3]. First of all, the drilling !uids have an ability 
to create a hydrostatic pressure making it possible to ensure 
the stability of bored walls and to prevent the coming of !uids 
underground aquifers crossed [4-6]. Drilling muds have also 
a great importance to ride up the cuttings from the bottom 
of the well to the surface. "e consistency of the drilling 
muds must therefore be su+cient to prevent sedimentation 
of these cuttings in the updra%. During stops circulation of 
drilling muds for manoeuvres, dispersed cuttings and solid 
particles must remain perfectly in suspension. "is also has 
certain rheological properties which, however, must not 
hinder recirculation or hamper manoeuvres or have harmful 
in!uences during them. A prior knowledge of the rheological 
properties of the drilling !uid, as well as the success of modelling 
the pressure losses and the transport of cuttings which may 
occur there, are very essential to adapt the composition of 
the !uid and the !ow parameters to the drilling conditions. 
For this reason, several studies have been carried out on the 
rheological properties of drilling mud and di#erent additives 
to drilling mud for the most e#ective formulation which meets 
the requirements of drilling techniques. "us, the e#ects of pH 
and electrolyte concentration on the rheological properties 
of water-based drilling have been studied by Kelessidis et 
al [7]. It was observed a maximum of the yield stress, !ow 

consistency index and apparent viscosity at the natural pH 
of the drilling muds, while there is monotonous decrease 
of these parameters with increasing of salt concentration. 
Moreover, the e#ects of sodium carboxymethyl cellulose, 
xanthan gum and sodium dodecyl sulfate on rheological 
properties of water-based drilling were studied by Benchabane 
and Bekkour [8]. It has been shown that for these additives 
make the apparent viscosities of the solutions increase with 
increasing concentrations. Hammadi et al [1] have investigated 
the e#ect of polyethylene Oxide (PEO) and the shear rate 
on rheological properties of water-based drilling mud. "e 
authors demonstrated that addition of polyethylene oxide 
(PEO) to water-based drilling muds lead to the increase of yield 
stress and !uid consistency index of the mixture. Likewise, the 
authors explained that this trend was due to the interactions 
between clay particles and the viscous e#ect of the polymer 
solution. Recently, Ben Azouz et al [9] studied the e#ect of 
the temperature on the rheological properties of a complex 
bentonite-sodium carboxymethylcellulose. "ey observed that 
in the liquid like regime, the viscosity of the !uids decreased as 
the temperature increased and at low shear stresses, the solid-
like regime have been observed. According to these authors the 
increase of temperature generates an increase of the Brownian 
motion. Salehnezhad et al [10] investigated the e#ect of   
nanoparticles and starch on rheological properties of drilling 
mud. "e authors used the power law and Bingham-plastic 
models in order to modelling the e#ect of both additives on 
!ow behaviour of the drilling mud. It was demonstrated that 
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the parameters of power law (consistency index and !ow index) 
and Bingham-plastic models (plastic viscosity and yield point) 
are improved, when nanoparticles and starch were added to 
water-based drilling muds. Another study by Bayat and Shams 
[11] who demonstrated that the incorporation the quantity   
of titanium dioxide, silicon dioxide and zinc oxide between   
0.01 and 0.5 wt% in drilling mud caused the increase on their 
plastic viscosity and yield stress so the adding of nanoparticles 
improved the rheological proprieties of drilling mud. Du et al 
[12] have shown the incorporation the concentration of   
between 0 and 8 wt% in 7 wt% bentonite-0.1 M KCl caused the 
decrease in yield stress. In fact, up to a quantity of transferred 
form 2 wt%, the yield stress stayed almost constant. Also the 
authors demonstrated that adding a quantity of  between 
0 and 8 wt% in 7 wt% bentonite-  caused the 
decrease in yield stress. From their part, Mudaser Ahmad et al 
[13] investigated the impact of copolymer of acrylamide and 
2-acrylamido-2-methylpropane sulfonic acid and terpolymer 
of acrylamide, 2-acrylamido-2-methylpropane sulfonic 
acid on rheological proprieties of system deionised and salt 
water-bentonite.  It was proved that the incorporation of the 
polymer in system deionised and salt water-bentonite at 25 °C 
and 85 °C caused a good improvement of their rheological 
properties compared to the copolymer. In order to minimize 
the !uid loss, Ahmed et al [14] incorporated the iron oxide 
or Hematite in KCl–Glycol–PHPA polymer to water based 
drilling mud system. It has been shown that the incorporation 
of the 3 wt% nanoparticles in KCl–Glycol–PHPA polymer to 
this system caused an increase of yield point by 3%. Likewise, 
the authors demonstrated that when 0.5 wt% of  nanoparticles 
is added to the KCl–Glycol–PHPA polymer to this mud 
also, their API !uid $lter reduce by 13.6% and  their plastic 
viscosity increase by 10%. According to Kuma et al [15] the 
addition of carboxymethyl cellulose, sodium salt, PHPA 
polymer and polyacrylamide in water-based drilling mud 
improving their rheological properties (plastic viscosity and 
yield stress) and reducing the !uid loss. "e same authors 
also proved that the NaCl is good additive for minimizing 
swelling phenomena. From the literature, di#erent rheological 
properties of bentonite and the mixtures bentonite-sodium 
carboxymethylcellulose, bentonite-xanthan and bentonite-
polyethylene. Oxide have been investigated and analyzed 
by various models [16-21]. Although many researchers have 
studied the rheological behavior of water-based drilling muds 
and polymer-water clays, the obtained results from this present 
article is quite di#erent since we are proposing using new 
economical polymer as additive for the purpose of improving 
the rheological properties of water-based drilling mud. 

2. Materials and methods
2.1 Materials and sample preparation

2.1.1 Materials
"e poly-salt, as polymer chosen to this work, it can reduce 

the !uid loss and increase the viscosity of all WBM. It is 
especially applicable and economical in saturated salt and brine 
systems rather than others products which are not e#ective. 
"e poly-salt as function in , , ,  and 

complex brines. "e poly-salt used in this work was supplied 
from Sonatrach society (Algeria). Table 1 presents the physical 
properties of the poly-salt used in this study. 

Physical properties Granular powder  

Specific gravity 1.5

pH 7.0 

Solubility in water Soluble 

Bulk density 561 kg/m3

 Table 1 Typical physical properties of the poly-salt used in this study
 1. táblázat A tanulmányban használt polimer só tipikus #zikai tulajdonságai

"e clay used is bentonite of Maghnia (Algeria) which is 
marketed by Bental Company. "e main components of this 
sample are: , , , 

, .

2.1.2 Preparation of samples
Given that the way of preparation has a great in!uence on the 

$nal state of suspensions, and thus on the rheological behavior, 
all tests were carefully carried out under equal conditions to 
allow for comparison of the results.

For each mixture, the bentonite suspension has the same 
mass concentration (4 wt%). "e bentonite powder was 
dispersed in the required amount of distilled water without 
any chemical addition. "e homogenization was performed 
under continuous magnetic agitation for 24 h. "e additives 
at di#erent concentrations (0; 0.2; 0.4; 0.6; 0.8 and 1 wt%) 
were then added to the base suspension, a%erwards, the 
system poly-salt-water-bentonite obtained were subjected to a 
continuous agitation for 24 h. 

2.2 Experimental setup  
"e rheological measurements were performed by using a 

torque controlled rheometer (Discovery Hybrid Rheometer 
DHR2 from TA instrument), equipped with a cone-plate 
geometry (diameter: 60 mm; angle: 2°; gap: 54 μm). It has a 
Peltier temperature control system that allows having a very 
quick response to any change in temperature range to -40 at 
150 °C. In order to prevent changes in composition during 
measurements due to water evaporation, a solvent trap was 
placed around the measuring device.

2.3 Experimental methods
2.3.1 Hysteresis loop 
"e hysteresis loop test consisted of four stages: 
	■ "e stress history was minimised by pre-shearing the 

sample at 4 Pa for 120 s,
	■ "e shear stress was linearly increased for 0 to the 

maximum shear stress in 600 s, 
	■ "e sample was sheared at the maximum shear stress 

for 120 s, 
	■ "e shear stress was linearly decreased for maximum to 

0 Pa in 600 s.
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"e maximum shear stress range depends on the mass 
concentration of poly-salt added to based bentonite. In 
this case, the concentration of poly-salt less than 1% of the 
maximum shear stress is 4 Pa, however, the concentrations 
greater or equal to 1% the maximum shear stress is 6 Pa.

2.3.2 Apparent viscosity evolution under constant shear rate
A%er a rest time (time during which the sample is le% at rest 

time of 600 s under geometry, the samples were sheared during 
180 s at di#erent constant shear rates (25 and 50 s-1) at constant 
temperature (20 ± 0.2 °C). A new fresh sample was used for 
each applied shear rate in order to avoid any irreversible 
evolution of the samples.

3. Results and discussion 
3.1. Particles size distribution 

Fig. 1 shows the particle size distribution of bentonite and 
poly-salt polymer measured by the light scattering technique 
with a Malvern Instruments Mastersizer 2000 system. In order 
to avoid the formation of aggregates during the measurements, 
the sample was submitted to ultrasound excitation. We 
observed in Fig. 1 the particle sizes of bentonite ranging 
between 0.12 and 138 µm were found with a symmetric 
distribution centered at about 46 µm, and particle sizes of 
poly-salt polymer ranging between 17 and 830 µm were found 
with a symmetric distribution centered at about 455 µm. We 
also observed the maximum volume distribution of poly-salt 
is greater than of maximum volume distribution of bentonite 
which means that this poly-salt is more !occulated compared 
to bentonite [21-23].

„Rheological properties of claypolymer systems: application on water-based drilling mud” című 
cikkhez javított ábrák 
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 Fig.1 Particle size distribution of bentonite and poly-salt
 1. ábra A bentonit és a polimer só szemcseméret-eloszlása

3.2 Hysteresis loop
"e thixotropic loops of bentonite suspension-poly-salt with 

di#erent concentration of poly-salt (0%, 0.4%, 0.6%, 0.8% and 
1%) in bentonite suspension are shown in Fig. 2. It can be seen 

in this $gure that with concentration of poly-salt between 0% to 
1% added to system poly-salt-water-bentonite, the downward 
curves are under the upward curves which represents positive 
thixotropy. For concentration of poly-salt equal 1% added in 
system poly-salt-water-bentonite, it is clearly found a crossover 
point that divide the loops into three sections: for the shear 
stress  between 0 to 3.5 Pa, the downward curves are under the 
upward curves which represents positive thixotropy. However, 
for the shear stress between 3.5 Pa to 4.20 Pa, the upward curve 
is under the downward curve which indicates the negative 
thixotropic character; and $nally, for shear stress between 
4.20 Pa to 6 Pa the lower shear rate section, the downward 
curve is under the upward curve, which indicates positive 
thixotropic character. 

 Fig. 2 Hysteresis loop of system poly-salt-water-bentonite at di!erent concentration 
of poly-salt 

 2. ábra A polimer só-víz-bentonit rendszer hiszterézise különböző polimer só 
koncentrációknál

 Fig. 3 &ixotropic area of system poly-salt - water - bentonite as a function of poly-
salt additive

 3. ábra Polimer só-víz-bentonit rendszer tixotróp területe a polimer só adalék 
függvényében
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In this work, it is found that there is a great e#ect of poly-salt 
polymer on thixotropy of system poly-salt-water-bentonite, 
so the area between the upward and downward curves was 
calculated using the data analysis option of Trios V4.2.1. 36612 
of TA instrument. Fig. 3 presented the area of hysteresis loops of 
bentonite suspension as a function of poly-salt concentration. 
It is clear that the degree of thixotropy increasing with 
increasing of poly-salt concentration in based water drilling 
mud, this behavior could be explained by increase the degree of 
!occulation caused by the poly-salt [24]. According to Shaikh 
et al [18] the increase of the !occulation degree (thixotropy) 
improves the stability of system poly-salt - water - bentonite. 

