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Abstract
The swelling potential analytics and the ion exchange reaction of highly expansive soils in a soil 
stabilization process have been reviewed. The importance of these factors in deciding suitable 
construction materials and chemical additives utilized as alternative or supplementary binders 
in clayey soil stabilization has been discussed also. The outcome of this study has shown 
that Al3+, Si4+, and Ca2+ are the most suitable exchangeable cations with OH- as the suitable 
exchangeable anion leading to the formation of C-A-S-H, which is the compound responsible for 
strengthening. The swelling potential analytics also proposed the expression  wsT =  0.00216 
×  as the total swelling potential with respect to the depth of a foundation 
material constructed with clayey soil. This study revealed that during the wet season, hydraulically 
bound foundation materials experience undesirable volume changes with the highest swelling 
potential expected at the surface within the active (unstable) zone of the foundation. Generally, 
the treatment of highly expansive soil with very high swelling potential should be concentrated 
at the surface and reduced along the depth of the foundation matrix. With this proposed guide, 
the utilization of alternative or supplementary cementing materials as construction materials 
in the stabilization of clayey soil to improve swelling can be conducted with a more sustainable 
approach. 
Keywords: swelling potential analytics, adsorbed moisture, double diffused layer, pozzolanic 
reaction
Kulcsszavak: duzzadási potenciál elemzés, nedvesség, kettős diffúz réteg, pozzolán reakció
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1. Introduction
Clayey soils have been considered very important 

construction materials because of the role they play as 
foundation materials in earthworks, flexible pavements, 
compacted clay liners, airfields, backfills, etc. local earthen 
house builders use clayey soils in their constructions in the 
countryside [1-3]. This has shown plastic properties that 
enable the soils clog and bond together in the construction of 
tach and earthen houses in villages and countryside [4]. This is 
achieved by mixing clayey soils with moisture sufficient enough 
to make form clogs and flocs holding the mass together to be 
used in the local engineering earthworks [5, 6]. This material 
is manipulated and handled by mixing it with moisture 
without recourse to the reason behind its clogging behavior. In 
advanced foundation earthworks, little consideration has been 
given to the reactions that lead to bonding together of clayey 
soil particle when mixed with moisture to its optimum content 
[7]. It is important to note that the behavior of clayey soils when 

mixed with moisture is of utmost importance to geotechnical 
engineering practice [7]. More so, its behavior when mixed 
with an admixture during clayey soils stabilization procedure 
is more important to the designer. In transport geotechnics, 
pavement underlay is built with clayey soil and in most cases, 
the clayey soils are of highly plastic and expansive consistency 
[8, 9]. These properties make the soils very problematic. Again, 
when the foundation is exposed to seasonal rise and fall of 
water table, the clayey soil material responds by undergoing 
swell and shrink cycle which cause the materials to crack [1, 3, 
10, 11]. These cracks may propagate to such undesirable widths 
that expose the internal structures of the pavement foundation 
to moisture percolation from runoff [1, 10]. The behavior of 
hydraulically bound structures during the wet and dry season 
deserve a clearer understanding at this stage. The moisture 
content increases and attains maximum condition at the 
surface of clayey soil mass during the wet season when water 
tables rise and moisture reaches the foundation by capillary 
rise [12, 13]. For the maximum moisture at the surface, it 
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decreases with depth to a value within the unstable zone or the 
active zone [12]. Beyond this clayey soil zone of activity is the 
stable or inactive zone. Hydraulically bound structures built 
within the unstable or active zone prone to swell and shrink 
cycles due to moisture intake and loss as the case may be are 
likely to experience undesirable movements according to the 
seasons and hence suffer collapse [12].  This is the case with 
most vertical and horizontal structures that experience failures 
all over the world [1, 12]. These are caused primarily due to 
differential movement in both axial and lateral directions. The 
mineral contents and more especially the dominant minerals 
and exchangeable ions in the clayey soils are responsible for the 
microstructural and macrostructural behavior and reactions 
that lead to the failure of foundations [12, 14]. Clayey soils are 
made of minerals, which are fundamentally responsible for the 
behaviors observed when mixed with moisture or any additive 
materials during chemical stabilization [14]. There are three 
major minerals that may dominate clayey soils, which include 
kaolinite, illite and montmorillonite as presented in Table 1. 

Mineral Liquid limit,  
wL (%)

Plastic limit,  
wp (%) Activity, A

Kaolinite 35-100 20-40 0.3-0.5

Illite 60-120 35-60 0.5-1.2

Montmorillonite 100-900 50-100 1.5-7.0

Halloysite 1 50-70 40-60 0.1-0.2

Halloysite 2 40-55 30-45 0.4-0.6

Attapulgite 150-250 100-125 0.4-1.3

Allophane 200-250 120-150 0.4-1.3

 Table 1 Values of liquid limit, plastic limit and activity of some clay minerals [14]
 1. táblázat Egyes agyagásványok folyási határértéke, képlékeny határértéke és aktivitása [14]

It is important that in earthworks, clayey soils are handled by 
impregnating the mass with moisture to its optimum content 
as molding moisture [1, 8]. When this happens, the clayey soils 
respond by the dispersion of the particles and swelling occurs 
[2, 11]. During this hydration reaction stage, the minerals in 
clay are polarized and the dipole ions migrate to either the 
surface or the edge [12]. The negative ions of the inundated 
clay minerals are attracted to the surface of the clayey soil 
and a film of moisture interface is formed, which is called the 
adsorbed moisture (see Fig. 1) [7]. When this happens, the soil 
experiences swelling caused by the weakening of the van der 
Waal’s forces holding the particles together [7, 12, 14]. Around 
each clayey particle as they separate from each other and as 
they lose their interparticle force is formed a diffused double 
layer (DDL) [6, 9, 12, 15, 16]. This keeps the particles apart and 
the gap increases as there is further hydration of the clayey soil 
[7]. Conversely, if dehydration takes place by any means, the 
diffused double layer reduces and the particles tend to come 
closer again but the crystalline structure of the clayey soil 
may be lost due to cracks. This is one the properties of highly 
expansive soils, which are also called black cotton soils [12]. The 
swelling cracks in most cases widen to a maximum of 20mm 
and moisture travel deep through these cracks into the ground 

[12]. The highly expansive soils swell and shrink in a regular 
cycle and this brings about severe movements in soil mass and 
structures built atop are affect by these undesirable behaviors. 
There is recorded recurring cracking and progressive damage 
of structures built on these problematic soils [12]. In a polarized 
clayey soil due to hydration, ions like Al3+, Si2+, Ca2+, Fe2+, O- 
and OH- are observed with Na+, K+ and Mg2+ depending on the 
dominant clay mineral in the studied clayey soil. Further, ion 
exchange reaction takes between the exchangeable ions.

 Fig. 1 Release of ions and cations migration and exchange reaction in the adsorbed 
complex [7, 14]

 1. ábra Ionok és kationok felszabadulása és cserereakciója [7,14]

The primary focus of the work is to review the possible 
exchange reactions that take place during clayey soils 
stabilization procedure utilizing additives with emphasis on 
swelling potential analytics [12]. This is important because 
of the role it plays in the reversal of swell condition of 
clayey soil, strengthening of highly expansive soils and the 
achievement of stable and sustainable foundation structures. 
This aspect of geoenvironmental engineering investigation 
and more especially soil stabilization and improvement has 
been neglected by researchers and designers. Without a good 
understanding and utilizing the knowledge it possesses there 
will never be any successful stabilization process more so on 
problematic soils and highly expansive clayey soils would have 
been useless to earthworks. This review hopes to illuminate 
this aspect and close the knowledge gap.

2. Discussion of relevant literatures
2.1 Exchangeable ions in soil stabilization

Clay minerals have atomic structures built of two fundamental 
crystal sheets, which are the tetrahedral or silica sheet and the 
octahedral or alumina sheet [8]. It is the metallic ions in the 
crystals as they are stacked differently with different bonding 
forces that determine the lattice structure of the clay mineral 
[12, 14]. As soon as clayey soils are hydrated as a result of 
water percolation in hydraulically bound structures or during 
a stabilization procedure, hydration reaction takes place and 
exchangeable ions are released with the ionic composition of 
the pore water. The exchangeable ions available from clay for 
kaolinite clay mineral (hydrated) with the chemical formula 
(OH)4.Al4Si4O10.4H2O are Al3+, Si4+, H+, OH- and O-, for 
montmorillonite clay mineral with chemical formula (OH)4.
Al4SigO20.nH2O are Al3+, Si4+, H+, OH-, and O- and for the illite 
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clay mineral with chemical formula (OH)4Ky(Sig-yAly)(Al4.Mg6.
Fe4.Fe6)O20 are K+, Al3+, Si4+, Mg2+, Fe2+, H+, OH- and O- [8, 12, 
14, 17]. The availability of the exchangeable ions can be seen 
presented in Figs. 2, 3, and 4. However, research results have 
shown that by Xray Fluorescence (XRF) and Xray Diffraction 
(XRD), clayey soil chemical oxide composition is composed 
also of small proportion of oxides of calcium and oxides of 
sodium in the case of montmorillonite and this is responsible 
for its highest degree of expansivity compared to the other 
three clay mineral components [17]. This means that Ca2+ and 
Na+ are also available as exchangeable ions either during clayey 
soil hydration or in a case of soil stabilization. 

 Fig. 2 Structure of kaolinite mineral [8]
 2. ábra A kaolinit-ásvány szerkezete [8]

 Fig. 3 Structure of illite mineral [8]
 3. ábra Az illit ásvány szerkezete [8]

 Fig. 4 Structure of montmorillonite mineral [8]
 4. ábra A montmorillonit ásvány szerkezete [8]

However, in a clayey soil stabilization procedure, additives 
are utilized due to the exchangeable ions available, which 
constitute Ca2+, Al3+, S4+, and Fe2+, which are the cations 
responsible for the binding properties that ordinary Portland 
cement and other supplementary and alternative binders 
possess [18-20] and CO3

2-, which is the anion responsible for 
carbonation reaction in stabilization operation [7, 21]. Clayey 
soils of highly expansive consistency are not suitable for 
earthworks due to their high tendency to swell and shrink due 
to moisture changes [22-25].