3.3 Flow curve 
"e variation of the shear stress  as a function of the shear 

rate  at di#erent concentration of poly-salt from 0 to 1% 
added in bentonite suspension clearly indicates two behaviors 
separated by a critical shear rate: a Non-Newtonian behavior 
a%er a yield stress followed by a plastic behavior (Fig. 4). 
Experimental data were $tted to modi$ed Cross model (Eq. 1)  
developed by Grassi et al [25], which has been successfully 
employed for weak gel systems.

 (1)  

where  is the yield stress,  is the zero shear rate viscosity 
(lower Newtonian plateau),  is the in$nite shear rate 
viscosity (upper Newtonian plateau),  is a characteristic time 
and m is a dimensionless exponent. It should be noted here 
that, in the case of plastic systems, the zero shear viscosity  
represents the estimated value for the viscosity and the system 
would have if it maintained a typical solution behavior for low 
values of shear rate.

„Rheological properties of claypolymer systems: application on water-based drilling mud” című 
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 Fig. 4 Shear stress as a function of shear rate at di!erent mass concentrations of 
poly-salt add (0, 0.4, 0.6, 0.8 and 1%) in bentonite suspension

 4. ábra Nyírófeszültség a nyírási sebesség függvényében különböző 
tömegkoncentrációjú (0; 0,4; 0,6; 0,8 és 1%-os) polimer só adalékok esetén a 
bentonit szuszpenzióban

Fig. 5 and 6 show the variation of the parameters of the 
modi$ed Cross model for bentonite–poly-salt mixtures system 
as a function of di#erent concentration of poly-salt added to 
based bentonite suspension. We observe on Figs. 5 and 6, a 
rapid increase in the yield stress , zero shear rate viscosity 

 and the in$nite shear rate viscosity  with dose of poly-
salt. "e increase of yield stress  , zero shear rate viscosity  
and the in$nite shear rate viscosity  is occurred due to the 
adsorption of poly-salt by bentonite. "is adsorption makes the 
speci$c surface highly rigid bentonite and causes an increase of 
interaction between the bentonite particles."e high particles 
size of ploy-salt provoke the increase of hydrodynamic 
particle interactions, this hydrodynamic interactions caused 
the increase of the yield stress and viscosity’s on the system 
poly-salt - water - bentonite. According to Guler et al [26] 
and  Hammadi et al [1] the polymer chains formed network 
of aggregate and particles of the gel-like structures that made 
interactions between the bentonite particles and polymer which 
reinforce of the rigidity and the consistency of the mixture 
and also caused an increase of the yield stress and viscosity’s. 
Moreover, Abu-Jdayil [27] explained that the increase in the 
yield stress they have observed is a direct consequence of an 
interconnected three dimensional network of !ocs.

 Fig. 5 Variation of yield stress and characteristic time of system poly-salt-  water- 
bentonite at di!erent concentration of poly-salt (0, 0.4, 0.6 , 0.8 and 1%)

 5. ábra A polimer só-víz-bentonit rendszer folyáshatárának és jellemző idejének 
változása a polimer só különböző koncentrációinál (0; 0,4; 0,6; 0,8 és 1%)

 Fig. 6 Variation of zero shear rate viscosity  and the in#nite shear rate viscosity  
of system poly-salt- water- bentonite at di!erent concentration of poly-salt (0, 
0.4, 0.6, 0.8 and 1%)

 6. ábra A nulla  és a végtelen nyírási sebességű  viszkozitás változása a polimer 
só-víz- bentonit rendszerben különböző polimer só koncentrációknál (0; 0,4; 
0,6; 0,8 és 1%)
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3.4 Apparent viscosity evolution under constant shear rate 
and determination of the structural parameter of system 
poly-salt - water- bentonite  

Figs. 7 and 8 show time dependence of apparent viscosity for 
constant shear rates (25 s-1 and 50 s-1) at di#erent concentration 
of poly-salt (0, 0.2, 0.4, 0.6 and 0.8%) added to system water- 
bentonite. For all studied, quantities of poly-salt add in system 
poly-salt-water-bentonite and both shear rate, the viscosity 
decreases signi$cantly with shearing time, particularly in 
the initial stages of shear. A%er approximately 100 s shearing 
period for shear rate of 25 s-1 applied on the mixtures and 
a%er approximately 120 s of shearing period for shear rate 
of 50 s-1 applied on the mixtures, the viscosity tends to an 
equilibrium value. "erefore the equilibrium state of system 
poly-salt-water-bentonite depends on the shear rate applied to 
the system. In order to determine the structural evaluation of 
the bentonite suspension-poly-salt, we applied the structural 
kinetic model (SKM) developed by Nguyen et al [28] (Eq. (2)), 
which has been successfully employed for starch pastes and 
concentrated suspensions of minerals.

 (2)

where  is the initial apparent viscosity at t=0 (structured 
state),  is the equilibrium apparent viscosity as t → ∞ (non-
structured state). Note that, both  and  are functions 
of the applied shear rate only [29] and  is 
the structural parameter ranged between the initial value 
of unity for zero shear time and the equilibrium structural 

 lower than unity. "e initial apparent viscosity and 
the equilibrium apparent viscosity were found by $tting the 
time dependence of the viscosity (Figs. 7 and 8) by the second-
order model SKM (Eq. (2) with n = 2). A good concordance 
was found between the model $tted results (solid line) and the 
experimental transient apparent viscosity data for all quantity 
of poly-salt add in system poly-salt-water-bentonite for the 
both shear rates applied.

 Fig. 7 Apparent viscosity data of poly-salt-water-bentonite mixtures as a function of 
shearing time  at 20°C for di!erent concentration  of poly-salt added to system 
poly-salt - water- bentonite  and for constant shear 25 s-1

 7. ábra Polimer só-víz-bentonit keverékek látszólagos viszkozitási adatai a nyírási idő 
függvényében 20°C-on, a polimer só - víz - bentonit rendszerhez hozzáadott 
különböző koncentrációjú polimer só esetén és 25 s-1 állandó nyírás esetén

 Fig. 8 Apparent viscosity data of poly-salt-water-bentonite mixtures as a function of  
shearing time at 20°C for di!erent concentration  of poly-salt added to system 
poly-salt-water-bentonite and for constant shear 50 s-1

 8. ábra Polimer só-víz-bentonit keverékek látszólagos viszkozitási adatai a nyírási 
idő függvényében 20°C-on a polimer só-víz-bentonit rendszerhez hozzáadott 
különböző koncentrációjú polimer só és 50 s-1 állandó nyírás esetén

Fig. 9 shows the variation of the rate constant k and 
equilibrium structural parameter  as a function of the quantity 
of poly-salt added in system poly-salt-water-bentonite and for 
both shear rates applied. "e rate constant, k can be considered 
as a measure of the rate of the structure breakdown, i.e. the 
degree of thixotropy. On other hand, the ratio of equilibrium 
to initial viscosity can be considered as an equilibrium 
structural parameter.  We observed in Fig. 10 an increase of 
the degree of thixotropy with increase the quantity of poly-salt 
in system poly-salt-water-bentonite."is increase in the degree 
of thixotropy leads to an increase in the yield stress and the 
apparent viscosity of the system poly-salt-water-bentonite at 
rest [30]. For the same system, we also $nd that equilibrium 
structural parameter with increasing of the quantity of polymer 
added to the system. "is behavior could be explained by the 
!occulation of mixtures particles in the water at high quantity 
of poly-salt add the mixture. As a result, there is a development 
of network or structure and also enhance organization of the 
particles of the mixtures concerning its microstructural level as 
it is investigated before by Wang et al [31].

 Fig. 9 Variation of the rate constant k and equilibrium structural parameter  as 
a function of the quantity of poly-salt added to system poly-salt –water-
bentonite for both shear rate applied

 9. ábra A k sebességi állandó és a  egyensúlyi szerkezeti paraméter változása a 
polimer só-víz-bentonit rendszerhez hozzáadott polimer só mennyiségének 
függvényében mindkét alkalmazott nyírási sebesség esetén
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3.5 Comparison between poly-salt and others additives 
Fig. 10 shows the evolution of apparent viscosity as a 

function of time of 4% bentonite suspension and 4% bentonite 
suspension-0.4% additives (poly-salt, CMC and HEC) under 
constant shear stress of 4Pa. 

 

Figure 10 

 

 Fig. 10 Apparent viscosity as a function of time of 4% bentonite suspension and  
4% bentonite suspension-0.4% additives (poly-salt, CMC and HEC) under 
constant shear stress of 4Pa 

 10. ábra A 4%-os bentonit szuszpenzió látszólagos viszkozitása az idő függvényében 4 
Pa állandó nyírófeszültség és különböző adalékanyagok (polimer só, CMC és 
HEC) adalékolása  mellett

"e viscosity decreases signi$cantly with shearing time, 
particularly in the initial stages of shear and tends to an 
equilibrium value a%er 60 s of shearing under shear stress of 
4Pa. From the Fig. 10, adding the CMC caused decreasing 
in zero viscosity and in$nite shear rate viscosity by 21% and 
13% respectively, the incorporation of HEC in drilling mud 
improved their viscosity zero by 22%  and in$nity viscosity by 
1.9% and $nally the addition of the  new poly-salt polymer in 
water-based drilling mud improve their zero viscosity by 42%  
and in$nity viscosity by 54%. On one hand the decreasing of 
the zero viscosity and in$nite shear rate viscosity of drilling 
muds caused by the CMC due to the high negative charge of 
CMC who favors the de!occulation of the mixture bentonite-
CMC [16]. On the other hand the increase of the zero viscosity 
and in$nite shear rate viscosity of drilling muds caused by HEC 
and poly-salt and this is due to the number of entanglement 
caused by long polymer chains [32].

3.6 FTIR spectra of bentonite and system poly-salt-water-
bentonite

"e infrared spectroscopic measurement of bentonite 
and bentonite-poly-salt were obtained using a PerkinElmer 
Spectrum Two FT-IR spectrophotometer at room temperature. 
"e spectrum was collected over the spectral range of 
4000–400 cm−1. "e IR spectrum of the bentonite and system 
poly-salt-water-bentonite is shown in Fig. 11. For bentonite the 
band at 3610.77 characterizes montmorillonite this is attributed 
to bending vibrations of the OH coordinated octahedral 
layer . "e addition of poly-salt caused the shi%ing 
of this band to the band of 3313.60 which is correspondent 

to the stretching vibrations of  [33]. "e  absorption 
peaks  of 3398.41 cm-1 and 1629.87 cm-1  are attributed to the 
stretching and bending vibrations of H–OH groups of water 
molecules adsorbed on the surface of bentonite,  the addition 
of poly-salt in system water-bentonite shi%ed this absorption 
peaks to 1635.53 cm-1  and 1106.76 cm-1  respectively. "e 
absorption peaks at 981.22 of system poly-salt-water-bentonite 
was attributed to  band corresponds to pure 
montmorillonite [34, 35]. "e band at 507.35 of system poly-
salt-water-bentonite is correspondent to absorption of the 
characteristic bond of Si-O-Al [34].

 Fig. 11 IR spectrum of the bentonite and system poly-salt-water-bentonite
 11. ábra A bentonit és a polimer só-víz-bentonit rendszer IR spektruma

4. Conclusions
"e e#ect of new type of polymer the poly-salt on rheological 

proprieties of system poly-salt-water-bentonite was studied. 
"e non-Newtonian stationary !ow behavior of bentonite was 
successfully modeled by using the coupled Cross and Bingham 
models over the studied range poly-salt polymer.

"e addition of poly-salt in a concentration ranging between 
0 and 1% in system poly-salt-water-bentonite caused the 
increase in the yield stress, the zero shear rate viscosity, and the 
in$nite shear rate viscosity with dose of poly-salt. "e increase 
of these parameters was mainly related to the interaction 
between the solid particles and viscous e#ects. "en, the 
increase of the parameters of modi$ed Cross model causes an 
increase in the friction and an increase in the viscosity of the 
system poly-salt-water-bentonitee.

"e increase of quantity of poly-salt in system poly-salt-water-
bentonite causes an increase in the degree of the !occulation. 
"is increasing of degree of the !occulation improved the 
rheological properties of system poly-salt-water-bentonite. 
"e e#ect of poly-salt on break-down behavior of bentonite 
suspension was also examined. "e time dependent viscosity 
decreased rapidly with shearing time and reached a steady 
state. "e structural kinetic model (SKM) was successfully 
applied to analyze the time-dependent behavior of system poly-
salt-water-bentonite. "e rate of structure breakdown (degree 
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of thixotropy) under shear rate is increased with increasing 
quantity of poly-salt added to system poly-salt-water-
bentonite. Finally, from this study it noticed that this poly-salt 
as an e#ective additive in drilling mud has many advantages 
for a large range of applications. It is very economic, highly 
e#ective in high salinity and high hardness brines. In addition, 
it minimizes $ltration damage to production zones and it was 
mainly used to control $ltration and rheology stability in the 
drilling mud. However, the use of poly-salt this in drilling mud 
is limited due their rapid degradation in temperature of 135°C 
and it cannot be used with zinc.
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Abstract

In an attempt to seek for cost-effective construction materials which is expected to stimulate 
sustainable road pavements, the use of waste industrial materials such as cement kiln dust 
(CKD) has become necessary. Metakaolin (MK) is a good silica-based pozzolanic material derived 
from calcined kaolin. The study entails understudying the effectiveness of these materials on 
plasticity and compaction response of an expansive soil. Laboratory examinations were initiated 
on both virgin and treated soils. The blending was achieved with the mixtures of 0 – 8% CKD 
and 0 to 10% MK, respectively. In the course of this study, the addition of additives into the 
virgin soil facilitated some alterations in the soil matrix. The consistency examinations of soil 
materials displayed a diminishing trend with the introduction of CKD-MK mixtures into the soil 
matrix which facilitated a considerable level of improvement in the plasticity tendency of the 
soil. For the compaction response, the increment in CKD and MK proportions occasioned the 
enhancement of maximum dry density (MDD) and a corresponding diminishment in optimum 
moisture content (OMC). The scan electron microscopy (SEM) of the virgin soil displayed series 
of cracks whereas the soil-CKD-MK mixtures did not show same which could be facilitated by 
the crystalline formation on adding the additives. The analysis of variance was employed for 
the testing of significant level of additives on the tested property. Thus, an optimal blend of 
8% CKD/8% MK showed a drastic effect on the plasticity and compaction properties. It can be 
inferred that 8% CKD/8% MK blend in the soil could be useful as alternative to the conventional 
stabilizing materials. 
Keywords: expansive soil, metakaolin, cement kiln dust, Atterberg limits, compaction, scanning 
electron microscope 
Kulcsszavak: expanzív talaj, metakaolin, cementégető-kemence por, Atterberg-határérték, 
tömörítés, pásztázó elektronmikroszkóp

Imoh C. ATTAH 
is a lecturer in the Department of Civil 

Engineering, Akwa Ibom State University, Ikot 
Akpaden, Nigeria. His research focus is in: 

optimization of civil engineering materials, soil 
re-engineering, sustainable infrastructures and 

construction engineering. He is a member of 
several professional societies. 

Roland K. ETIM 
is a lecturer in the Department of Civil 

Engineering, Akwa Ibom State University, Ikot 
Akpaden, Nigeria. His research interest is in the 

field of geotechnical and geo-environmental 
engineering as well as sustainable cleaner 

materials for civil engineering infrastructures. He 
is a member of several professional societies.

David U. EKPO 
is a lecturer in Akwa Ibom State University. 

He is a registered Engineer with COREN and 
a corporate member of the Nigeria Society of 
Engineers. He has a Master’s degree in Civil 

Engineering with specialization in Geotechnical 
and Geo-environmental Engineering. He has 

published scholarly articles in Geotechnical and 
Geo-environmental Engineering.  

Idorenyin N. USANGA 
is a lecturer in the Department of Civil 

Engineering, Akwa Ibom State University, Ikot 
Akpaden. He is a registered Engineer with COREN 
and a corporate member of the Nigeria Society of 

Engineers. He has a Master’s degree in Highway 
and Transportation Engineering with several well-
known scholarly articles. He is currently working 
as a consultant in Akwa Ibom Roads and Other 
Infrastructure Maintenance Agency (AKROIMA). 

1. Introduction
"e use of industrial waste in improving the engineering 

properties of soil for geotechnical applications has continued 
because of the need of protecting the environment from 
industrial waste pollution couple with the escalating cost of 
waste disposal [1]. "e bene$cial implication is the production 
of a sustainable highway construction materials cum protection 
of the environment via unnecessary waste disposal in the long 
run [2]. "e two most utilized stabilizers (cement and lime) 
either when used singly or combined has proven e#ective in 
improving weak soil [3]. Soil stabilization with these traditional 
additives represents one of the most signi$cant techniques of 
ground improvement in enhancing the engineering properties 
of expansive soils such as those of black cotton soil. "e black 
cotton soil (BCS) belonging to the family of smectite, comprises 
of montmorillonite with its highly expansive nature are known 
to possess considerable swell-shrink properties as a result of 

adsorbed water between the combined sheets of gibbsite and 
silica. "e BCS has caused a lot of construction problem most 
especially when it is wet thereby increasing compressibility 
with a corresponding decrease in shear strength [4, 5]. In 
as much as these expansive soils in their natural state are 
un$t for construction purposes, discarding them would be 
uneconomical, thereby necessitating the need to stabilize them 
with chemical additives as a viable alternative in enhancing their 
engineering properties. Stabilization techniques generally, has 
led to reduction in compressibility of the soil, increase in soil’s 
bearing capacity, enhancement of the physical and chemical 
properties of the soil [6-8, 56]. "e utilization of cement has 
been a potential source of CO2 which in turn has led to the 
depletion of the ozone layer. In a bid to cushion this e#ect, geo-
environmental engineers are saddled with the responsibilities 
of utilizing industrial waste materials which have pozzolanic 
properties in order to replace these traditional additives due 
to increased cost and environmental impact they cause during 
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production [9, 10] "ese industrial waste materials require a 
lot of resources to dispose them which are of utmost concern 
to the entire construction industry, and as such the utilization 
of these wastes both in soil reengineering and concrete works 
could be a good strategy of minimizing waste and this would 
be of great bene$t both environmentally and economically. 
One of such wastes include: periwinkle shell ash [11-13], oyster 
shell ash [14-17], metakaolin [18], sawdust ash [19], concrete 
waste [20], rice husk ash [21], groundnut shell ash [55] and 
cement kiln dust [22-23]. In terms of environmental bene$ts, 
waste minimization reduces the occurrence of unnecessary 
waste disposal in the society and the economic bene$t includes 
low cost sustainable construction materials. Also, the statistical 
reliability analysis of some these additives/wastes when used 
with de$cient soils have been veri$ed and far reaching results 
reported in a number studies [57-60].

Metakaolin (MK), produced when pure kaolinite is 
calcined at a temperature of 500-550oC, yields an amorphous 
aluminosilicate compounds which can be compared with other 
industrial by-products such as blast furnace slag, steel slag and 
!y ash possessing a higher purity, larger speci$c surface area 
and $ner particle size, with a resultant higher activity. Previous 
application of MK as a mineral additive in the production of 
high-performance concrete has led to increase in uncon$ned 
compressive strength (UCS) and splitting tensile strength (STS) 
with a corresponding decrease in shrinkage, free shrinkage 
strain and cracking, respectively [24-28]. Recently, MK have 
also found applications in cemented soil [29-30] and in the 
treatment of lateritic and expansive soil, respectively [18, 31-
33]. 

Cement kiln dust (CKD) on the other hand, is an industrial 
by-product obtained during the manufacturing processes of 
cement with a similar appearance as that of Portland cement, 
in recent past has proven to be a viable soil stabilizer in 
terms of strength increment, permeability reduction and can 
improve the durability and strength of weak soils admixed with 
a pozzolanic materials [33-36]. 

As a result of the above-mentioned applicability of MK 
and CKD for both concrete and stabilized soils, respectively, 
their combination became appealing, so that an authoritative 
data could be established. Moving forward, for a $ne-grained 
soil whose engineering properties in its virgin state do not 
meet the criteria for use as a construction material, a single 
additive might not be adequate in ameliorating the engineering 
properties such soil [37-38]. In this paper, the use of MK-CKD 
blends to decrease the plasticity of high plasticity expansive 
soil is explored. "e morphological properties of the soil were 
also studied using the scanning electron microscope.

2. Materials and methods
"e expansive soil (ES) and CKD were sourced from 

di#erent sources. "e soil was from a deposit in Deba, Gombe 
State, while the CKD came from a factory in Calabar, Cross 
River State, Nigeria. Metakaolin is not derived naturally but it’s 
a derivative of calcined kaolin obtained during the calcination 
of pure kaolin.

2.1 Method
Particle size fraction of the virgin soil was executed via 

guidelines of [39]. Also, the compaction and consistency tests 
which includes liquid limit (LL), plastic limit (PL) and plasticity 
index were carried on the virgin and CKD-MK ameliorated 
soil mixtures as stipulated in [40] and [41]. However, the soil 
additives combination was achievable by blending 0-8% of 
CKD and 0-10% of MK in increments of 2%, respectively, by 
dry weight of soil.  

3. Results and discussion 
3.1 General classi%cation of the materials used

Presented in Table 1 and Fig. 1 are the basic geotechnical 
response and particle size fraction of the untreated soil in it 
virgin state. In the same vein, the elemental composition of the 
materials (expansive soil, cement kiln dust and metakaolin) 
used in the study are presented in Table 2. With the guidelines 
of [42] and [43], the virgin soil falls under the soil class of 
A-7-6 (20) group and CH, respectively. 

Property Quantity

NMC, % 20.20

Percentage Passing 75μm aperture 71.99

LL, % 56.30

PL, % 28.60

PI, % 27.70

Gs 2.40

USCS CH

AASHTO Classification A-7-6 (20)

MDD (Mg/m3) 1.61

OMC, (%) 22.9

CBR (%) 3

Dominant clay mineral Montmorillonite

Colour Greyish black

 Table 1 Physical and mechanical response of virgin soil 
 1. táblázat A kezeletlen talaj #zikai és mechanikai reakciói

 Fig. 1 Particle size distribution of the untreated soil
 1. ábra A kezeletlen talaj szemcseméret-eloszlása

Oxides SiO
2

CaO SO
3

MgO TiO
2

Fe
2
O

3
Al

2
O

3
Na

2
O K

2
O LOI

Mass 

fraction 

(%)

*BCS 48.50 0.90 - 2.22 - 2.20 18.60 1.55 0.70 10.10

*CKD
*MK

18.82
52.72

66.82
0.18

2.01
0.99

0.01
0.09

0.40
-

2.05
1.72

6.34
42.20

0.20
-

1
-

1.03
0.25

 Table 2 Chemical analysis experiment of black cotton soil (BCS), cement kiln dust 
(CKD) and metakaolin (MK) [33]

 2. táblázat A fekete talaj (BCS), cementégető-kemence por (CKD) és a metakaolin (MK) 
kémiai elemzése [33]
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3.2 Speci%c gravity
"e variation in the speci$c gravity of the soil was shown 

in the graph in Fig. 2. "e higher the proportion of CKD-MK 
in the treated soil, the greater the speci$c gravity. "e speci$c 
gravity of soil materials ranged between 2.40 and 2.56. It may 
interest you to know that the soil material in its virgin state had 
a speci$c gravity of 2.40 compared to the additives having 2.65 
and 2.58 for CKD and MK, respectively. It is obvious the higher 
speci$c gravity of additive materials facilitated the increasing 
trend of soil treated with additives. Parallel upshots in speci$c 
gravity of $ne-grained soil was documented by [5, 44].