2.2 Hydration, adsorbed moisture and cation exchange 
reaction in soil stabilization

Hydration is the inundation or the impregnation of soil 
and more especially clayey soil in this case, with moisture 
to trigger ionization in aqueous medium [3, 7]. This takes 
place either through the rise in water table that foundation 
materials are exposed to moisture ingress or when moisture 
travels through cracks and percolate into the foundation level 
[7, 12]. Clayey soils take in moisture and this causes volume 
changes known as swelling. As moisture is absorbed, a film of 
surface is formed in the lattice structures of clay to form what 
is known as absorbed moisture. The adsorbed moisture in clay 
is responsible for the dipolation of clay composition ions and 
the availability of exchangeable ions [7, 23, 24]. The dipole ions 
from clayey soil are separated into cations and the anions. The 
anions are concentrated at the surface of the clay particles and 
attract the cations from the dipole ions from additives during 
the hydration reaction [7]. The cation exchange reaction takes 
place with respect to the arrangement of the metallic ions in 
the electrochemical series. In a montmorillonite dominant 
clayey soil tetrahedral sheet, Al3+ from chemical additive 
exchanges Si4+ in clayey soil while either Mg2+, K+, Fe2+, Li+ 
or Zn+ exchanges Al3+ in the octahedral sheet [7, 12]. During 
the utilization of additives with sufficient calcium-based 
components in a soil improvement exercise, Ca2+ also exchanges 
other weaker cations in the adsorbed complex. These exchange 
of cations with those that are stronger in the chemical series 
leads to the formation of clay flocculants responsible for the 
formation of calcium aluminate hydrate (C-A-H) and calcium 
silicate hydrate (C-S-H) or even a composite compound 
known as calcium aluminate silicate hydrate (C-A-S-H) [1, 7, 
10, 26, 27]. These compounds are responsible for the gain in 
strength in clayey soil by the strengthening of the interparticle 
bonds. When clayey soils swell, with higher degree of swelling 
potential on the surface of a clayey soil mass, this can be cured 
through the impregnation and mixing of the swollen soil with 
such additives rich in exchangeable ions like Ca2+, Al3+ higher 
in the electrochemical series that can exchange sodium or 
magnesium ion to reduce the double diffused layer in swollen 
soils [6].

2.3 Swelling potential analytics and stabilization
The work of H. B. Seed et al. [11] suggested the expression 

for swelling potential for clayey soils as presented in Equation 1;
wS = 0.00216 × Ip

2.44  (1)
where Ip = plasticity index and wS = swelling potential. 
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From the findings of V. N. S. Murthy [12], hydraulically 
bound foundations built with clayey soils and within the active 
(unstable) zone experience lattice structure impairments due 
to moisture intake. The active zone ranges from the clayey 
soil surface to the depth Dn beyond which the clayey soil 
belong to the inactive (stable) zone. Volume changes take 
place within the active zone when foundation materials of 
clay absorb moisture. During the wet seasons as the water 
table rises into the active zone, moisture content increases and 
reaches a maximum at the surface of the compacted mass of 
clayey soil foundation material [12]. This implies that swelling 
potential, which is directly proportional to the water intake 
decreases from maximum at the surface with depth (D1 [12] to 
a steady moisture content at the boundary between the active 
and inactive zones. Consequently, the integral of the swelling 
potential with respect to the inverse of the depth (x, D) of the 
foundation matrix is presented in Equation 2. 

  (2)
This operation gives Equation 3 measured along the points of 

the depths (D1, D2, D3 ... Dn) of the foundation soil. And from 
the findings of V. N. S. Murthy [12], Equation 4 is derived.

 (3)
Where; 

 (4)

In this case, the point D1 is measured from the active-inactive 
zone boundary as xmax and this point gives the maximum 
swelling potential at the surface of the foundation material. 
This shows that  as 
presented in Equation 4. Substituting the depth values of D 
into Equations 5, 6, 7, and 8, the swelling potential at depths  

 are evaluated. 
 (5)
 (6)
 (7)
 (8)

It can also be established that the maximum swelling 
potential is evaluated using Equation 5 with the highest depth 
value measure from the reactive zone boundary of compacted 
soil. And finally, the total swelling potential is computed with 
Equation 9.

 (9)

From the above mathematical analysis, it can be observed 
that the swelling potential at the surface of the compacted clayey 
soil mass is maximum due to the highest amount of moisture 
needed for hydration reaction and further formation of the 
double diffused layer in the clayey soil particles. This further 
increase the interparticle distances in the clayey soil mass and 
consequently reduces the van der Waal’s force existing between 
the particles. This also implies that the van der Waal’s forces 
increase with reduced moisture content along the depth of the 
foundation clayey soil mass. As the mass of compacted clayey 
soil is inundated with molding moisture or moisture from 
capillary rise or runoff ingress, the more the exchangeable ions 

in clayey soils become available for ion exchange reactions and 
increased double diffused layer and decreased interparticle 
forces within the clayey soil mass. 

3. Conclusions 
In this work, the ion exchange and swelling potential analytics 

were reviewed based on previous relevant studies. Swelling 
in highly expansive soils utilized as construction materials in 
geoenvironmental engineering and transport geotechnics is 
an important factor in earthworks. A full understanding of the 
swell-shrink behavior of highly expansive soils as construction 
materials is an important phase in the design and construction 
of foundations. In this review, the exchangeable ions available in 
a clayey soil utilized in construction were studied. Secondly, the 
behavior of foundations of clayey soil mass at different depths 
of the foundation were also discussed. It was established that 
the use of additive binders rich in exchangeable ions high in the 
electrochemical series is of utmost important. This leads to the 
formation of strengthening compounds in a soil stabilization 
protocol. It was also noted from the swelling potential analytics 
that in a stabilization procedure, the mixing of chemical 
additives should be more on the surface of the soil mass and 
reduced along the depth of the mass. This is to accommodate 
the highest swelling depth of the foundation soil mass. 
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Abstract
Ceramic industry generates a large amount of wastes which are presently not reused in any 
significant quantity. Reusing these wastes in concrete could solve the ceramic industry waste 
management problem and also lead to a more sustainable concrete industry. While the use 
of ceramic wastes as coarse aggregate has been extensively investigated, not much findings 
are available on its use as fine aggregate and there are presently no models for predicting the 
properties of ceramic wastes aggregate concretes. This study investigates effect of crushed 
recycled-ceramic tiles (CRT) fine aggregate content on compressive strength of concrete. 
Scheffe’s second degree polynomial models were also formulated for compressive strength, 
slump height and cost of CRT concrete. Results show that incorporation of CRT as fine aggregate 
improves the compressive strength of concrete and this increase is directly proportional to its 
content. Authors therefore recommend up to 100% replacement of conventional fine aggregate 
with CRT in concrete production.  The formulated models could predict compressive strength, 
slump and cost of CRT concrete if the mix ratio is known and vice versa. Analysis of variance and 
normal probability plots of model residuals were used to test adequacy of the models, and the 
models were found to be adequate at 95% confidence level. With the model equations, sample 
optimization was carried out to obtain the most economical mix for certain predefined criteria and 
the results were promising. Several similar optimizations can be carried out using the formulated 
model equations for any desired criteria of the modeled responses. 
Keywords: compressive strength, concrete, optimization, recycled ceramic waste, Scheffe’s theory, slump
Kulcsszavak: nyomószilárdság, beton, optimalizálás, újrahasznosított kerámia hulladék, Scheffe 
elmélet, roskadás
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1. Introduction
Concrete has remained the most versatile and sustainable 

construction material all over the world. As a result, its demand 
is ever increasing. It is estimated that over 33 billion tonnes 
of concrete is consumed annually [1], making it the most 
widely used construction materials [2], the most consumed 
manufactured material and the second most consumed 
material after water [3]. One major advantage of the use of 
concrete is that its constituents – basically Portland cement, 
aggregate and water – can almost always be locally sourced. 
However, the sourcing of these materials is ecologically 
harmful. For instance, the manufacture of one tonne of 
Portland cement generates about one tonne of CO2 into the 
atmosphere [4, 5, 6], accounting for about 5% of global CO2 
emission [6, 7]. There is also a rapid depletion in the natural 
reserves of conventional crushed rock aggregate and natural 
river sand. All these threaten the sustainability of concrete as a 
construction material.

As a way out, the use of secondary cementitious materials 
like fly ash, metakaolin and silica fumes as partial replacement 

for cement in concrete production has become rampant. There 
have also been attempts to either partially or totally replace 
the conventional aggregates in concrete production. Materials 
like recycled aggregate, polystyrene aggregate [8], laterite and 
quarry dust [9], etc. have been used. A good number of these 
replacement materials are industrial wastes or by-products. Of 
recent, there has been a growing number of researches on the 
use of ceramic wastes as aggregate in concrete production and 
the results have been promising. Ceramic wastes are industrial 
waste products from the manufacturing of sanitary wares, 
earthen wares, ceramic tiles, bricks, electrical insulators, etc. 
Some of these wastes are as a result of cracks, glazing faults, 
production error, off-standard products, size discrepancy, 
production error, etc. [10]. A considerable amount of ceramic 
wastes is also generated during transportation and distribution 
while the greatest percentage comes as construction and 
demolition wastes. These sum up to millions of tonnes of ceramic 
wastes generated annually and disposed as landfills all over the 
world [11, 12]. As at present, ceramic waste is not recycled in 
any significant quantity [10, 11, 12] and it is classified as non-

https://creativecommons.org/licenses/by-nc/2.0/
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biodegradable [12, 13]. Hence, its incorporation into concrete 
production will be a win-win situation to both the construction 
and ceramics industries. Moreover, ceramic wastes possess 
qualities expected to improve concrete properties. They are 
durable and hard with high resistance to physical, chemical 
and biological degradation [14, 15, 16]. They are pozzolanic 
with low density and high resistance to abrasion [10, 13].

Investigation on incorporation of ceramic wastes into 
concrete production is a novel line of research at international 
level. Most of the researches are on the use of ceramic wastes as 
aggregate and mostly as coarse aggregate with very few on its 
use as fine aggregate. Medina et al. [17] carried out extensive 
studies on strength properties of concrete with partial 
replacement of conventional coarse aggregate with ceramic 
sanitary ware waste aggregate and reported that the resulting 
concrete performs better than conventional concrete in terms 
of mechanical strengths and that these properties increase as 
the percentage of ceramic wastes aggregate increases. This 
result was in line with several other findings on ceramic 
sanitary ware waste aggregate concrete [18, 19] and those 
using other ceramic wastes as coarse aggregate [16, 20, 21]. 
These improved mechanical performances are attributed to 
the characteristics of ceramic waste aggregate – relatively high 
strength, irregular shape and rough surface texture – which 
enhance aggregate/cement paste bonding; and the refined pore 
system of the resulting concrete [23]. The few researches on use 
of recycled ceramic wastes as fine aggregate have also reported 
comparable or improved results. Alves et al. [24] reported 
that compressive strength does not seem to be significantly 
affected by incorporation of fine recycled brick aggregate when 
compared with conventional concrete. This was similar to the 
result of Aliabdo et al. [25] which showed that compressive 
strength remains the same or slightly improves as percentage 
of replacement with recycled bricks aggregate increases. 
Torkittikul and Chaipanich [14] observed that compressive 
strength of ceramic waste concrete increased with ceramic 
waste content and was optimum at 50% replacement; dropping 
when the ceramic waste content increased beyond 50%. This 
drop was however linked to workability problem posed by 
inclusion of ceramic waste aggregate. Comparable compressive 
strength was also reported by Elci with complete replacement 
of fine aggregate with recycled floor tile waste [10].  