 Fig. 2 E!ect of metakaolin on soil-cement kiln dust (CKD) mixture
 2. ábra A metakaolin hatása a talaj-cementégető-kemence por (CKD) keverékre

3.3 Consistency limits
3.3.1 Liquid limit
Fig. 3 presents the results of liquid limit (LL) test of an 

expansive soil blended with the mixtures of CKD-MK. "e 
decrease in the soil’s LL was signi$cant. "e LL of the natural 
soil decreased from 56.3% to 46% at 8% CKD-8% MK. "e 
displayed outcome could be occasioned by the additives 
possessing pozzolanic tendencies and as such this altered the 
soil fabric. Also, the building up of !ocs within the soil matrix 
could as well occasioned this outcome. However, this trend is 
comparable to the reports of [45-46].     

 Fig. 3 Liquid limit results of expansive soil blended with cement kiln dust - 
metakaolin (CKD-MK) mixtures

 3. ábra A cementégető-kemence por - metakaolin (CKD-MK) keverékkel készített 
expanzív talajok folyékonysági határértékének eredményei

3.3.2 Plastic limit
"e graph of PL for various combinations of CKD-MK 

treated expansive soil is shown in Fig. 4. In a nut shell, the 
more the amount of additive material within the soil matrix, 
the lesser the PL. Metakaolin been one of the additive and a 
very reactive pozzolanic material in soil re-engineering, the 
trend of outcomes re!ects it impact of non-plastic structure. 
Secondly, the existence of high chemical compositions of silica 

and alumina in the additives could as well occasioned the 
interplay amongst the clay particles and cations. "e results 
of diminishing plastic limits of ameliorated soil materials had 
been documented by [16] and [35] who used waste materials 
in treating $ne grain soils.   

 Fig. 4 Graph of PL of expansive soil - cement kiln dust (CKD) - metakaolin (MK) 
mixtures

 4. ábra Az expanzív talaj - cementégető-kemence por (CKD) - metakaolin (MK) 
keverékek képlékenységi határ (PL) görbéje

3.3.3 Plasticity index
"e graph of PI for various combinations of CKD-MK treated 

expansive soil is shown in Fig. 5. "e no additive specimen 
displayed the highest PI of 27.70% while the specimen 
admixed 8% CKD - 8% MK displayed the lowest PI of 21.10%. 
Generally, the lessening of LL and PL of $ne-grained soil due 
to the addition of additives facilitated the diminishing trend of 
PI. "us, the reduction in PI is an indicator that the virgin soil 
has been improved upon the incorporation of the stabilizers. 
However, this behaviour could be facilitated by substituting the 
$ner soil with additives [47-48, 51-54].  

 Fig. 5 Graph of PI of expansive soil - cement kiln dust (CKD) - metakaolin (MK) 
mixtures

 5. ábra Az expanzív talaj - cementégető-kemence por (CKD) - metakaolin (MK)  
keverékek plaszticitási index (PI) görbéje

3.4 Compaction response
3.4.1 Maximum dry density
"e graph of maximum dry density (MDD) for various 

combinations of CKD-MK treated expansive soil is shown in 
Fig. 6. "e introduction of CKD-MK blend occasioned the 
increment in MDD of the studied soil from its lowest value 
of 1.63 to it topmost value of 1.731 Mg/m3. "e enhancement 
tendency in the soil material could be linked with some 
reasons, like (i) the speci$c gravity of the soil compared to that 
of the additives and (ii) probably the additives $lling up the 
spores with the soil structure thereby increasing the weight of 
the soil. Equivalent results have been documented in literature 
by other researchers who worked on soil materials with high 
dominance of clay [5, 18, 36, 48].     
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 Fig. 6 Maximum dry density results of expansive soil blended with cement kiln dust 
(CKD) - metakaolin (MK)  mixtures

 6. ábra Az expanzív talaj - cementégető-kemence por (CKD) - metakaolin (MK)  
keverékek maximális száraz sűrűségének eredményei

3.4.2 Optimum moisture content
Fig. 7 demonstrates the results of optimum moisture content 

(OMC) exercise performed on an expansive soil blended 
with the mixtures of CKD-MK. For the OMCs of soil with 
CKD-MK, the results were contrary to the MDD outcomes. In 
a nutshell, the OMCs diminished in the course of introducing 
the additives into the soil matrix. "is decrease in terms of 
OMCs could probably be occasioned by the ripple e#ect of 
increasing additive content which thereby lessens both silt and 
clay portion existing in the virgin soil. "is trend of result is 
not new in soil re-engineering and others have reported similar 
trend [49, 15 -16].

 Fig. 7 Graph of OMC of expansive soil - cement kiln dust (CKD) - metakaolin (MK) 
mixtures

 7. ábra Az expanzív talaj - cementégető-kemence por (CKD) - metakaolin (MK)  
keverékek optimális nedvességtartalom (OMC) görbéje

3.5 Scanning electron microscope
"e result of the scanning electron microscope for the virgin 

and soil-CKD-MK is presented in Fig. 8(a-b). "e untreated soil 
consists of loosed packs of clay matrices with inter-assemblage 
pores within the soil grains. On Fig 8(b), these pores appear 
to have been closed up on addition of the stabilizers which is 
not unconnected with the fact that there was an heterogenous 
exchangeable cation reaction between the additives and the 
soil which in turn resulted to formation of white lumps of 
calcium ions basically responsible for reduction in plasticity 
index thereby making the soil amenable. Previous researchers 
reported similar consistencies [5, 33, 36, 50-54].

 Fig. 8 SEM of (a) virgin soil (b) Soil - cement kiln dust (CKD) - metakaolin (MK) 
 8. ábra A kezeletlen  talaj (a) és a talaj-cementégető-kemence por (CKD) - 

metakaolin (MK) (b) minták SEM felvétele

4. Conclusion
"e utilization of waste materials in soil re-engineering 

can facilitate both economic and environmental bene$ts to 
the society. For this purpose, the plasticity and compaction 
properties of the expansive soil were investigated under 
laboratory studies in order to ascertain the e#ectiveness of 
the stabilizers. "e result of the experimental investigations 
shows that the tested soil in its virgin state was classi$ed as an 
A-7-6 (20) material and CH via AASHTO classi$cation and 
USCS classi$cation scheme, respectively. "e LL, PL and PI of 
the expansive soil lessened with increased proportions of CKD 
and MK. "e MDD value of the virgin soil enhanced from 1.63 
Mg/m3 to its utmost value of 1.731 Mg/m3 at 6%CKD/8% MK 
with a corresponding decrease in OMC from 22.9% to 21.27%. 
"e SEM result revealed the presence of cementitious 
compounds that contributed to in-$lling of pores with a denser 
clay matrix. Based on this, an optimal blend of 8%CKD-8%MK 
could be a useful combination in stabilizing expansive soils for 
construction of highway. "e environmental includes but not 
limited to reduction in disposals of CKD.
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Abstract

Currently, gasification of coal is considered the centre of the clean coal technology. In this study, 
there were two coal samples from the magnetite heavy suspension separated process used in the 
single stage fixed bed gasification within the non-moving of material. These two types of samples 
were marked as A1 and A2 sample, with the specific densities of ≤1.8 g/cm3 and ≤1.6 g/cm3, 
respectively and diameters 1-20 mm. The gasification experiments were conducted at steam 
flow rates of 5 and 10 g/min and gasification temperatures of 700, 800, and 900°C. The main 
purpose of the experiments was to consider the effects of temperature and steam flow rate 
during the coal gasification from both, the energetic and chemical utilisation point of views. With 
higher temperature and steam flow rate, the experiments within A1 sample performed a better 
char yield and higher volume of produced syngas. In the case of A1 sample, the lowest char yield 
was 23.78 wt% at 900°C gasification temperature and 10 g/min steam flow rate. At 900°C 
of gasification temperature, the range of low heating value of synthesis gas were from 9.13 to 
9.49 MJ/Nm3 within 5 and 10 g/min of steam flow rate, indicating that the produced syngas is 
sufficient for energetic application. The range of H2/CO ratio were from 1.96 to 2.52 at 900°C of 
gasification temperature, which has a great potential for a further chemical application process.
Keywords: low rank coal, thermochemical process, coal gasification, synthesis gas
Kulcsszavak: gyenge minőségű szén, termokémiai folyamat, szénelgázosítás, szintézisgáz
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1. Introduction
Coal is known to be the most abundant and widespread 

among fossil fuel resources. Today, coal is mainly used in the 
cement industry, iron and steel manufacturing, and electric 
power generation [1]. In 2018, the utilisation of coal accounted 
for the highest proportion in the electrical generation, 
approximately 37.93% [2]. Still now, the electricity generation 
from coal has been the most important resource and couldn’t 
be directly replaced by the other energy primary sources.

"e range of coal can be classi$ed from peat to anthracite. 
In which, low-rank coals include lignite and sub-bituminous 
coals. "ese types of coal characterised by a lower heating value 
than high-rank coals (bituminous to anthracite) as a result 
of their lower carbon and higher moisture content. Lignite 
(brown coal) is a coal formed in the early stages of coali$cation, 
with the properties intermediate to those of bituminous coal 
and peat [3]. "e major bene$t of lignite combustion is the 
abundancy and low cost of mining. On the other hand, the use 
of lignite has a long list of disadvantages. Low calori$c value, 
high moisture content that reduces the boiler e+ciency, and 
ash properties that require speci$c combustion processes. 
Nevertheless, lignite has been successfully used as a raw 
material for gasi$cation, liquefaction, and pyrolysis processes. 
"e advantages of using lignite over higher rank coals in 

gasi$cation and liquefaction relies on their high reactivity, 
non-caking properties, and catalytic property of alkali and 
alkaline-earth elements [4], [5].

Gasi$cation is a thermochemical process, in which, using 
heat and gasifying agents to convert carbon-based materials 
(coal, biomass, municipal solid waste) into synthesis gas. In 
comparison with the conventional coal combustion in power 
generation, the gasi$cation process exhibits several advantages 
[6]–[8]: (i) high ability to use a wide range of starting materials 
(coal, biomass, municipal solid waste), (ii) multi-production 
capacity (power generation, hydrogen fuel, or chemical 
products), (iii) lower emission of hazardous products (for 
example nitrogen, sulphur, mercury-based products, ash), (iv) 
reduced power and total budget for CO2 capture. "e major 
advantage of gasi$cation is the high !exibility of synthesis gas 
utilisation. "e quantity and quality of synthesis gas depend on 
di#erent factors, such as the property of starting material, type 
of gasi$ers, operational parameters, gasifying reactants, as well 
as catalyst [9]–[13].