Concrete properties at both fresh and hardened state are – 
to a great extent – determined by the proportions of the mix 
constituents. As such concrete mix design is of paramount 
important to concrete users and concrete mix optimization is 
of even more importance. The later involves careful selection 
and proportioning of concrete constituents to achieve the 
desired concrete properties at optimum point, usually at 
minimum cost. This was traditionally achieved through trial 
mixes on a trial and error bases [26, 27]. The traditional 
method has proved to be inefficient and could be very tedious 
and complex especially when dealing with concrete with 
many constituents. The use of statistical experimental design 
methodology is far more efficient and economical. In this 
approach, a set of trial batches is employed in any chosen 
statistically established procedure [27]. These mixes cover a 
chosen range of proportions for each concrete constituent. 

Statistical methods usually involve fitting empirical models 
to experimental data for each performance criterion. The 
resulting model equations are usually algebraic functions of 
individual component proportions which may include cement 
content, water/cement ratio, aggregate content, percentage of 
cement or aggregate replacement etc. as independent variables, 
while the required concrete properties like strength, slump, 
cost etc. are the dependent variables. With these equations, 
concrete mix optimization can easily be achieved with limited 
or no trial mix. In general, the process of optimizing a response 
using a collection of mathematical and statistical techniques 
for empirical model building is termed response surface 
methodology (RSM). RSM involves three major steps which 
are [25]: (1) design of experiment, (2) formulation of model 
equations, and (3) optimization of the equations under certain 
given constraints. Design of experiment (DoE) determines 
points where the desired responses should be evaluated; thereby 
establishing relationships between a number of independent 
variables and the responses. It allows multiple input factors to 
be manipulated simultaneously to determine their combined 
effects on the desired responses. The two major approaches 
to design of experiment are factorial method and mixture 
experiment [26, 27] and one of the first and most popular type 
of mixture experiment is the simplex-lattice design [28]. 

There are presently no such mathematical models for 
ceramic waste aggregate concrete and the need for such 
is imminent. This study aims to further investigate the 
feasibility of incorporating recycled ceramic waste tiles as 
fine aggregate in concrete production by studying the effect of 
ceramic tile waste aggregate content on compressive strength. 
Mathematical models are also formulated using Scheffe’s 
simplex lattice theory, for predicting and optimization of 
compressive strength, slump height and cost of concrete with 
partial or full replacement of river sand with ceramic tile waste 
fine aggregates.  

1.1 Simplex lattice design
Simplex lattice design is a form of mixture experiment 

which is a general technique for modelling response and 
components relationships. Mixture experiment techniques are 
mainly for cases where the response depends on the mass or 
volume proportions of individual components and not on their 
total mass or volume [29 – 32] and this is typical of concrete 
properties. If q denotes the number of mixture components, 
X1, X2, X3,…Xq,  and the desired response is denoted by y, then 
for a q-component mixture,

y = F(X1, X2, X3,… … …, Xq) (1)

For mixture experiments, no component should have a 
negative value and the sum of the component proportions 
must be equal to one. Mathematically these can be represented 
as:

 (2)
 (3)

Since the sum of component proportions (variables) is 
constrained to unity, it therefore follows that only (q-1) of the 
variables can be independently chosen. Hence, from Eq. (2),
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 (4)

1.1.1 Factor space in simplex lattice design
A lattice is an ordered and regular patterned distribution of 

points. In a q-component mixture experiment, the factor space 
is a regular (q-1) simplex and the relationships in Eqs. (1) to 
(4) holds [30, 32]. If q = 2, we have the lattice simplex as a 
straight line, for q = 3, it is an equilateral triangle while for q 
= 4, the simplex will be a regular tetrahedron with each vertex 
representing each of the components. As a result of Scheffe’s 
theory, simplex lattice designs are simply referred to as Scheffe’s 
simplex lattice design. Scheffe proposed that each component 
of the mixture in a mixture design resides on a vertex of a 
simplex lattice with (q-1) factor space such that if the degree of 
the polynomial to be fitted to the design is denoted by n, then 
a {q,n} simplex lattice for q-components consists of uniformly 
spaced points defined by all the possible combinations of (n+1) 
levels of each component [33].  

Properties of concrete depend on the adequate mass or 
volume proportioning of its constituents and not on its total 
mass or volume. Therefore, Scheffe’s optimization theory can 
be used to model and optimize concrete properties. Scheffe 
introduced polynomial regression to model responses. The 
general form of the polynomial equation of degree n in a 
q-component mixture is given as: 

     (5)

1.1.2 Scheffe’s reduced polynomial 
The number of terms in Eq. (5) is given as . This is also 

the minimum number of design points required to determine 
coefficients of the resulting model. However, by substituting 
Eq. (2) into (5), the number of terms in the polynomial can be 
reduced to:

  (6)
For a 5-compomponent mixture adopted in this work, the 

reduced second-degree polynomial can be obtained as follows 
[30 - 32, 34, 35]:  

From Eq. (5),

 
(7)

Recall from Eq. (2) that   
 (8)

Multiplying Eq. (8) by b0 gives 
 (9)

Multiplying Eq. (8) by X1, X2, X3, X4 and X5 in succession and 
rearranging the terms gives:

 (10)

Substituting  Eqs (9) and (10) into Eq. (7) and simplifying the 
terms gives:

 
(11)

If we denote  (12)
Eq. (11) then becomes: 

 
(13)

Eq. (13) is the reduced second-degree polynomial for a 
5-component mixture and the number of terms is 15 according 
to Eq. (6) as against 21. The reduced polynomial is generally 
referred to as conical polynomial or {q,n} polynomial and its 
general form is given as:

For linear (n = 1);  (14)

For quadratic (n = 2);  (15)

1.1.3 Interaction of components in Scheffe’s factor space 
In Scheffe’s simplex design, the mixture components are 

evenly distributed in the simplex. The proportions assumed by 
each component is n+1 equally spaced level from 0 to 1 based 
on Eq. (16).

 (16)

 Fig. 1 A {4.2} Scheffe’s simplex lattice showing pseudo ratios at design points
 1. ábra A {4.2} Scheffe szimplex rács, amely a pszeudó-arányokat mutatja a egyes 

tervezési pontokon

Thus, for a second-degree polynomial simplex design (n = 2), 
each component must take the levels: 0,  and 1 while for a cubic 
polynomial (n = 3), the levels are: 0, , and 1. Consider a {4,2} 
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simplex lattice as in Fig. 1. The factor space is a tetrahedron 
and each component assumes the proportions 0,  and 1. There 
are ten points at the boundaries and vertices of the tetrahedron 
corresponding to the number of terms in the reduced second-
degree polynomial in Eq. (15). At the vertices, the four points 
defined by (1,0,0,0); (0,1,0,0); (0,0,1,0) and (0,0,0,1) represent 
single component mixtures while the remaining six points 
each at the middle of each of the edges represent binary blends 
of two component mixtures. 

1.1.4 Determination of coefficients of Scheffe’s 
polynomial

There is a relationship between design points on Scheffe’s 
lattice simplex and number of terms in the reduced polynomial 
in Eqs. (13), (14) and (15). Thus, the coefficients of the 
equations can be expressed as functions of expected responses 
(yi) at the design and control points of the simplex. The general 
relationship between the two is given as:

 (17)

1.2 Augmented simplex lattice design
Simplex lattice design contains design points only at the 

vertices and edges of the simplex and contains just the necessary 
design points needed to formulate the model equations. As 
such, it is a saturated design [32, 35]. It does not give any 
information about the inside of the simplex. To augment 
simplex design, it is sometimes necessary to incorporate 
additional points within the inside of the simplex [26]. These 
additional points in addition to improving the simplex deign 
also help in testing the adequacy of the fitted model; hence they 
are also referred to as check points. According to Anya [26], the 
common practice is to augment the simplex by selecting design 
points at the centroid and at midway between the centroid and 
each of the vertices. Augmented simplex design still maintains 
the model equation form as that of simplex lattice design. 
However, estimated model coefficients differ slightly from 
those obtained using only simplex lattice design points.

 
2. Materials and methods

Investigation in this study was in two phases. In the first 
phase (Phase A), compressive strength of concrete with 
different replacement levels of conventional fine aggregate 
with Crushed Recycled-ceramic Tiles (CRT) was studied. 
In the second phase (Phase B), polynomial models were 
developed using Scheffe’s simplex lattice theory for predicting 
and optimization of compressive strength, slump and cost of 
concrete incorporating CRT as fine aggregate. 

 
2.1 Materials 

Materials used for laboratory experiments in both phases of 
this work were cement, water, river sand (RS), CRT and granite 
chippings. Cement and water served as binder, while river sand 
and CRT served as fine aggregates (FA) and granite chippings 
was used as Coarse Aggregates (CA). Unicem brand of 
Portland Limestone cement (Strength class 32.5R) conforming 
to NIS 444-1 [36] was used. The river sand was obtained from 

a river sand mining site at Ikot Ekong, Akwa Ibom State while 
granite chippings used was from a quarry in Akamkpa, Cross 
River State all in Nigeria. CRT used were floor and wall tiles 
that had passed through complete manufacturing process 
but were either cracked or broken during transportation and 
distribution process. They were obtained from a dealer in 
Uyo, broken into smaller pieces and crushed into the required 
size using a mechanical mill. Particle size distributions of fine 
aggregates and coarse aggregate used are shown in Table 1 and 
Table 2 respectively, while specific gravities and bulk densities 
of all the aggregates are shown in Table 3 and chemical 
composition of cement and CRT are presented in Table 4.

Sieve Size 
(mm) 3.35 1.70 0.85 0.425 0.300 0.212 0.075 Pan

%  
Passing

Sand 98.00 92.00 74.40 36.80 18.40 6.40 2.00 0.00

CRT 87.00 60.20 38.80 25.20 20.60 15.40 7.60 0.00

 Table 1 Particle size distribution for sand and CRT 
 1. táblázat A homok és a CRT szemcseméret-eloszlása

Sieve Size 
(mm)

28 20 13.2 13 10 8 6.7 pan

% Passing 100 99.6 81.7 80.3 43.6 26.1 7.0 0.0

 Table 2 Particle size distribution for CA 
 2. táblázat A CA szemcseméret-eloszlása

Property Sand CRT CA

Specific gravity 2.61 2.40 2.39

Bulk density (kg/m3) 1635 1373 1386

 Table 3 Physical properties of aggregates 
 3. táblázat Az adalékanyagok fizikai tulajdonságai

Compound
% composition by mass

Cement CRT

Iron Oxide (Fe2O3) 2.25 3.07

Aluminum Oxide (Al2O3) 4.73 17.50

Silicon dioxide (SiO2) 19.84 66.13

Calcium Oxide (CaO) 70.32 5.70

Manganese Oxide (MnO) 0.01 0.58

Magnesium Oxide (MgO) 1.47 2.14

Zinc Oxide (ZnO) 0.42

Sulfur trioxide (SO3) 0.03   - 

Sodium Oxide (Na2O) 0.08 0.09

Potassium Oxide (K2O) 0.72 1.02

LOI (Loss of Ignition) 1.01 3.30

 Table 4 Chemical composition of cement and CRT 
 4. táblázat A cement és a CRT kémiai összetétele

2.2 Mix proportion for phase A
In this phase, 12 different mixes were used based on the four 

mix proportions in Table 5. The mix proportions in Table 5 
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were designated A, B, C and D respectively. For each of them, 
the fine aggregate portions were obtained by combining sand 
and CRT with CRT content ranging from 0 to 100% with a step 
of 50%. Hence, for each mix proportion, three different mixes 
were obtained with percentage replacement of sand with CRT 
of 0%, 50% and 100%. 

2.3 Design of experiment for Phase B
In the second phase of this study which involved modelling, 

number of design components was five and the data would 
be fitted into Scheffe’s second-degree polynomial. Therefore, 
the mixture experiment was designed using augmented {5, 2} 
simplex lattice with the aid of a commercial statistical software, 
Minitab 16 and the design matrix is presented in Table 6. 
There were 21 design points and 27 runs. The 21 design points 
included 15 design points from Eq. (6), the centroid and five 
axial points. Six design points (the five vertices and centroid) 
were replicated and the runs were randomized. From Eqs (2) 
and (3), the lower and upper boundaries for each component 
were 0 and 1 respectively while the sum of all components 
for each run equals unity. From the design matrix, the five 
replicated runs that represent the five mixes at the vertices of 
the simplex were: Run Orders 10 and 22 (Vertex X1), 3 and 4 
(Vertex X2), 11 and 18 (Vertex X3), 6 and 12 (Vertex X4), then 
8 and 13 (Vertex X5). The results at these vertices would define 
the bound of the simplex and the resulting models.

Components A B C D

Cem II 32.5 (kg) 325 406 418.3 553.5

Fine Aggregate (kg)
(Sand + CRT) 

650 609 627.5 553.5

Coarse Aggregate (kg) 1300 1218 1255 1107

Water (kg) 195 243.5 209 249

w/c 0.6 0.6 0.5 0.45

 Table 5 Mix proportions per cubic meter of concrete for phase A 
 5. táblázat Az A fázis során használt beton keverék összetétele köbméterenként

2.3.1 Pseudo components and actual components
The relationship between pseudo components and real 

components is expressed in Eq. (18) where Z is a column 
matrix of real component ratios and X is a column matrix of 
the pseudo components at each run. A is a square matrix of 
actual mix (real components) corresponding to the pure blends 
at the five vertices of the simplex. These mixes were selected by 
the researchers through experience and a series of trial mixes. 

 (18)

The mix ratios at the respective vertices that formed the 
matrix A were as follows: 

At Vertex X1, we have the ratios of water (Z1), cement (Z2), 
sand (Z3), CRT (Z4) and CA (Z5) respectively as: [0.6 : 1 : 0 : 
1.5 : 3]. At the other four vertices we have [0.5 : 1 : 1.5 : 0 ; 3], 
[0.65 : 1 : 2.5 : 0 : 4.5], [0.4 : 1 : 1 : 0 : 2] and [0.45 : 1 : 0 : 1 : 2] 
respectively. Putting these into a matrix form we have:

 and substituting into  
Eq. (18), we now have

 (19)

Eq. (19) was used to compute components in real ratios that 
was used for sample preparation in Phase B. The computation 
was as follows:

At Run Order 1;

  Z1 = 0.55;  
Z2 = 1; Z3 = 0.75;  
Z4 = 0.75; Z5 = 3

At Run Order 2;

 Z1 = 0.5; Z2 = 1;  
Z3 = 0.5; Z4 = 0.75;  

Z5 = 2.5.

This procedure was carried out for the 27 run orders and 
the results are presented in Table 6 with their corresponding 
pseudo components.

2.4 Sample preparation and testing
Concrete batching was by weight for both phases of the 

experiments. For Phase A, the 12 different mixes described 
in Section 2.2 were batched. For the second phase, a total 
of 27 mixes were carried out corresponding to the 27 Run 
Orders in the design matrix in Table 6. Mixing, filling of 
molds, compaction and curing of concrete samples were in 
accordance with BS EN 12390-2 [37]. For each fresh mix in 
Phase B, workability was measured immediately after mixing 
using slump test and in accordance with BS EN 12350-2 [38]. 
Two slump tests were carried out for each mix. Three 100 mm 
× 100 mm × 100 mm concrete cube samples were prepared for 
each mix (in both phases) and cured by immersion in water 
for 28 days. Compressive strength tests were carried out on the 
28th day for each concrete cube sample using a compression 
testing machine conforming to BS EN 12390-4 [39] and having 
a test range of 0 – 2000kN. For each test, maximum load at 
failure was recorded and compressive strength was calculated 
by diving the failure load by the cross-sectional area of the 
sample. Three samples were tested for each mix and the average 
strength is reported in Fig. 2 and Table 7.
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3. Results and discussion
3.1 Effect of CRT content on compressive strength – Phase A

Result of compressive strength of the four prescribed mixes at 
their different levels of CRT content is presented in Fig. 2. From 
the result, it is obvious that incorporation of CRT significantly 
improves compressive strength of the resulting concrete. This is 
demonstrated in the four different mixes (A, B, C and D). For 
each of the mixes, samples with 100% CRT content performed 
best in terms of compressive strength followed by those with 50% 
CRT content, while samples with no CRT content performed 
least. This is similar to results of earlier studies with ceramic 
tiles waste aggregate [10, 11] and those with other ceramic waste 
aggregates [14, 18], although a few researchers have reported 
that replacement of conventional fine aggregate with ceramic 
waste aggregate does not produce any significant improvement 
in compressive strength of the resulting concrete [24, 25].  

3.2 Mathematical modelling – Phase B
3.2.1 Experimental responses for compressive strength
Table 7 presents the average characteristic compressive strength 

of concrete for the 27 runs. These values define the maximum and 

Run 
Order

Pseudo Components Components in Real Ratios % 
Replacement 
Of sand with 

CRT

X1 X2 X3 X4 X5 Z1 Z2 Z3 Z4 Z5

Water Cement Sand CRT CA

1 0.5 0.5 0 0 0 0.55 1 0.75 0.75 3 50.0

2 0.5 0 0 0.5 0 0.5 1 0.5 0.75 2.5 60.0

3 0 1 0 0 0 0.5 1 1.5 0 3 0.0

4 0 1 0 0 0 0.5 1 1.5 0 3 0.0

5 0.5 0 0.5 0 0 0.625 1 1.25 0.75 3.75 37.5

6 0 0 0 1 0 0.4 1 1 0 2 0.0

7 0 0.5 0 0.5 0 0.45 1 1.25 0 2.5 0.0

8 0 0 0 0 1 0.45 1 0 1 2 100.0

9 0.1 0.6 0.1 0.1 0.1 0.51 1 1.25 0.25 2.95 16.7

10 1 0 0 0 0 0.6 1 0 1.5 3 100.0

11 0 0 1 0 0 0.65 1 2.5 0 5 0.0

12 0 0 0 1 0 0.4 1 1 0 2 0.0

13 0 0 0 0 1 0.45 1 0 1 2 100.0

14 0.5 0 0 0 0.5 0.525 1 0 1.25 2.5 100.0

15 0.1 0.1 0.6 0.1 0.1 0.585 1 1.75 0.25 3.7 12.5

16 0.1 0.1 0.1 0.1 0.6 0.485 1 0.5 0.75 2.45 60.0

17 0 0 0.5 0 0.5 0.55 1 1.25 0.5 3.25 28.6

18 0 0 1 0 0 0.65 1 2.5 0 4.5 0.0

19 0.2 0.2 0.2 0.2 0.2 0.52 1 1 0.5 2.9 33.3

20 0.2 0.2 0.2 0.2 0.2 0.52 1 1 0.5 2.9 33.3

21 0 0 0 0.5 0.5 0.415 1 0.5 0.5 2 50.0

22 1 0 0 0 0 0.6 1 0 1.5 3 100.0

23 0.6 0.1 0.1 0.1 0.1 0.56 1 0.5 1 2.95 66.7

24 0.1 0.1 0.1 0.6 0.1 0.46 1 1 0.25 2.45 20.0

25 0 0.5 0.5 0 0 0.575 1 2 0 3.75 0.0

26 0 0.5 0 0 0.5 0.475 1 0.75 0.5 2.5 40.0

27 0 0 0.5 0.5 0 0.525 1 1.75 0 3.25 0.0

 Table 6 Design matrix for Phase B showing pseudo and real components 
 6. táblázat A B fázis tervezési mátrixa, amely mutatja a  pszeudó- és valós komponenseket egyaránt

minimum obtainable compressive strength response within the factor 
space of the simplex. The results also confirm that for any given mix, 
replacing river sand with CRT produces better compressive strength. 
This could be seen by comparing results at Vertex X4 (Run Orders 
6 and 12) with those at Vertex X5 (Run Orders 8 and 13). With the 
same mix ratio of 1:1:2 (cement: fine aggregate: Coarse aggregate), 
although the latter has a higher water/cement ratio than the former; 
its compressive strength was far higher than that of the former because 
CRT was used as 100% fine aggregate in the latter mix.

3.2.2 Experimental responses for slump
Workability of concrete mix for this work was measured 

in terms of slump height and the average results for each of 
the 27 runs are presented in Table 7. Slump values range from 
5 mm to 82.5 mm representing very low to very high slump 
according to Neville [6]. A close look at the slump values 
shows that mixes with CRT content have reduced slump 
heights compared to those without CRT. This has also been 
the trend in other reported researches [13, 14, 21, 24] and is 
linked to the high porosity and water absorption of ceramic 
waste aggregates [13]. The fact that ceramic waste aggregates 
are usually roughed-textured and angular in shape also results 
in increased friction which reduces workability.
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3.2.3 Cost estimate model data
The cost of material required to produce 1m3 of each of the 

mixes is also presented in Table 7. These values were obtained 
by adding up the products of the quantities of each constituent 
in a cubic meter of the mix and their respective unit price. The 
unit prices of the concrete components at the current rate are 
given in Table 8. These prices are only the cost of materials and 
exclude cost of labour and equipment for mixing. 

 Fig. 2 Compressive strength of mix A, B, C and D at different percentage of CRT content
 2. ábra Az A, B, C és D keverék nyomószilárdsága a CRT-tartalom különböző százalékánál

Component Water Cement Sand CRT CA

Cost per kg (USD) 0.001 0.120 0.005 0.025 0.016

 Table 8 Cost of concrete components per kg  
 8. táblázat Beton összetevők költsége kilogrammonként

3.2.4 Model formulation and validation
Calibration and validation of Scheffe’s augmented 

simplex lattice models were carried out using the respective 
experimental data in Table 7 with the aid of a commercial 
software, Minitab 16. The models were in pseudo components.