Relative works regarding the gasi$cation of Hungarian 
brown coal are quite rare. A. Pettinau et al. [14] studied in both 
bench-scale and pilot-scale $xed bed gasi$er to investigate the 
potential industrial applications. "e bench-scale gasi$cation 
experiments carried out at 800 °C with steam and mixture of 
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steam and oxygen. While the experiments took place at a range 
of 900 to 950 °C with steam/air mixture in an up-dra% pilot-
scale gasi$er. L. Bokányi and Á. Pintér-Móricz [15] investigated 
the plasma gasi$cation of sub-bituminous Hungarian coal 
for the potential methanol-ethanol synthesis process. "e 
experiments carried out within 30 kVA of plasma reactor with 
the temperature range of 1240-1588 °C. Oxygen was used as 
the gasifying agent in these experiments. "ere is a clear gap 
in the description of synergy e#ects of temperature and steam 
!ow rate during the gasi$cation of di#erent Hungarian coal 
samples. In this study, there were two coal samples from the 
magnetite heavy suspension separated process used in the 
single stage $xed bed gasi$cation. "e main propose was to 
consider the e#ects of temperature and steam !ow rate in 
both product distribution and gasi$cation e+ciency for these 
two coal samples and asses the signi$cance of the separation 
method.

2. Materials and experiments
"e main goal of this study is the investigation of gasi$cation 

behaviour of two coal samples from the magnetite heavy 
suspension separated process. "ese two samples were marked 
as A1 and A2 sample, with the speci$c densities of ≤1.8 g/cm3 
and ≤1.6 g/cm3, respectively and diameters 1-20 mm. "e 
elemental analysis and heating values are presented in Table 1. 
In this scope, the elemental composition of coal samples was 
examined under the standard ISO 29541:2010 Solid mineral 
fuels - Determination of total carbon, hydrogen and nitrogen 
content - Instrumental method [16] within a Carlo Erba 
EA 1108 equipment analyser. "e high heating value of coal 
samples were determined by a bomb calorimeter – Parr 6200 
Isoperibol Calorimeter type analyser, using the ISO 1928:2009 
- Solid mineral fuels - Determination of gross calori$c value by 
the bomb calorimetric method and calculation of net calori$c 
value standard [17]. "e proximate analysis of coal samples 
was performed by thermal gravimetric analysis in a MOM 
Derivatograph-C type with the nitrogen and air ambient. "e 
TG and DTG curves of coal samples are presented in Fig. 1.

Elemental analysis in air-dry samples, wt%

N-nitrogen C-carbon H-hydrogen S-sulphur O-oxygen 
(by difference)

A1 0.83 51.62 3.99 4.87 19.64

A2 0.82 48.38 3.92 5.18 16.65

Proximate analysis in air-dry samples, wt%
Heating value

[MJkg-1]

M-mois-
ture

V-volatile FC-fixed 
carbon

A-ash HHV LHV

A1 9.37 36.75 34.84 19.05 20.029 18.966

A2 8.56 34.44 31.95 25.05 16.889 15.699

 Table 1 Elemental analysis, proximate analysis, and heating value analysis of two 
di!erent coal samples

 1. táblázat Két különböző szénminta elemanalízise, nedvességtartalma és fűtőértéke

"e experimental apparatus used in this study mainly 
consisted of heat resistant steel reactor (1200 mm long and 
80 mm inner diameter), electrical heater (Carbolite 12/900), 
data logger, steam generator, manometer, venturi scrubber, 
cotton $lter and gas meter, as illustrated in Fig. 2. "e coal 
pyrolysis and steam gasi$cation experiments were carried out 
at room pressure. "e procedure of experiments is described 
as below:

In each experiment, there were 3 kg of brown coal loaded 
in the reactor. "e electrical heater was then turned on to 
heat up the reactor. "e starting point of the gasi$cation with 
the introduction of steam into the reactor started when the 
pyrolysis process $nished. "e outlet of produced synthesis 
gas was in the bottom of the reactor, from where the gas 
was introduced into the venturi scrubber. In the venturi 
scrubber, the particles and tar removal process and cooling 
of the synthesis gas has taken place. "e cooled synthesis gas 
was then $ltered through a cotton wool $lter before entering 
the gas meter and then combusted in a gas torch. A%er each 
experiment, the char was collected and weighted as the 
gasi$cation char yield. During the gasi$cation period, the 
temperature along reactor was displayed and recorded by a 
data logger in every minute. "e gas volume was measured by 
a gas meter and gas !ow rate calculated and also recorded by 
a data logger at every minute. "e synthesis gas samples were 
analysed with an Agilent 490 micro-GC in every ~4 minutes 
using micro thermal conductivity detector (µ-TCD).

 Fig. 1. &ermal analysis of coal samples (A2-top, A1-bottom)
 1. ábra Szénminták termokémiai analízise
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 Fig. 2. &e single stage lab-scale gasi#cation system (1. Reactor, 2. Electrical heater, 
3. Data logger, 4. Steam generator, 5. Manometer, 6. Venturi scrubber,  
7. Cotton wool #lter, 8. Gas meter, TC. thermocoupble)

 2. ábra Az egyfokozatú laboratóriumi elgázosításó rendszer (1. Reaktor, 2. Elektromos 
fűtőtest, 3. Adatgyűjtő, 4. Gőzfejlesztő, 5. Manométer, 6. Venturi mosó,  
7. Vattaszűrő, 8. Gázmérő, TC. termoelem).

3. Results and discussions
"e experiments focused on the gasi$cation performance 

of coal char. "erefore, the analysis of pyrolysis gas was not 
included in this report. "e gasi$cation temperature was set to 
700, 800, and 900 °C, with steam !ow rate of 5 and 10 g/min 
for each temperature. "e main chemical reactions within 
the steam gasi$cation process that determines the syngas 
composition were the following:
Water-gas reaction (WGR): 

 (1)
Boudouard reaction:

 (2)
Water-gas shi% reaction (WGSR):

 (3)
Methane reforming reaction: 

 (4)

3.1 E!ect of temperature and steam "ow rate on products 
distribution of gasi%cation process

"e e#ects of temperature and steam !ow rate on gasi$cation 
products are illustrated in Fig. 3. During the gasi$cation 
experiments of A1 sample, the analysis of synthesis gas was 
absent in the experiment at 700 °C of gasi$cation temperature 
and 5 g/min of steam !ow rate due to technical problem. As 
consequently, further analysis for syngas composition and 
gasi$cation performance (heating value, carbon conversion, 
and cold gas e+ciency) are not include in the report. "e char 
yields were calculated from the mass percentage of residual 
ash. 

As the temperature increased, the char yields decreased, 
and the gas yields increased at all examined steam !ow rate. 
In the case of A1 sample, the char yields declined sharply from 
46.21 wt% and 40.39 wt% at 700 °C to 31.75 wt% and 23.78 wt% 
at 900 °C of gasi$cation temperature, within the steam !ow 
rate at 5 and 10 g/min, respectively. In the case of the A2 
sample, from 40.44 wt% and 37.58 wt% at 700 °C decreased 
to 25.99 wt% and 25.68 wt% at 900 °C at the same steam !ow 

rate conditions. Regarding to the synthesis gas yields, the 
increase in gasi$cation temperature resulted in the increasing 
of synthesis gas production per kg of coal. With the gasi$cation 
experiment of A1 sample at 10 g/min of steam !ow rate, the 
synthesis gas yields rose drastically from 0.65 Nm3/kgcoal

 at 
700 °C to 1.29 Nm3/kgcoal

  at 900 °C of gasi$cation temperature. 
In the gasi$cation process of A2 sample, the gas yields increased 
signi$cantly from 0.37 Nm3/kgcoal

 and 0.46 Nm3/kgcoal at 700 °C 
to 0.96 Nm3/kgcoal

 and 1.01 Nm3/kgcoal
 at 900 °C, within the 

steam !ow rate at 5 and 10 g/min. It can clearly be seen that 
the lowest char yield was at 900 °C and 10 g/min of steam !ow 
rate. "e trends shows that the endothermic reactions (Eq. (1), 
(2), (4)) were strongly promoted with the higher gasi$cation 
temperature [18]–[20].

 3. ábra Az elgázosítási folyamat termékeinek eloszlása a hőmérséklet és a gőz 
áramlási sebessége szerint (5 g/perc - szilárd szimbólum és 10 g/perc - nyitott 
szimbólum; A1 - szilárd vonal és négyzet szimbólum és A2- szaggatott 
pontvonal és kör szimbólum).

 Fig. 3 Products distribution of gasi#cation process by temperature and steam 'ow 
rate (5 g/min-solid symbol and 10 g/min – open symbol; A1-solid line and 
square symbol and A2- dash-dot line and circle symbol)

At each gasi$cation temperature, the higher steam !ow rate 
resulted in the lower char yields and the higher gas yields. It 
was illustrated that the more addition of steam increased the 
rate of reactions of Eq. (1), Eq. (3), and Eq. (4) [21]. However, 
the e#ects of steam !ow rate were di#erent in the gasi$cation 
process of sample A1 and A2. At 900 °C of gasi$cation 
temperature, the e#ect of steam !ow rate on char yields showed 
clearly for A1 sample, 31.75 wt% at 5 g/min and 23.78 wt% 
at 10 g/min. While that for A2 sample was relatively similar, 
25.99 wt% at 5 g/min and 25.68 wt% at 10 g/min of steam !ow 
rate and gasi$cation temperature at 900 °C. "e comparison 
trends were also presented in the change of synthesis gas 
!ow rate. With higher temperature and steam !ow rate the 
gasi$cation process of A1 sample had a better char yield and 
higher volume of syngas production.
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3.2. E!ect of temperature and steam "ow rate on synthesis 
gas composition 

Table 2 illustrates the e#ects of gasi$cation temperature 
and steam !ow rate on the syngas composition of total syngas 
volume. "e main components of synthesis gas were H2, CO, 
CO2, and CH4 with over 92 V/V% under all experiments. 

As the gasi$cation temperature increased from 700 to 
900 °C, the total composition of H2, CO2, and CH4 showed a 
decreasing trend in the experiments for both sample type. While 
CO concentration increased with the increase of gasi$cation 
temperature. "e trends could be results of the improved rate of 
endothermic reactions (water gas reaction- Eq. (1), Boudouard 
reaction-Eq. (2), and methane reforming reaction-Eq. (4)) [18], 
[19] therefore the more CO produced and the more CO2 and 
CH4 were consumed. "e water-gas shi% reaction- Eq. (3) is a 
light exothermic reaction consequently, it was reversed when the 
temperature was higher than the equilibrium temperature [20]. 
"erefore, it led to a slight drop in H2 concentration.

"e synthesis gas composition changed at di#erent rates 
with the increase of temperature. In case of the gasi$cation 
experiment of A1 sample at a steam !ow rate of 10 g/min, the 
H2 concentration decreased by 1.92 V/V% when temperature 
increased from 700 to 800 °C. While that was 3.13 V/V% 
when temperature increased from 800 to 900 °C. In case of the 
A2 sample at the same gasi$cation conditions, these numbers 
were 2.6% and 3.03%, respectively. "e trend was even more 
emphasised in the changing of CO and CO2 concentrations.

As steam !ow rate increased from 5 to 10 g/min in the 
gasi$cation process, the H2 and CO2 concentration increased in 
both samples. While that of CO and CH4 showed a decreasing 
trend at all temperature conditions. "e higher steam !ow rate 
increased the reaction rate of water gas reaction- Eq. (1), water 
gas shi% reaction- Eq. (3) and methane reforming reaction- 
Eq. (4) [22]–[24]. 