3.2.4.1 Model equation for compressive strength
Scheffe’s second degree polynomial was fitted to the compressive 

strength data in Table 7 based on Eq. (13). To avoid overfitting 
the model, backward elimination procedure of stepwise 
regression was used. As such, insignificant terms in the model 
were eliminated and the resulting number of terms were less 
than 15 as it should be based on Eq. (6) and (13). Table 9 shows 
estimated model coefficients for compressive strength model with 
the associated statistics at 95% confidence level, while Table 10 
presents results of analysis of variance (ANOVA) and Fig. 3 is the 
normal probability plot of the model residuals. From the ANOVA 

Run
Real Component Ratios

Slump fc,28 Cost/m3

Z1 Z2 Z3 Z4 Z5

Order Water Cement Sand CRT CA (mm) (N/mm2) (USD)

1 0.55 1 0.75 0.75 3 40.0 33.844 80.343

2 0.5 1 0.5 0.75 2.5 45.0 31.061 82.716

3 0.5 1 1.5 0 3 60.0 28.997 73.146

4 0.5 1 1.5 0 3 60.0 27.375 76.863

5 0.625 1 1.25 0.75 3.75 47.5 23.766 71.816

6 0.4 1 1 0 2 75.0 33.988 93.020

7 0.45 1 1.25 0 2.5 47.5 28.374 84.031

8 0.45 1 0 1 2 17.5 44.635 98.311

9 0.51 1 1.25 0.25 2.95 47.5 27.294 77.835

10 0.6 1 0 1.5 3 5.0 37.064 86.901

11 0.65 1 2.5 0 4.5 15.0 21.795 61.438

12 0.4 1 1 0 2 82.5 36.553 91.269

13 0.45 1 0 1 2 10.0 39.947 98.630

14 0.525 1 0 1.25 2.5 10.0 39.138 90.461

15 0.585 1 1.75 0.25 3.7 22.5 25.427 69.030

16 0.485 1 0.5 0.75 2.45 10.0 34.644 87.770

17 0.55 1 1.25 0.5 3.25 15.0 25.197 74.589

18 0.65 1 2.5 0 4.5 20.0 19.113 60.397

19 0.52 1 1 0.5 2.9 25.0 27.549 78.195

20 0.52 1 1 0.5 2.9 35.0 29.245 78.848

21 0.425 1 0.5 0.5 2 5.0 40.417 96.868

22 0.6 1 0 1.5 3 5.0 33.808 82.051

23 0.56 1 0.5 1 2.95 15.0 30.511 82.880

24 0.46 1 1 0.25 2.45 52.5 31.286 85.390

25 0.575 1 2 0 3.75 10.0 23.872 67.693

26 0.475 1 0.75 0.5 2.5 40.0 33.977 86.024

27 0.525 1 1.75 0 3.25 70.0 26.891 72.030

 Table 7 Compressive strength and slump tests results including costs of materials per m3 of concrete  
 7. táblázat Nyomószilárdsági és roskadási vizsgálatok eredményei, valamint az anyagköltségek (egy m3 betonhoz)
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table, it could be seen that both linear and quadratic sources are 
significant since each has a p-value less than 0.05. However, it has 
been a standard practice to select the highest degree model as long 
as it is significant [26, 27]. Hence, quadratic model being of higher 
degree was selected. Thus, if the five vertices of the designed {5, 2} 
simplex lattice are represented in pseudo form as X1, X2, X3, X4 and 
X5 respectively, then compressive strength model equation based 
on Eq. (13) is presented as:

 (20)

Term Coef SE Coef T P

X1 35.71 0.9727 * *

X2 27.95 0.9170 * * 

X3 20.42 0.9739 * * 

X4 35.46 0.9739 * *  

X5 42.13 0.9170 * *  

X1*X3 -17.54 6.6288 -2.65 0.016  

X1*X4 -20.02 6.6288 -3.02 0.007  

X2*X4 -15.60 6.6371 -2.35 0.030  

X3*X5 -24.45 6.6371 -3.68 0.002  
S = 1.55976 R-Sq = 95.62% 

R-Sq(pred)= 87.31% R-Sq(adj)= 93.67%

Legend:  Coef = Coefficients of Terms;  SE Coef = Standard Error;  
T = t-test value;  P = p-value;   S = Variance; 
 Table 9 Estimated regression coefficients for compressive strength model
 9. táblázat Becsült regressziós együtthatók a nyomószilárdság modelljéhez

Validation and test of adequacy:
Normal probability plot in Fig. 3 shows a close distribution of 

the model residuals along a reference line. The plot has a p-value 
of 0.72 (which is greater than 0.05). Hence, the null hypothesis – 
which states that the data follow a normal distribution – cannot 
be rejected. This indicates that the residuals of the model follow 
a normal distribution and justifies the use of ANOVA. The 
analysis of variance table in Table 10 shows an insignificant lack-
of-fit with a p-value of 0.945 (> 0.05). These and other statistical 
values in Table 9, like r-squared value of 95.62%, adjusted 
r-squared of 93.67% and predicted r-squared of 87.31% confirm 
the adequacy of Eq. (20) for predicting 28th day compressive 
strength of recycled ceramics tile waste concrete. 

Source DF Seq SS Adj SS Adj MS F P

Regression 8 955.56 955.56 119.445 49.10 0.000

Linear 4 866.05 793.13 198.282 81.50 0.000

Quadratic 4 89.51 89.51 22.378 9.20 0.000

X1*X3 1 16.02 17.03 17.034 7.00 0.016

X1*X4 1 24.29 22.19 22.192 9.12 0.007

X2*X4 1 16.18 13.44 13.443 5.53 0.030

X3*X5 1 33.02 33.02 33.016 13.57 0.002

Residual Error 18 43.79 43.79 2.433

Lack-of-Fit 12 17.86 17.86 1.488 0.34 0.945

Pure Error 6 25.93 25.93 4.322

Total 26 999.35 

Legend:  DF = Degree of Freedom; Seq SS = Sequential Sum of Squares; F = F-value
Adj SS = Adjusted Sum of Squares; Adj MS = Adjusted Mean Squares;   
 Table 10 Analysis of variance for compressive strength model
 10. táblázat Variancia-elemzés a nyomószilárdság modelljéhez

 Fig. 3 Normal probability plot for compressive strength model residuals
 3. ábra Normál valószínűségi diagram a nyomószilárdsági modell maradékaihoz

3.2.4.2 Model equation for slump and cost
Scheffe’s augmented simplex lattice models for slump height 

and cost, based on Eq. (13) were fitted to the respective data 
in Table 7. Cost estimation is usually modelled linearly by 
summation of cost of concrete components [28] but this was 
not possible with this work since the independent variables 
were not concrete components in proportions, rather pseudo 
components of the simplex. Procedures for model calibration 
and validation were the same as that of compressive strength 
model described in 3.2.4.1. Estimated regression coefficients 
and analysis of variance results for both models are presented 
in Tables 11 to 14 while normal probability plots of model 
residuals are presented in Fig. 4 and Fig. 5. Using the respective 
model coefficients from Tables 11 and 13, Scheffe’s second 
degree polynomials for slump and cost are presented in Eq. 
(21) and (22) respectively. 

    (21)

 (22)

Term Coef SE Coef T P

X1 5.3 3.207 * *

X2 63.3 3.402 * *

X3 16.5 3.603 * *

X4 79.8 3.603 * *

X5 13.1 3.207 * *

X1*X3 131.9 23.223 5.68 0.000

X2*X3 -117.8 23.196 -5.08 0.000

X2*X4 -85.1 23.196 -3.67 0.002

X3*X4 85.1 23.169 3.67 0.002

X4*X5 -166.1 23.223 -7.15 0.000

S = 5.45502 R-Sq = 96.47%

R-Sq(pred) = 83.17% R-Sq(adj) = 94.60%

 Table 11 Estimated regression coefficients for slump model
 11. táblázat Becsült regressziós együtthatók a roskadás modelljéhez
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Source DF Seq SS Adj SS Adj MS F P

Regression 9 13815.4 13815.4 1535.05 51.59  
0.000

Linear 4 9774.6 10581.2 2645.30 88.90 0.000

Quadratic 5 4040.8 4040.8 808.17 27.16 0.000

X1*X3 1 784.8 960.7 960.66 32.28 0.000

X2*X3 1 909.1 768.0 767.98 25.81 0.000

X2*X4 1 373.4 400.2 400.18 13.45 0.002

X3*X4 1 450.8 401.5 401.51 13.49 0.002

X4*X5 1 1522.7 1522.7 1522.68 51.17 0.000

Residual Error 17 505.9 505.9 29.76

Lack-of-Fit 11 387.1 387.1 35.19 1.78 0.248

Pure Error 6 118.7 118.7 19.79

Total 26 14321.3

 Table 12 Analysis of variance for slump model
 12. táblázat Variancia-elemzés a roskadás modelljéhez

Term Coef SE Coef T P

X1 35168 315.9 * *

X2 31210 296.4 * *

X3 25305 335.2 * *

X4 38584 335.2 * *

X5 40934 315.9 * *

X1*X4 -9461 2283.8 -4.14 0.001

X3*X4 -7926 2281.3 -3.47 0.003

X3*X5 -8848 2283.8 -3.87 0.001
S = 537.693 R-Sq = 98.86%

R-Sq(pred)= 97.29% R-Sq(adj)= 98.44%

 Table 13 Estimated regression coefficients for cost model
 13. táblázat Becsült regressziós együtthatók a költségmodellhez

Validation and test of adequacy:
Again, normal probability plots in Fig. 4 and Fig. 5 both show close 

distribution of their respective model residuals along a reference 
line. The plots have p-values of 0.92 and 0.847 (which are both 
greater than 0.05) respectively. Hence, the null hypothesis cannot 
be rejected. These indicate that the residuals of both models follow 
a normal distribution and justifies the use of ANOVA. The analysis 
of variance tables in Tables 12 and 14 show insignificant lack-of-fits 
with p-values of 0.248 and 0.987. These and other statistical values 
in Tables 12 and 14, like r-squared values of 96.47% and 98.86%, 
adjusted r-squared of 94.6% and 98.44% and predicted r-squared of 
83.17% and 97.29% confirm the adequacy of Eqs. (21) and (22). 

Source DF Seq SS Adj SS Adj MS F P

Regression 7 476930824 476930824 68132975 235.66 0.000

Linear 4 464094664 442322554 110580639 382.48 0.000

Quadratic 3 12836160 12836160 4278720 14.80 0.000

X1*X4 1 5241710 4962268 4962268 17.16 0.001

X3*X4 1 3254759 3489671 3489671 12.07 0.003

X3*X5 1 4339691 4339691 4339691 15.01 0.001

Residual 
Error

19 5493161 5493161 289114

Lack-of-Fit 13 1845746 1845746 141980 0.23 0.987

Pure Error 6 3647415 3647415 607903

Total 26 482423985

 Table 14 Analysis of variance for cost model
 14. táblázat Varianciaanalízis a költségmodellhez

 Fig. 4 Normal probability plot for slump model residuals
 4. ábra Normál valószínűségi diagram a roskadás modelljének maradékaihoz

3.3 Sample optimization
RSM combines mathematical and statistical methods of 

experiment design, regression analysis and optimization to provide 
approaches to mixture optimization. Hence, once the required 
responses have been modeled, optimization can easily be carried 
out for any set of desired criteria. In this study, having formulated 
model equations for compressive strength, slump height and cost 
estimate, sample optimization of recycled ceramic waste concrete 
mix was carried out with the aid of Altair Hyperstudy software 
using three different techniques. The techniques were: Adaptive 
Response Surface Method (ARSM), Global Response Search 
Method (GRSM) and Sequential Quadratic Programming (SQP). 
The main objective of the optimization was to generate the most 
cost-effective mix designs with compressive strength of at least 35 
MPa and minimum slump of 25 mm.  

 Fig. 5 Normal probability plot for cost model residuals
 5. ábra Normál valószínűségi diagram a költségmodell maradékaihoz

3.3.1 Formulation of optimization problem
Design variables for this optimization were the five concrete 

components in pseudo form denoted as X1, X2, X3, X4 and 
X5 while Eq. (3) was used as side constraints for each of the 
variables. The initial value for the variables was 0.2 representing 
the centroid of the simplex. Since the objective was to minimize 
cost, the cost model in Eq. (22) was used as objective function. 
Design constraints were formulated as below based on Eqs. (2), 
(20) and (21):
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3.3.2 Optimization results
Optimization results for the three techniques are presented in 

Table 15. Outputs from Hyperstudy were in pseudo components 
and were therefore transformed to real component ratios using 
Eq. (19). The three techniques all started their search from the 
centroid of the simplex using iteration approach. Surprisingly, 
they arrived at their optimum at different points in the simplex 
leading to different results. However, GRSM seems to be the 
most suitable for this optimization because it achieved the 
most economical mix of $92.77 per m3, while still maintaining 
the required compressive strength and slump height. 

3.4 Discussion of results 
Results from this work, especially that of Phase A as 

presented in Fig. 2, has confirmed that incorporation of CRT 
as fine aggregate in concrete increases its compressive strength. 
This increase is directly proportional to the percentage 
replacement of sand with CRT. This is not surprising because 
similar results have been reported elsewhere [10, 11, 14, 18] 
although some with the use of other ceramic aggregates other 
than CRT. Torkittikul and Chaipanich had earlier reported 
50% as the optimum replacement level and discouraged 
higher replacement level [14]. However, it should be noted 
that their decline in compressive strength at replacement level 
higher than 50% was due to reduced workability associated 
with the increased ceramic aggregate content. Replacement 
of conventional fine aggregate with ceramic aggregate can 
therefore be up to 100% depending on the workability of a mix. 
Most ceramic aggregates are porous and possess higher water 
absorption property than sand [10, 13, 14, 24]. This means that 
during mixing, ceramic aggregates absorb more water than 
sand, thereby reducing the actual quantity of water used for 
lubricating the mix constituents. Hence, in designing such mix, 
provision should be made for this absorbed water. 

Using Scheffe’s simplex theory, polynomial models have been 
developed for compressive strength, workability and cost of 
CRT aggregate concrete. The use of stepwise regression during 
modelling procedures ensured that all insignificant variables 
were removed from the model predictors to avoid overfitting. 

Optimization 
technique

Pseudo components Real Component Ratios Response

X1 X2 X3 X4 X5 Z1 Z2 Z3 Z4 Z5 fc,28 Slump Cost

Water Cement Sand CRT CA (MPa) (mm) (USD)

ARSM 0.123 0.000 0.037 0.559 0.281 0.448 1.000 0.652 0.466 2.216 35.10 25.83 90.379

GRSM 0.437 0.305 0.000 0.000 0.258 0.531 1.000 0.458 0.914 2.742 35.00 25.00 84.710

SQP 0.000 0.000 0.116 0.549 0.335 0.446 1.000 0.839 0.335 2.290 35.00 25.00 89.598 

 Table 15 Optimum mix in pseudo and real components and their corresponding responses 
 15. táblázat A pszeudó- és valós komponensek optimális keveréke és az azokhoz tartozó mechanikai tulajdonságok és költségek

This practice paid off and its benefits are demonstrated in the 
model statistics shown in Tables 9 – 14 and Figs. 3 – 5. Tables 
9, 11 and 13 show that only significant model terms at 95% 
confidence level (terms with p-values less than 0.05) were 
selected as predictors for each of the formulated models. The 
high r-squared, adjusted r-squared and predictive r-squared 
values reflects the high quality of the models. While r-squared 
and adjusted r-squared values show how well the models fit 
their respective data, the high predictive r-squared values 
indicate how well the formulated models can predict new 
responses outside the design points. The three models show 
insignificant lack-of-fit as indicated in ANOVA tables in Tables 
10, 12 and 14. 

Maximum predictable response from the compressive 
strength model was 42.13MPa existing at vertex X5 of the 
simplex and corresponding to mix ratio 0f 0.45:1:0:1:2 for water, 
cement, sand, CRT and CA. On the other hand, the lowest 
predictable compressive strength was found to be 20.34MPa 
existing very close to Vertex X3 and corresponding to mix 
ratio of 0.64:1:2.35:0.06;4.35. This means that the compressive 
strength model can be used to predict concrete grades C16/20 
to C30/37 according to BS EN 206 [40] and this falls within 
the range of commonly used concrete grades especially for 
reinforced concrete.

4. Conclusions
In this study, effect of CRT fine aggregate content on 

compressive strength of concrete have been studied. From the 
experimental investigations, incorporation of this recycled 
waste aggregate increases compressive strength of concrete 
and the increase is directly proportional to the percentage 
replacement of sand with CRT. Authors therefore recommends 
up to 100% replacement of conventional fine aggregate with 
ceramic aggregate depending on the workability of the 
mix. Scheffe’s second degree polynomial models were also 
formulated for compressive strength, slump height and cost 
of concrete incorporating CRT as fine aggregate. Stepwise 
regression was used during model fitting and selections. The 
models were validated using analysis of variance and normal 
probability plots of model residuals and their adequacies were 
confirmed. Maximum and minimum predictable compressive 
strengths were 42.13 MPa and 20.34 MPa respectively 
indicating that the compressive strength model can be used to 
predict concrete grades C16/20 to C30/37 according to BS EN 
206. Optimization was carried out using three optimization 
techniques (ARSM, GRSM and SQP) to obtain the most 
economical mix with a compressive strength of at least 35 MPa 



építôanyagépítôanyag § Journal of Silicate Based and Composite Materials

 Vol. 73, No. 3  2021/3  építôanyagépítôanyag  JSBCM JSBCM |   101

and slump height of at least 25mm. From optimization results, 
the three techniques arrived at optimum at different points 
in the simplex leading to different results. However, GRSM 
proved to be the most suitable technique for this purpose. With 
the model equations, similar optimization can be carried out 
for any desired response within the simplex. 
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Abstract
The paper presents the results of research on the possibility of reusing selected types of foundry 
waste, i.e. used molding and core sands and dust obtained in the process of their regeneration, 
as alternative or supplementary materials in relation to the quartz sand originally used in 
manufacturing of sand-lime bricks. In the production technology of sand-lime products, quartz 
sand is used as aggregate. A rational factor in favor of such a technological solution is the high 
content of crystalline silica in the waste molding and core sands, in which the mineral matrix is 
composed of good quality quartz sands. 
The research concept covers production of a series of samples of autoclaved silicate materials 
formed by pressing, from raw material mixtures involving the discussed waste materials. In the 
laboratory tests conducted for the preparation of autoclaved materials of the sand-lime brick 
type, apart from traditional raw materials in the form of natural quartz sand and burnt lime, 
different molding waste and/or core sand materials and post-regenerative dusts were used for 
composing raw material mixtures. Foundry industry wastes were introduced into the basic raw 
material based on the gradually increasing substitution of quartz sand, in the amount within the 
range of 0 - 100% (wt. %).
The assessment of the possibility of using the discussed waste materials in the indicated direction 
was based on the result of a comparative analysis, covering the main functional characteristics of 
two types of materials, i.e. reference material, obtained from raw material mixture, containing no 
waste and series of experimental materials, produced with various quantitative and qualitative 
contributions of waste materials. The characteristics of the obtained autoclaved materials are 
also supplemented by the results of the leaching tests, for heavy metal elements and the analysis 
of selected aspects of the microstructure carried out by the SEM and EDAX method.
The results of the research show that it is possible to use casting waste compounds after their 
processing, in the production of autoclaved sand-lime products. This processing of wastes is two-
stage operation. The purpose of the first stage is to restore the primary graining of quartz sand 
used to obtain foundry moulds and cores, while the second stage is to remove the organic binder 
residues that appear on the quartz sand grains in the form of thin layers hindering the reaction 
with burnt lime.
Keywords: calcium silicate brick, moulding and core waste, organic binder residue, heavy metal 
leaching
Kulcsszavak: kalcium-szilikát tégla, öntési és maghulladék, szerves kötőanyag maradványok, 
nehézfémek kioldódása

Zdzisław PYTEL 
is a Doctor in Department of Building Materials 

Technology, Faculty of Materials Science and 
Ceramics, AGH University of Science and 

Technology, Cracow, Poland. His special field is 
utilization of waste by-products (especially fly 

ashes) in ceramic building materials made from 
clays and in the range of cementitious materials 
in concrete technology. He has worked for many 
years projects connected with sand-lime bricks 

production.

1. Introduction
Foundry and core molds are in most cases single-use casting 

molds. In practice, this means that after the process of casting 
metals or their respective alloys has been completed and the 
castings are removed from the molds, they are treated as a 
waste. Thus, they are intended for storage on various types 
of landfills, with virtually no possibility of their reuse in the 
foundry process. Considering the fact that the used foundry 
molds contain a large amount of silica in the form of β-quartz, 
there are rational premises for their secondary use in non-
foundry areas. A good example here can be the building 
materials industry, and more precisely those manufacturing 
technologies that require the use of large quantities of quartz 
sand [1-6]. The assessment of the possibility of reusing quartz 
sand obtained from the recycling of used foundry molds was 
analyzed on the example of the autoclaved building materials 

technology based on natural sand and burnt lime as basic 
raw materials. In the conducted tests, it was assumed that 
the silica material obtained as a result of processing of used 
casting molds [7] will act as aggregate in raw material mixtures 
intended for obtaining autoclaved materials. Therefore, it will 
be a partial or complete substitute (replacement) of natural 
quartz sand, commonly used as aggregate for the production of 
pressed silicate products. The usefulness of these quartz sands, 
derived from the recycling of used foundry and core molds, 
for obtaining this type of products was determined based on 
the results of comparative analysis. The scope of this analysis 
included the basic functional characteristics of autoclaved 
materials obtained with this type of sands (materials with 
experimental compositions) in relation to the properties of 
reference materials. On the other hand, in order to confirm 
or eliminate the potentially negative impact on the natural 
environment regarding the release of heavy metals from 

https://creativecommons.org/licenses/by-nc/2.0/
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silicate products obtained with the used of cast foundry sands, 
which process can take place throughout their entire lifetime, 
leachability tests were carried out [8-14]. The results obtained 
during the research are presented in this paper.