"e composition of the synthesis gas at higher gasi$cation 
temperature presented a higher di#erentiation with the 
increased steam !ow rate. At lower gasi$cation temperatures 
(700 and 800 °C) the di#erence in the changing of H2, CO and 
CO2 composition were not as signi$cant when the steam !ow 
rate was changed from 5 to 10 g/min. However, the di#erence 
was signi$cant at a gasi$cation temperature of 900 °C. In the 
case of the A2 sample, the H2 concentration increased only by 
0.87 V/V% at 700 °C and 0.47 V/V% at 800 °C when steam !ow 
rate from was increased from 5 to 10 g/min. While that change 
was 2.4 V/V% at 900 °C. Similar trends were observed in the 
variation of CO and CO2 concentrations. "is could be the 

consequence of the change in the reaction rate of water gas shi% 
reaction- Eq. (3). In the one hand, the higher concentration 
of steam enhanced the water gas shi% reaction to produce a 
higher concentration of CO2 and H2. In the other hand, the 
higher gasi$cation temperature led to the reverse direction 
of the water gas shi% reaction. "erefore, the temperature 
had a signi$cant e#ect on water-gas shi% reaction when the 
gasi$cation temperature was over the equilibrium temperature.

3.3. E!ect of temperature and steam "ow rate on 
gasi%cation performance

"e total of H2/CO ratio, the low heating value of synthesis 
gas, carbon conversion and cold gas e+ciency by gasi$cation 
temperature and steam !ow rate are shown in Fig. 4. 

"e low heating value of synthesis gas is de$ned as follow:
 

(5)

"e carbon conversion e+ciency of the gasi$cation process 
is calculated by:

 (6)

"e cold gas e+ciency is calculated by:

 (7)

in which, H2%, CO%, CO2% and CH4% are volume 
concentration of H2, CO, CO2 and CH4 in synthesis gas V/V%. 
Y is the yield of synthesis gas Nm3kgcoal. C% is carbon content 
of raw material in weight percentage wt%.

"e H2/CO ratio, heating value of synthesis gas, carbon 
conversion and cold gas e+ciency were obviously driven by 
the components in synthesis gas (H2, CO, CO2 and CH4). "e 
results showed that the CO concentration increased drastically 
with the increased gasi$cation temperature. It led to a decline 
in the H2/CO ratio and an increasing trend in the low heating 
value of synthesis gas, carbon conversion and cold gas e+ciency. 
Furthermore, the increase in gasi$cation temperature improved 
the synthesis gas yield in the gasi$cation process. It likewise 
enhanced carbon conversion and cold gas e+ciency. 

As an increase in gasi$cation temperature, the H2/CO ratio 
showed a converging trend in both samples. In the case of A1 
sample at 900 °C of gasi$cation temperature, the H2/CO ratio 
was 2.27 at 5 g/min and 2.52 at 10 g/min of steam !ow rate. 
In the case of A2 sample that was 1.96 and 2.44, respectively. 
However, this trend was only in the case of the A2 sample for 
the carbon conversion and cold gas e+ciency.

Syngas composition (V/V%) H
2

CO CH
4

CO
2

Steam flow rate (g/min) 5 10 5 10 5 10 5 10

S
a
m

p
le

s

A1

G
a
s
if

ic
a
ti

o
n
 t

e
m

-

p
e
ra

tu
re

 (
°C

)

700 60.88 5.34 2.25 23.12

800 57.6 58.96 14.29 11.83 2.11 1.36 18.42 19.84

900 53.91 55.83 23.78 22.17 1.43 0.85 13.14 14.42

A2 700 60.22 61.09 5.84 5.19 2.75 2.14 22.63 23.4

800 58.02 58.49 13.28 12.61 1.81 1.49 18.71 19.48

900 53.06 55.46 27.05 22.74 0.97 0.93 11.45 14.25

 Table 2 Total synthesis gas composition by temperature and steam 'ow rate 
 2. táblázat A teljes szintézisgáz összetétele hőmérséklet és gőzáramlás szerint.



építôanyagépítôanyag  Journal of Silicate Based and Composite Materials

154   | építôanyagépítôanyag  JSBCMJSBCM  2022/4  Vol. 74, No. 4

As an increase in steam !ow rate from 5 g/min to 10 g/min, 
the CO concentration decreased at all temperature conditions. 
As a result, the H2/CO ratio at 5 g/min was lower than that at 
10 g/min of steam !ow rate. While the low heating value of 
synthesis gas at 5 g/min was higher than that at 10 g/min of 
steam !ow rate. "e highest low heating value of synthesis gas 
reached at 5 g/min of steam !ow rate and 900 °C of gasi$cation 
temperature for both samples, 9.33 MJ/Nm3 for A1 sample and 
9.49 MJ/Nm-3 for A2 sample.  In the other hand, the higher 
steam !ow rate led to an increase in CO2 and synthesis gas 
yield. "erefore, the carbon conversion and cold gas e+ciency 
were increased with the increase of steam !ow rate at all 
temperature conditions.

Regarding to the e#ect of samples in gasi$cation 
performance, the A1 sample was shown a more promising 
starting material for gasi$cation than the A2 sample in term 
of carbon conversion and cold gas e+ciency, especially at 
900 °C of gasi$cation temperature. In case of A2 sample, 
the carbon conversion e+ciency was 41.98% at 5 g/min and 
42.28% at 10 g/min of steam !ow rate. While that was 36.01% 
and 50.12%, respectively, for A1 sample. "e highest cold gas 
e+ciency was 61.97% in the case of A1 sample at 900 °C of 
gasi$cation temperature and 10 g/min of steam !ow rate.

4. Conclusions
"e two di#erent coal samples were gasi$ed at steam !ow 

rates of 5 and 10 g/min and gasi$cation temperatures of 700, 
800, and 900 °C in a single stage $xed bed gasi$er within the 
non-moving of material. "e highest synthesis gas yields of 

samples were achieved at 900 °C of gasi$cation temperature 
and 10 g/min of steam !ow rate. "e synthesis gas yields from 
the gasi$cation process of A1 sample were higher than that of 
A2 sample at all experiment temperature conditions within 
10 g/min of steam !ow rate. "e gasi$cation temperature 
had a signi$cant e#ect on the concentration of CO and CO2. 
"e higher gasi$cation temperature led to a decrease trend 
in the H2/CO ratio due to the increasing CO concentration. 
"e range of H2/CO ratio were from 1.96 to 2.52 at 900 °C 
of gasi$cation temperature, which has a great potential for 
chemical application process. Furthermore, the A1 sample 
showed the better results in the carbon conversion and 
cold gas e+ciency within 10 g/min of steam !ow rate at all 
gasi$cation temperature case. Based on the experiment results, 
the gasi$cation process is a viable method to utilization the 
Hungarian low rank coals for the higher value application 
and the magnetite heavy suspension separation could further 
increase the carbon conversion rate and the cold gas e+ciency.
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Kivonat

Különböző típusú cementek (CEM I 52,5 R; CEM I 42,5 R; CEM I 42,5 N-SR0 és CEM II/A-S 
42,5N) esetén vizsgáltuk a víz-cement tényező (0,3; 0,4; 05; 0,6) hidratációra gyakorolt hatását 
röntgendiffrakciós, pásztázó elektronmikroszkópos (SEM) és higanyporozimetriás módszerekkel. 
A hidratáció mértékére a fázisösszetételből számított hidratációs fok (azaz a hidrátfázisban kötött 
CaO-tartalom összes CaO-tartalomhoz viszonyított aránya) alapján következtettünk. 
90 nap után (v/c=0,6 mellett) a portlandcementek közül legnagyobb a CEM I 52,5 R (~68%), ezt 
követően CEM I 42,5 R (~65%), legkisebb a szulfátálló CEM I 42,5N-SR0 (~56%) hidratációs foka. 
A CEM II/A-S 42,5 N kohósalak-portlandcementből készített mintáknál a hidratációs fok ~61%.
A különböző cementkövek porozitás vizsgálata alapján megállapítható, hogy a kumulatív 
pórustérfogatot a hidratáció ideje mellett nagymértékben befolyásolja a v/c értéke, mely 
a pórusokat benövő, a hidratáció során keletkező reakciótermékek, illetve kristályfázisok 
milyenségével, mennyiségével függ össze. A különböző cementkövek egymáshoz viszonyított 
porozitása eltérően változhat a hidratációs idő és a v/c függvényében, mely a hidratáció eltérő 
sebességével függhet össze. 
90 nap után, a különböző v/c értékeknél általában a CEM I 42,5N-SR0 minta porozitása a 
legnagyobb, vagyis itt a leglassúbb a hidratáció. míg legkisebb porozitás (azaz leggyorsabb 
hidratáció) a CEM I 52,5 R, illetve a CEM I 42,5 R anyagokra jellemző. 
A cementkő porozitását a kumulatív pórustérfogat mellett a pórusméret-eloszlás jellemzi. A 
finompórusok (D<30 nm) legnagyobb részaránya a CEM I 52,5 R cementkőre jellemző. 
Kulcsszavak: cementhidratáció, fázisösszetétel, morfológia, porozitás
Keywords: Cement hydration, phase composition, morphology, porosity
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1. Bevezetés
A CEM I 52,5 R; CEM I 42,5 R; CEM I 42,5 N-SR0 és CEM 

II/A-S 42,5 N cementekből 0,3; 0,4; 0,5 és 0,6 víz/cement 
tényező mellett készített 7, 28, 56 és 90 napos próbatestek esetén 
tanulmányoztuk a hidratáció során végbemenő fázisösszetételi, 
morfológiai, valamint a porozitásban bekövetkező változást.

Munkánk célját a további kutatások szempontjából optimális 
víz-cement tényező kiválasztása képezte, mely technológiai 
szempontból is érdekes.

A portlandcementben lévő klinkerásványok hidratációja 
során vízben oldhatatlan hidráttermékek képződnek [1, 2].

Az alit (C3S) viszonylag gyorsan reagál a vízzel (1. egyenlet). 
2 (3CaO.SiO2) + 5 H2O → 3 Ca(OH)2 + 3CaO.2SiO2.2H2O

2 C3S + 5 H → 3 CH + C3S2H2  (1)
A C3S2H2 összetételű tobermoritban a CaO:SiO2 arány 

0,8 … 1,5 között változhat. 
A belit (C2S) hidratációja az alitéhoz hasonló, de lényegesen 

lassabban megy végbe.
A trikalcium-aluminát (C3A) hidratációja (2. egyenlet).

2 (3 CaO.Al2O3) + 21 H2O → 4 CaO.Al2O3.13H2O + 2 CaO.Al2O3.8H2O
2 C3A + 21 H → C4AH13 + C2AH8  (2)

Az instabil hidrátvegyületek időben stabil hidráttermékekké 
alakulnak (3. egyenlet).
4 CaO.Al2O3.13H2O + 2 CaO.Al2O3.8H2O → 2 (3CaO.Al2O3.6H2O) + 9 H2O

C4AH13 + C2AH8 → 2 C3AH6 + 9 H  
(3)

A brownmillerit (C4AF) hidratációjakor kolloid Fe(OH)3 és 
Al(OH)3 is képződik (4; 5. egyenletek). 

3 (4CaO.Al2O3.Fe2O3) + 30 H2O→ 3 (3CaO.Al2O3.6H2O) + 3CaO.Fe2O3.6H2O + 2Fe(OH)3
3 C4AF + 30 H → 3 C3AH6 + C3FH6 + 2 FH3  (4)

3 (4CaO.Al2O3.Fe2O3) + 30 H2O→ 3 (3CaO.Fe2O3.6H2O) + 3CaO.Al2O3.6H2O + 2Al(OH)3
3 C4AF + 30 H → 3 C3FH6 + C3AH6 + 2 AH3 (5)

A hidratáció során kialakuló cementkő pórusai szilárd 
anyaggal ki nem töltött terek, amelyekben többnyire levegő, 
ill. folyadék található. A pórusok általában nyitottak, méretük 
alapján történő besorolást az 1. táblázat tartalmazza [3]. A 
cementkő porozitását a kumulatív pórustérfogat mellett a 
pórusméret-eloszlás jellemzi.