2. Materials
During the implementation of this research work, traditional 

and alternative raw materials were used to obtain silicate 
product. Industrial raw materials were used as the basic raw 
materials, while the alternative to quartz sand of natural origin 
raw material was silica material recycled from the used foundry 
masses showing different properties, determined mainly by the 
type of binder used to prepare them. The group of basic raw 
materials therefore comprised:
	■ quartz sand of natural origin (symbol QS-LU),
	■ highly reactive ground burnt lime, non-slaked lime 

obtained in industrial conditions (symbol LBU-HR),
	■ distilled water (symbol DW).

On the other hand, the group of alternative silica raw 
materials used as a partial or complete substitute for natural 
quartz sand were quartz sands obtained from the recycling of 
used foundry masses. These masses represented various types 
of waste foundry or core molds occurring alone or in the form 
of appropriate compositions. Used foundry sands included in 
the research program were of the following types:
	■ casting mass with an organic binder in the form of 

furan resin (symbol WSK-FU and MP-FU),
	■ casting mass from Cold Box technology (symbol WSK-

CB),
	■ a mixture of different types of used foundry masses 

(symbol WSK-M),
	■ water-glass casting mass (symbol MO-WG),
	■ alkaline-phenol casting mass (symbol MO-AF),
	■ regenerative dusts obtained as a result from 

regeneration of casting mass with furan resin (symbol 
MP-P).

At the same time, it is worth noting that the abovementioned 
used foundry sands were derived from the same type of quartz 
sand from the “Grudzeń Las” mine (symbol QS-GL) used to 
obtain foundry and core masses.

The raw material mixtures intended for the preparation 
of individual series of samples were characterized by a 
constant quantitative composition, while a variable qualitative 
composition. The constant quantitative composition of these 
mixtures was ensured by the same shares of aggregate, binder 
and water in them, which were 83.6%, 8.0% and 8.4% (wt. 
%) respectively. The given shares of burnt lime and water 
resulted from the adopted design assumptions regarding the 
constant of activity “A” and humidity “w” of the raw material 
mixtures. The variability of the qualitative composition of 
the raw material mixtures, intended for the preparation of 
experimental materials, was obtained as a result of gradual 
(25, 50 and 100 wt. %) substitution of quartz sand QS-LU 
by the sands obtained from recycling, diversified in terms of 
properties and source of used foundry masses. In addition, 

it was assumed that the degree of processing of used casting 
sands has a significant impact on the quality of the silicate 
materials obtained. In connection with the above, in the first 
stage of research, waste casting sands were subjected to an 
initial processing process, aimed only at restoring the original 
granulation of the quartz matrix. On the other hand, in the 
second stage of the study, casting sands were subjected to 
additional mechanical treatment consisting of a short-term 
“dry” milling process, carried out to remove the residue of 
organic binders from the quartz matrix grains surface. It is 
worth noting that in the second stage of testing, silicate samples 
were obtained from raw material mixtures, characterized by a 
constant share of foundry waste, constituting 25% of the mass 
of natural quartz sand.

Individual series of samples of silicate materials prepared 
from raw material mixtures of specified compositions were 
obtained each time in a fixed and repeatable manner. Their 
activity and humidity were monitored all the time. Required 
amounts of individual components, resulting from the 
adopted quantitative composition, were subjected to a two-
stage homogenization process; at the beginning without the 
participation of water, and then with its participation. Distilled 
water was added in the amount necessary for the total hydration 
of quicklime and obtaining 6% of the mixture moisture. In 
order to carry out the lime slaking process, the raw material 
mixture was placed in a sealed glass vessel and kept for about 
1 hour in a laboratory dryer at a temperature of 65 °C. After 
this period of time, the raw material mixture was cooled to 
ambient temperature and subjected to final homogenization. 
From the mass prepared in this way, cylindrical samples with 
dimensions of diameter and height equal to 25 mm were 
formed using a fold-out metal mold. Sample formation was 
carried out using a hydraulic press method of two-sided and 
two-stage pressing with interstage venting, at pressures of 
10 and 20 MPa, respectively. 12 samples were formed in the 
same way for each mass composition. Then the samples were 
placed in Teflon crucibles, which in turn were inserted into 
the chambers of steel pressure cylinders acting as laboratory 
autoclaves. Stainless-steel cylinders, containing samples and 
distilled water located in its lower part, were inserted into 
the heater and subjected to the heating process according to 
a specific regime. In this way the process of hydrothermal 
treatment of samples under laboratory conditions was carried 
out. The conditions used in the sample treatment, reflected the 
conditions for processing of sand-lime products in industrial 
autoclaves and were as follows:
	■ saturated steam pressure - 1.002 MPa
	■ steam temperature  - 180 ºC
	■ total autoclaving time - 9.5 hours

3. Methods
The samples obtained in hydrothermal conditions were tested 

for the determination of their basic performance characteristics. 
The tests of physical properties were carried out in accordance 
with the scope and procedures given in the product standard 
PN-EN 771-2: 2004 [15] and the standards referred to selected 
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properties, in particular concerning: compressive strength - 
PN-EN 772- 1: 2001 [16] and dry density - PN-EN 772-13: 
2001 [17]. According to the reference documents provided, 
the scope of testing of these materials included the following 
performance parameters:
	■ compressive strength fb,
	■ dry density (in parallel with two methods): r0

n,u and 
r1

n,u,
	■ cw water absorption.

In addition, open porosity P0 was determined after the 
obtained materials by hydrostatic weighing [18].

In case of each prepared mixtures intended for obtaining a 
given series of samples, its molding moisture “w” and activity 
“A” were monitored [19, 20]. The moisture content was 
determined by the drying method as the average of two samples. 
On the other hand, the activity of raw material mixtures was 
determined by a chemical method consisting of titration a 
specified amount of mass taken in a wet state with 1M HCl in 
the presence of a 1% alcohol solution of phenolphthalein. The 
amount of acid needed to neutralize calcium hydroxide, i.e. 
the disappearance of the pink color of the suspension, was the 
basis for calculating the percentage of CaO in the dry form and 
thus its activity (Table 1).

Determination of the leaching level of selected heavy metals 
in case of silicate samples containing different categories of 
waste molding and/or core sands was carried out in accordance 
with the procedure given in the standard PN-EN 12457-
2 [21]. The subject of the analysis were eluates prepared in 
accordance with the guidelines given in this standard, while the 
determination of the content of selected heavy metals and the 
interpretation of the obtained test results was made according 
to the criteria given in the PN-EN ISO 11885 standard [22]. 
Determination of the content of heavy metal elements in the 
prepared eluates was performed by the method of atomic 
emission induction spectrometry (ICP-AES), using the ICP 
emission spectrometer of the Perkin-Elmer company (model 
Plasma 400). The measurements included determination of the 
content of the following elements: chromium, copper, cobalt, 
molybdenum, selenium, vanadium, zinc, tellurium, lead, 
cadmium, nickel, tin, antimony, arsenic, boron and barium.

The microstructure examination of the sand-lime materials 
containing the used casting sands was carried out using the 
NOVANANO SEM 200 scanning electron microscope equipped 
with EDAX microanalyzer, FEI COMPANY.

4. Results
The results concerning the examination of the technological 

properties of the masses regarding their humidity and activity, 
as well as the basic functional properties of the sand-lime 
materials obtained with the use of used casting sands are 
presented in the Table 1.

The results of the microstructure elements examination of 
selected silicate materials obtained are presented in Fig. 1.

The results of the heavy metal leaching tests are presented 
in Table 2.

a) PK-LU sample (reference sample of the I stage of the research)

b) Sample WSK-FU25 (experimental sample of the I stage of the research)

c) mPK-LU25 sample (reference sample of the II stage of the research)

d) mWSK.-FU25 sample (experimental sample of the II stage of the research)

 Fig. 1 Microstructure of autoclaved sand-lime samples.
 1. ábra Autoklávozott homok-mész minták mikrostruktúrája
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Mass symbol
//

Sample symbol

Technological properties of masses Functional properties of silicate materials samples

w, [%] A, [%] ρ0
n,u, [g/cm3] ρ1

n,u, [g/cm3] fb, [MPa] cw, [%] Po, [%]

I stage of research
PK-LU 6.2 7.6 1.81 1.85 25.6 12.7 23.4
WSK-FU25

4.4 7.5 1.76 1.81 23.5 14.0 25.4
WSK-FU50

6.4 6.9 1.74 1.78 15.7 15.1 26.8
WSK-FU100

4.6 7.6 1.70 1.76 10.3 14.5 25.4
WSK-CB25

4.2 7.6 1.77 1.81 23.0 14.6 26.4
WSK-CB50

4,6 7.5 1.75 1.79 16.7 15.5 27.8
WSK-CB100

4.6 7.5 1.69 1.75 8.3 16.3 28.5
WSK-M25

5.7 7.7 1.86 1.85 19.2 13.5 25.0
WSK-M50

5.7 7.6 1.80 1.84 19.6 14.3 26.2
WSK-M100

5.6 7.3 1.75 1.75 20.2 17.0 29.7
MO-WG25

5.5 7.7 1.79 1.82 15.4 13.5 24.7
MO-WG50

5.3 8.0 1.76 1.81 11.8 13.4 24.3
MO-WG100

4.8 7.3 1.70 1.78 8.0 13.8 24.5
MO-AF25

4.1 7.5 1.79 1.83 22.5 14.0 25.8
MO-AF50

5.1 7.4 1.77 1.81 15.5 15.4 28.0
MO-AF100

6.5 7.4 1.76 1.81 10.5 15.9 28.8
MP-FU25

4.7 7.5 1.78 1.82 9.9 15.4 27.9
MP-FU50

5.1 7.4 1.76 1.79 4.1 16.9 30.2
MP-FU100

6.4 7.4 1.71 1.70 1.1 19.8 33.7
MP-P25

6.1 7.4 1,76 1.79 13.7 15.3 27.3
MP-P50

6.8 7.0 1.65 1.65 7.2 19.5 32.2
MP-P100

6.2 6.6 1.38 1.35 4.9 31.1 42.0
II stage of research

mPK-LU25 6.2 7.5 1.82 1.85 30.7 12.4 22,9
mWSK-FU25

5.9 7.5 1.81 1.84 30.0 12.7 23,4
mWSK-CB25

5.7 6.5 1.79 1.82 28.0 13.5 24,7
mWSK-M25

6.2 7.0 1.84 1.85 16.6 13.7 25,4
mMO-WG25

6.4 7.4 1.80 1.84 19.3 12.4 22,8
mMO-AF25

7.3 7.4 1.82 1.85 27.7 13.1 24,3
mMP-FU25

6.3 7.4 1.82 1.85 11.4 14.1 26,2

 Table 1 Summary of the results obtained for raw material mixtures and autoclaved materials
 1. táblázat A nyersanyag-keverékekkel és autoklávozott anyagokkal kapott eredmények összefoglalása