A légpórusok a szilárduló cementkőben a gondos tömörítés 
mellett is visszamaradó, viszonylag nagyobb méretű pórusok. 

A légbuborékok a beton fagyállóságának, olvasztósó-
állóságának javítására légbuborékképző adalékszerrel a 
cementkőben tudatosan létrehozott, közel gömb alakú, 
egymástól független pórusok. A légbuborék-eloszlásra 
követelmény, hogy az ún. távolsági tényező, azaz a cementkő 
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bármely pontjától a hozzá legközelebb eső légbuborék 
felszínének távolsága, mely nem lehet több, mint 0,2 mm. [4,5] 

Megnevezés Pórusátmérő

mikropórusok ≤ 2 nm

mezopórusok 2 … 50 nm

makropórusok: > 50 nm

– mikrokapilláris 50 … 2000 nm

– kapilláris … 50 μm

– makrokapilláris > 50 μm

 1. táblázat A cementkőben lévő pórusok hozzávetőleges átmérője
 Table 1 Approximate diameter of the pores presented in the cement paste

A cementkőben kialakuló fázisok térfogati arányait 
nagymértékben befolyásolja a v/c arány.

 1.ábra A cementkőben kialakuló fázisok térfogataránya a v/c függvényében [3]
 Fig. 1 Volume fraction of phases formed in cement paste as a function of v/c [3]

A cementkőben lévő kapilláris pórusok a keverővíz 
mennyiségétől függően keletkeznek. A cement hidratációja 
során a cementkőbe legfeljebb a 30-35 m/m% vízmennyiség 
épülhet be, ami 0,30 - 0,35 víz-cement tényezőnek felel meg. Ha 
a beton ennél több vízzel készül, akkor az elpárolgó vízfelesleg 
$nom, hajszálcsöves, gyakran összefüggő pórusrendszert 
hoz létre. Ezek alkotói a beton felületére is kivezető kapilláris 
pórusok, melyek mennyiségének növekedésével a cementkő és 
a beton minősége romlik. 

A gélpórusok: a cement klinkerásványainak hidratációja 
során képződő gélalkotók közötti pórusok. A gélpórusok a 
folyadékokat és a gázokat gyakorlatilag nem eresztik át. A 
cement hidratáció előrehaladtával a hidratációs termékek 
mennyisége növekszik és a gélpórusok mennyisége csökken.

2. Vizsgálati módszer
A cementekből különböző víz/cement tényezőjű pépeket 

készítettünk, melyeket szilikon sablonban 20 °C–on telített 
páratérben (klímakamrában) tároltunk. A megszilárdult 
mintákat, 24 óra után a sablonból kivéve 20 ± 1 °C–os desztillált 
vízbe helyeztük és a vizsgálatokig tároltuk.

A röntgendi#rakciós mérésekhez PW 1729/1820 
típusú készüléket, a SEM leképezéshez JEOL JSM 5200 
típusú berendezést alkalmaztunk. A porozitás méréseket 
QuantaChrome Poremaster 60 GT típusú higanypenetrációs 
poroziméterrel végeztük, mely 950 μm – 3,6 nm pórusátmérő 
tartományban tesz lehetővé méréseket. 

A higany a legtöbb közegben, így a cementkőben is nem 
nedvesítő folyadékként viselkedik, ezért az anyag pórusaiba, 
repedéseibe, hézagaiba nem hatol be spontán, hanem ehhez 
nyomás szükséges. Ha feltételezzük, hogy a pórusok kör 
keresztmetszetűek, a sugaruk r, és p a külső nyomás, akkor a 
nem nedvesítő folyadékot r2πp nyomóerő préseli a pórusokba. 
A nyomóerővel szemben ható erő a higany nedvesítési 
szögétől (α) és felületi feszültségtől (σ) függ. Az alkalmazott 
higanynyomás és a pórusméret közötti összefüggést a 
Washburn egyenlet (6. egyenlet) írja le [6,7]: 

 (6)

ahol: σ a higany felületi feszültsége (az adott esetben 0,4855 N/m)
α a higany nedvesítési szöge (az adott esetben 140°)
p az adott higanynyomás (Pa)
r a pórus sugara (nm)

Az alkalmazott módszerrel a mérés során a nyomás 400 MPa 
fölé történő fokozatos növelésével a nagyobb pórusoktól 
a kisebbek felé haladva 250 μm-től 3,6 nm tartományban 
határoztuk meg a kumulatív porozitást. Munkánkban az 
eredmények jobb értelmezése céljából az abszcisszán a kisebb 
értékektől a nagyobbak felé logaritmikus skálán ábrázoltuk a 
pórusátmérőt. 

3. Kísérleti eredmények
A 2-3. táblázatok adatai alapján legkisebb szemcseméretű és 

legnagyobb fajlagos felületű a CEM I 52,5 R, míg legnagyobb 
szemcseméret és legkisebb fajlagos felület a CEM II/A-S 42,5 ce-
mentre jellemző. Legnagyobb alit tartalommal a CEM I 42,5 N 
cement rendelkezik.

Fázisok CEM I  

52,5 R

CEM I  

42,5 R

CEM I  

42,5 N 

-SR0

CEM I 

I/A-S 

42,5 N

Fázisösszetétel, m/m%

C3S 53,5 56,5 58,5 45,0

C2S 21,5 17,5 14,0 15,0

C3A 9,0 8,5 - 9,0

C12A7
- - 3,5 -

C4AF 9,0 9,5 12,0 9,0

C2F - - - -

CaSO4.2H2O 6,0 - 1,0 -

CaSO4.0,5H2O - 7 5,5 6,0

CaO 1,0 0,5 1,0 0,5

Kvarc - - 1,0 -

MgO (periklász) - - 1,0 -

CaCO3 (kalcit) - - - 6,0

CaCO3.MgCO3 (dolomit) - - - -

Röntgenamorf (üveges) - - - 8,0

 2. táblázat Cementek röntgendi!rakcióval meghatározott fázisösszetétele
 Table 2 Phase composition of cements determined by X-ray di!raction
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Fajlagos 

felület 

(Blaine); 

cm2/g

Szemcsefrakció-összetétel, 

m/m%

0-3 μm 3-32 μm 32-200 μm

CEM I 52,5 R 4870 31,17 68,15 0,67

CEM I 42,5 R 4210 28,42 69,97 1,61

CEM I 42,5 N – SR0 4150 28,62 70,01 1,37

CEM II/A-S 42,5 N 3600 23,86 68,95 7,19

 3. táblázat Cementek fajlagos felülete és szemcseméret-összetétele
 Table 3 Speci#c surface area and particle size distribution of the cements

3.1 Fázisösszetételi és morfológiai változások 
A különböző portlandcementek hidratációja során 

végbemenő változásokat terjedelmi okok miatt részletesebben 
csak a CEM I 52,5 R esetén ismertetjük:

 2.a ábra CEM I 52,5 R cementből különböző v/c mellett készített 7 napos minták 
kalcium-szilikát (C3S+C2S) és Ca(OH)2 (portlandit) tartalmának változása 

 Fig. 2a Variation in calcium silicate (C3S+C2S) and Ca(OH)2 (portlandite) content 
of 7-day samples of CEM I 52.5 R cement at di!erent v/c

 2.b ábra CEM I 52,5 R cementből különböző v/c mellett készített 90 napos minták 
kalcium-szilikát (C3S+C2S) és Ca(OH)2 (portlandit) tartalmának változása

 Fig. 2.b Variation in calcium silicate (C3S+C2S) and Ca(OH)2 (portlandite) content 
of 90-day samples of CEM I 52.5 R cement at di!erent v/c

Az 2 a-b. ábrák alapján megállapítható, hogy adott hidratációs 
időnél (7 és 90 nap után) a v/c tényező növekedésével a 
klinkerben lévő kalcium-szilikátok (C3S+C2 S) mennyisége egyre 
nagyobb mértékben csökken, míg a portlandité Ca(OH)2 nő. A 
hidratáció nem teljes mértékű, mivel a klinkerben lévő alit és belit 
jelentős része kb. 25-27% visszamarad. A hidratáció mértékére a 
fázisösszetételből számított hidratációs fok (azaz a hidrátfázisban 
kötött CaO-tartalom összes CaO-tartalomhoz viszonyított 

aránya) alapján következtettünk (3. ábra). Megállapítható, hogy 
a CEM I 52,5 R esetén adott hidratációs időnél minél nagyobb a 
v/c értéke, annál nagyobb a hidratációs fok. Az is kitűnik, hogy 
adott v/c aránynál (0,3; 0,4; 0,5; 0,6) a hidratáció előrehaladtával 
(7-90 nap) szintén nő a hidratációs fok.

CEM I 42,5 R és CEM I 42,5 N-SR0 cementkövekre is 
jellemző (4-5. ábrák), hogy adott idejű hidratációnál a v/c arány 
növelésével (0,3-0,4) kezdetben nő a hidratációs fok, de a CEM I 
52,5 R mintától eltérően ennek mértéke a nagyobb v/c értékeknél 
(0,5-0,6) kisebb, illetve stagnál. A 7-90 nap során, kis v/c 
aránynál (0,3-0,4) a CEM I 42,5 R és CEM I 42,5 N-SR0 minták 
hidratációja a CEM I 52,5 R a mintához képest kisebb mértékű.

 3. ábra a CEM I 52,5 R cementkő minták hidratációs foka
 Fig. 3 Degree of hydration of CEM I 52.5 R cement paste samples

 4. ábra A CEM I 42,5 R cementkő minták hidratációs foka
 Fig. 4 Degree of hydration of CEM I 42.5 R cement paste samples

 5. ábra A CEM I 42,5 N – SR0 cementkő minták hidratációs foka
 Fig. 5 Degree of hydration of CEM I 42.5 N – SR0 cement paste samples

A kohósalak-portlandcement (CEM II/A-S 42,5 N) esetén 
hasonló körülmények között a hidratációs fok változása CEM I 
52,5 R mintához viszonyítva kisebb mértékű (6. ábra).
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 6. ábra a CEM II/A-S 42,5 N cementkő minták hidratációs foka
 Fig. 6 Degree of hydration of CEM II/A-S 42.5 N cement paste samples

90 nap hidratáció után (v/c=0,6 mellett) a portlandcemen-
tek közül legnagyobb a CEM I 52,5 R (~68%), ezt követően 
CEM I 42,5 R (~65%), legkisebb a szulfátálló CEM I 42,5N-
SR0 (~56%) hidratációs foka. A CEM II/A-S 42,5 N kohósa-
lak-portlandcementből készített próbatesteknél ennek értéke 
(~61%). A v/c=0,3 mellett a különböző cementek hidratációs 
fokának eltérése lényegesen kisebb.  

A SEM vizsgálatok alapján jól követhető a hidratáció során 
bekövetkező morfológiai változás, amit példaként a CEM I 
52,5 R cementkövek esetén mutatunk be. Az XRD vizsgálatok 
eredménye arra utalt, hogy 90 nap elteltével sem játszódik 
le a klinkerben lévő alit és belit teljes hidratációja. A végig 
amorf fázisban jelenlévő C-S-H mellett, csak monoszulfát 
(C3A∙CaSO4∙12H2O), esetlegesen C-A-H, valamint monokarbo-
aluminát (C3A∙CaCO3 ∙11H2O) és portlandit kristályfázisok 
azonosíthatók. Az 56 nap hidratáció után v/c=0,6 mellett, a 
próbatestek felületén már megindul a karbonátosodás vagyis 
CaCO3 kimutatható.

7 nap után v/c=0,3 tényezőnél a klinkerszemcsék felületén 
megindul a hidratáció, azaz tized mikron nagyságrendű 
„szőrösödés”, mely a gélszerű röntgenamorf kalcium-szilikát-
hidrát fázis, továbbiakban C-S-H képződéssel függ össze, mely 
csomószerűen is rendeződhet (7.a ábra). Ezzel egyidejűen 
a pórusokban kialakulnak a kb. 0,5 µm vastag, 10-20 µm 
lapméretű hexaéderes portlandit kristályok (7.a ábra).

 7.a ábra CEM I 52,5 R cementkő (v/c=0,3; 7 nap) SEM felvétele
 Fig. 7.a SEM image of CEM I 52.5 R cement stone (w/c=0.3; 7 days)

A v/c arány növekedésével egyre nagyobb mértékű a 
hidratáció. A v/c=0,6 értéknél a gélszerű C-S-H fázis mellett, 
már meg$gyelhetők a pórusokat is benövő monoszulfátra 
(C3A∙CaSO4∙12H2O) jellemző vastagabb szálszerű alakzatok is 
(7.b ábra).

 7.b ábra CEM I 52,5 R cementkő (v/c=0,6; 7 nap) SEM felvétele
 Fig. 7.b SEM image of CEM I 52.5 R cement stone (w/c=0.6; 7 days)

28 nap után a v/c=0,3 tényezővel készült mintában a C-S-H 
szálszerű képződményei meg$gyelhetők a klinkerszemcsék 
felületén (7.c ábra). A nagyméretű portlandit alakzatok 
egyre jobban benövik a pórusokat (7.d ábra). A 7.e ábrán 
meg$gyelhetők az eseténként 6 µm hosszúságú botszerű 
monoszulfát kristályok.

 7.c ábra CEM I 52,5 R cementkő (v/c=0,3; 28 nap) SEM felvétele
 Fig. 7.c SEM image of CEM I 52.5 R cement stone (w/c=0.3; 28 days)

 7.d ábra CEM I 52,5 R cementkő (v/c=0,3; 28 nap) SEM felvétele
 Fig. 7.d SEM image of CEM I 52.5 R cement stone (w/c=0.3; 28 days)

 7.e ábra CEM I 52,5 R cementkő (v/c=0,3; 28 nap) SEM felvétele
 Fig. 7.e SEM image of CEM I 52.5 R cement stone (w/c=0.3; 28 days)
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A v/c tényező növekedésével a hidrátvegyületek 
képződése erőteljesebb. A v/c=0,5-0,6 értéknél jellemzőek a 
megnövekedett hosszúságú (5-10 µm) és vastagságú (0,5 µm) 
pórusokban is előforduló C-S-H tűkristályok mellett, a botszerű 
monoszulfát jelenléte (7.f ábra). A monokarbo-aluminát 
(3CaO∙Al2O3∙CaCO3∙11H2O) hasábos tömbszerű alakzata a 7.f 
ábra jobb oldalán látható. 

56-90 nap után a v/c arány növekedésével a pórusokat 
egyre jobban benövik a portlandit kristályok, melyek a táblás 
morfológia mellett, egyre nagyobb gyakorisággal tömör 
lépcsőzetes (8-12 µm méretű) alakzatban állnak össze (7.g ábra).

 7.f ábra CEM I 52,5 R cementkő (v/c=0,5; 28 nap) SEM felvétele
 Fig. 7.f SEM image of CEM I 52.5 R cement stone (w/c=0.5; 28 days) 

 7.g ábra CEM I 52,5 R cementkő (v/c=0,5; 56 nap) SEM felvétele 
 Fig. 7.g SEM image of CEM I 52.5 R cement stone (w/c=0.5; 56 days)

3.2 Porozitásvizsgálat
A porozitás méréseket négy különböző típusú, négy 

különböző víz/cement tényezőjű és négy különböző korú, 
összesen 64 db cementkő mintán végeztük. 

A következőkben részletesebben csak a CEM I 52,5 R típusú 
cementkövek porozitás vizsgálatát ismertetjük. Mind a négy 
kor (7, 28, 56, 90 nap) esetén jellemző, hogy a v/c tényező 
növekedésével a cementkő porozitása nő (8. ábra). Kis v/c 
(0,3-0,4) esetén, a hidratáció előrehaladtával a porozitás 
fokozatosan csökken; de v/c=0,5 értéknél ez csak 7-28 nap 
között tapasztalható; míg v/c=0,6 mellett 28 nap után a 
kumulatív pórustérfogat gyakorlatilag változatlan.

Mind a négyfajta cementkő esetén a hidratációs idő 
növekedésével azonos v/c (0,3 és 0,6) mellett porozitásuk 
csökken, illetve bizonyos idő (56-90 nap) után stagnál 
(9-10. ábrák). Ez általában annál rövidebb idő után következik 
be, minél nagyobb a v/c tényező.

 8. ábra CEM I 52,5 R cementkő minták kumulatív pórustérfogatának változása a 
hidratációs idő és a v/c függvényében

 Fig. 8 Variation of cumulative pore volume of CEM I 52.5 R cement paste samples 
with hydration time and v/c

 9. ábra CEM I 52,5 R; CEM I 42,5 R, CEM I 42,5 N - SR0 és CEM II/A-S 42,5 N 
cementkő minták porozitása a hidratációs idő függvényében (v/c = 0,6)

 Fig. 9 Porosity of CEM I 52.5 R; CEM I 42.5 R, CEM I 42.5 N - SR0 and CEM II/A-S 
42.5 N cement paste samples as a function of hydration time (v/c = 0.6)

 10. ábra CEM I 52,5 R; CEM I 42,5 R, CEM I 42,5 N - SR0 és CEM II/A-S 42,5 N 
cementkő minták porozitása a hidratációs idő függvényében (v/c = 0,3)

 Fig. 10 Porosity of CEM I 52.5 R; CEM I 42.5 R, CEM I 42.5 N - SR0 and CEM II/
A-S 42.5 N cement paste samples as a function of hydration time (v/c = 0.3)

 A 7-90 nap hidratáció során legnagyobb porozitás a 
v/c=0,6 mellett a 7 napos cementkövekre jellemző (9. ábra). 
Legnagyobb kumulatív pórustérfogat a CEM I 42,5 N-SR0, míg 
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legkisebb a CEM I 52,5 R mintánál állapítható meg. A 90 nap 
hidratáció után továbbra is legnagyobb a CEM I 42,5N-SR0, 
legkisebb viszont a CEM I 42,5 R, ezt követően CEM I 52,5 R 
minta porozitása.

7-90 nap hidratáció során kis v/c=0,3 mellett 7 nap után 
a különböző cementkövek porozitását összehasonlítva 
(10. ábra) legnagyobb a CEM II/A-S 42,5 N, míg legkisebb a 
CEM I 42,5 N-SR0 mintára mért érték. 90 nap hidratáció után 
legnagyobb CEM I 42,5 N-SR0 és legkisebb a CEM I 52,5 R 
minta porozitása.

Az előzőek alapján megállapítható, hogy a kumulatív 
pórustérfogatot a hidratáció ideje mellett nagymértékben 
befolyásolja v/c értéke, mely a pórusokat benövő, a hidratáció 
során keletkező reakciótermékek, illetve kristályfázisok 
milyenségével, mennyiségével függ össze. A különböző 
cementkövek egymáshoz viszonyított porozitása eltérően 
változhat a hidratációs idő és v/c függvényében, mely a 
hidratáció eltérő sebességével függhet össze. 

90 nap hidratáció után, a különböző v/c értékeknél általában 
a CEM I 42,5N-SR0 minta porozitása a legnagyobb, vagyis 
itt a leglassúbb a hidratáció. míg legkisebb porozitás (azaz 
leggyorsabb hidratáció) a CEM I 52,5 R, illetve a CEM I 42,5 R 
anyagokra jellemző (11. a és 12. a ábrák). 

 11.a ábra Különböző típusú cementkő minták porozitása 90 napos korban v/c=0.6 
mellett

 Fig. 11.a Porosity of di!erent types of cement paste samples at 90 days with v/c=0.6

 11.b ábra Különböző típusú cementkő minták pórusméret-eloszlása 90 napos korban 
v/c=0.6 mellett

 Fig. 11.b Pore size distribution of di!erent types of cement paste samples at 90 days of 
age with v/c=0.6

 12.a ábra Különböző típusú cementkő minták porozitása 90 napos korban v/c=0.3 
mellett

 Fig. 12.a Porosity of di!erent types of cement paste samples at 90 days with v/c=0.3

 12.b ábra Különböző tipusú cementkő minták pórusméret-eloszlása 90 napos korban 
v/c=0.3 mellett

 Fig. 12.b Pore size distribution of cement paste samples of di!erent types at 90 days of 
age with v/c=0.3

A különböző 90 napos minták pórusméret-eloszlását 
összehasonlítva v/c=0,6 esetén a legnagyobb méretű pórusok 
(10-200 nm) a CEM I 42,5 N-SR0, míg legkisebb méretűek 
a CEM I 52,5 R mintára jellemzőek (11.b ábra). A v/c=0,3 
értéknél a különböző cementkövek pórusméret-eloszlása 
(30-100 nm tartományban) hasonló (12.b ábra), de a 30 nm 
alatti $nompórusok részaránya a CEM I 52,5 R minta esetén 
a legnagyobb. 

4. Összefoglaló
 Megállapítottuk, hogy a négy vizsgált cementtípus közül 0,3 

víz-cement tényezőnél 90 napos korban a CEM I 52,5 R típus 
mutatta a legkedvezőbb térfogati porozitást. Ez összefügghet az 
adott cementtípus kedvező szemcseméret- eloszlásával, illetve 
az ebből számított kedvezően nagy egyenletességi tényezővel. 
Munkánk során kitűnt, hogy 28 nap után (v/c=0,3) a további 
hidratáció porozitásra gyakorolt hatása általában jelentősebb a 
lassú hidratációjú kohósalak-portlandcementnél, mint a gyors 
hidratációjú portlandcementek esetében, melyek porozitás 
változása is kisebb. Különösen kedvezőtlen a CEM I 42,5N-SR0 
jelű cementkő porozitása a nagy víz-cement tényezőnél (0,6) 
mert 28 napos korban nemcsak a legnagyobb értéket, hanem 
90 napos korra a legkisebb javulást mutatja.

A vasbetonszerkezetek tartóssága szempontjából a 
$nompórusok tekinthetők a legkedvezőbbnek, mert ezekben 
a leglassúbb a betont vagy betonacélt károsító ionok, 
molekulák vándorlási sebessége. A $nompórusok (30 nm 
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alatti pórusok) részarányának kitüntetett szerepe van mind az 
áteresztőképesség, mind az oldódásos korrózió szempontjából. 
A végzett vizsgálatok alapján a legnagyobb $nompórus 
részarány a CEM I 52,5 R cementkőre jellemző. 

A pórusszerkezet és más anyagtulajdonságok további 
vizsgálata elősegítheti a betonösszetételek tervezését, az 
élettartamuk biztonságosabb becslését. 

Köszönetnyilvánítás: A Danucem (korábbi CRH) 
Magyarország K%. támogatásával az NVKP-16-1-2016-0019 
pályázat keretében végzett munka. A munkánkat segítő 
kollégáknak ezúton is szeretnénk köszönetet mondani. 
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