Analyzed
component

Sample designation
 Admissible critical  

leaching levels liquid/solid phase = 10 
L/kg for: 

Reference 
data ac-

cording to

PK-
LU MO-SW50 MO-AF50 MP-FU50 WSK-CB50 WSK-FU50 WSK-M50

MP-
P50

Neutral 
wastes

Other than neut-
ral and hazardous 

wastes

Hazar-
dous 

wastes

[14, 22, 
25]

Leaching of the given component mg/kg of dry mass mg/L
Chromium(total) 0.04 0.17 0.08 0.16 0.10 0.09 0.19 0.37 0.5 10 70 0.027
Copper 0.05 0.03 0.02 <0.01 0.09 0.23 <0.01 0.02 2 50 100 0.148
Cobalt <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 - (*) - (*) - (*) 0.003
Molybdenum 0.24 0.11 0.11 <0.01 0.11 0.09 0.23 0.11 0.5 10 30 - (**)

Selenium <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.1 0.5 7 - (**)

Vanadium 0.21 <0.01 0.14 <0.01 0.22 0.08 0.21 0.09 -(*) - (*) - (*) - (**)

Zinc 0.10 0.31 0.05 0.38 0.16 0.07 0.09 0.05 4 50 200 0.380
Tellurium <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 - (*) - (*) - (*) - (**)

Lead <0.01 0.21 <0.01 <0.01 <0.01 0.24 0.11 0.35 0.5 10 50 0.063
Cadmium <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.04 1 5 0.003
Nickel 0.05 0.05 0.06 0.07 0.03 0.10 0.06 0.04 0.4 10 40 0.048
Tin <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 <0.06 - (*) - (*) - (*) - (**)

Antimony <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.06 0.7 5 - (**)

Arsenic <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.5 2 25 0.047
Boron <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 - (*) - (*) - (*) - (**)

Barium 2.26 3.96 1.94 3.78 1.70 2.02 1.97 2.03 20 100 300 0.707
(*) - no reference data          (**) - no data available

 Table 2 Leaching of heavy metals from samples containing used molding and core sand
 2. táblázat Nehézfémek kimosódása öntvényt és maghomokot tartalmazó mintákból



építôanyagépítôanyag § Journal of Silicate Based and Composite Materials

 Vol. 73, No. 3  2021/3  építôanyagépítôanyag  JSBCM JSBCM |   107

5. Discussion
Analyzing the obtained test results presented in Table 

1 it should be stated that the numerical values of the tested 
parameters of the obtained materials are clearly influenced 
by both the share of used foundry masses in the raw material 
mixture, expressed by the level of substitution of natural 
quartz sand, as well as their type and degree of processing. 
Regardless of the type of foundry waste mass, along with 
the increase in their share in the raw material mixture, we 
observe a gradual deterioration of the tested parameters 
characterizing a given material. However, in relation to the 
strength parameters, the method of processing of used casting 
sands has a very beneficial effect. In particular, this applies to 
the processing method associated with the removal of binder 
residue from quartz matrix surfaces, especially organic origin, 
present on them in the form of thin layers. Removing this layer 
of binder mechanically leads to the activation of the quartz 
grain surface. As a result, a chemical reaction with the binder 
is easier, during which the desired mineral phases are formed 
in quantities that improve the mechanical properties of the 
obtained materials.

The results of analysis of elements belonging to the heavy 
metals group in case of silicate material samples obtained 
in individual series are presented in the Table 2. The results 
were obtained as an average of three determinations. Table 
2, apart from the results of measurements, also contains the 
leaching limit values for individual elements given in RMGiP 
[23] and recommended values [14, 24, 25] for selected types 
of building materials. These values relate to the criteria and 
procedures for the admission to deposit in outdoor landfills, 
three categories of waste, i.e. inert, other than hazardous or 
neutral and hazardous. The obtained results prove that the 
level of leachability of the tested elements only slightly, in 
individual cases, exceeds the leaching limit values for the inert 
waste category, while these values are definitely lower than the 
permissible limit values applicable for the other two categories 
of waste, i.e. other than inert and hazardous and dangerous.

Only selected samples from all prepared series were subjected 
to microstructure tests. The basic criterion for selecting 
samples were their final properties. In accordance with the 
above, the samples with the most favorable parameters, which 
are equivalents due to the type of casting mass used and its 
share in the raw material mixture, materials obtained in the first 
and second stage of research, were assigned for microstructure 
tests. Samples of reference materials were also analysed for 
comparative purposes. The most characteristic images of the 
microstructures of the analyzed samples are shown in Fig. 1a) 
and 1b) show the images of the reference and experimental 
materials respectively. Presented figures show microstructure 
of the samples obtained as part of the first stage of research, 
with a magnification enabling observation of its individual 
elements. Therefore, these images show the aggregate grain 
size and pore distribution. In turn, Figs 1c) and 1d) show 
images of microstructures of reference and experimental 
materials respectively, but originating from the second stage 
of research and covering areas of the surface of sand grains 
and the products of synthesis formed on this surface under 

hydrothermal conditions. The basic observation regarding the 
morphology of these products is that the morphology usually 
consist of structural elements in the form of needles or fibers, 
which is a positive phenomenon, but to a much lesser extent in 
the form of platelets or elongated ribbons.

6. Conclusions
Based on all the preliminary results obtained in this paper, 

the following conclusions can be made:

1. Used casting sands obtained on the basis of quartz matrix 
are a potential source of silica raw material, which may 
be a partial substitute for natural quartz sand used in the 
production of sand-lime products.

2. The said silica material derived from the recycling of 
used foundry sands, is obtained as a result of appropriate 
processing of these sands, aimed primarily at crushing 
the agglomerates of grains (lumps) and restoring the 
original granulation, and then to remove the residue of 
the organic binder used for quartz warp grains preparing 
fresh molding and core sands.

3. The process of processing used foundry sands consisting 
in mechanical removal of hardened binder residues 
from the surface of grains has a very beneficial effect on 
functional properties, including mainly strength, of sand-
lime materials obtained with their participation.

4. Durability, in terms of resistance to low temperatures 
of sand-lime products containing properly processed 
spent casting masses, does not deteriorate significantly 
compared to this type of materials obtained on the basis 
of traditional raw materials.

5. The presence of used casting sands in raw material 
mixtures intended for the preparation of sand-lime 
materials, regardless of their degree of processing, 
adversely affects the color of these products.

6. There are no visible differences in the microstructure of 
autoclaved materials obtained with the use of foundry 
sands, in relation to this type of materials obtained from 
traditional raw materials.

7. The level of heavy metal leaching from the obtained 
silicate materials is lower than the recommended values.
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Abstract 
The uses of the cellulosic fibers in the natural fiber reinforced polymer composites (NFC) for 
constructing a wind turbine blade structure will be evaluated in the present work through 
experimental study. The blade shape designed according to the local wind characteristics on the 
Tabuk city in Saudi Arabia. The blade mechanical resistance identifies, according to the different 
forces applied to wind turbine blades. The palm cellulosic fibers were used as reinforcement. 
Those fibers were prepared through mechanical and chemical extraction process. The extraction 
was through mechanical decomposition in thin fibers and chemical extraction method by chloride 
and alkaline. To evaluate the reinforcement effect on wind turbine blades a horizontal wind 
turbine was constructed. The palm natural fibers used as reinforcement of blades with resin-
epoxy gives an encouraging result in the sense of robustness and efficiency. The uses of NFC 
based on cellulosic fibers for constructing wind turbine blades can be considered as a potential 
candidate for the manufacturing of total recycling wind turbine blades from natural fibers.
Keywords: wind energy, wind turbine blades, palm cellulosic fibers, natural fiber composites (NFC)
Kulcsszavak: szélenergia, szélturbina lapátok, pálma cellulózrostok, természetes rost kompozitok (NFC)
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1. Introduction
Several countries resort to the use of the renewable energies. 

The renewable energy power systems, such as solar panels and 
wind turbines produces fewer emissions than other power sources 
over their lifetime. In particularly wind turbines, which gives high 
efficiency in the presence of high wind flow and minimize the 
uses of fossil fuel and ameliorate the environment protection.

The installation and use of large numbers of wind turbines 
are one of the keys to increase the production of clean energy 
in the near future. Then the performances of such a wind 
turbine can be fulfilled only by using innovative, lightweight 
and highly durable composite materials such as glass, carbon 
and Kevlar fibers [1, 2]. 

The most important part of the wind turbine system, produced 
from composite material, is the wind turbine blade (WTB). The 
WTB is subjected to complex solicitations included combined 
impact, static and random cyclic loading. In order to reduce the 
different types of forces on WTB, it is recommended to build the 
wind blades from fiber reinforced polymer composites.

It is apparent that the currently most available solution 
for fiber reinforced composite is the use of E-glass/epoxy 
or carbon fiber composite [3]. But in the end life of WTB a 
recycling problematic will be created [4, 5]. Then the solution 
for the recycling issue could be fulfilled by the use of recycled 
composite material . But it is required that this composite 
has a reinforcement can reach higher fracture and toughness 
resistance [6]. One of the existing solutions, is to use natural 
fiber composite (NFC) instead of carbon, Kevlar or glass fibers. 
The uses of NFC give important resistance to complex wind 
loading and are environmentally friendly and recyclable. 

Blades are the most important composite part and the highest 
cost component of the wind turbines [7]. A wind turbine blades 
consists of two faces joined together and stiffened both by one 
or several integral webs linking the upper and lower parts of the 
blade shell or by a box spar with shell fairings [8]. For that reason, 
in this work to evaluate the blade structure made from NFC it 
is necessary, first, to identify the blade optimum structure and 
composite laying to withstand the wind solicitations. Secondly 
extract the cellulose palm fibers and then, construct the blades 

https://creativecommons.org/licenses/by-nc/2.0/
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by hand lay-up molding. And finally, the experimental test was 
proposed to be conducted on horizontal wind turbine prototype 
constructed from three blades made from NFC.

2. Materials and procedures
In order to construct the blades (Fig. 1) and test the 

performance of NFC on horizontal axis wind turbine 
(HAWT) the blade structure was analyzed numerically and 
experimentally, see Fig. 2.

 Fig. 1 The two aero-shells and the two shear webs of wind turbine blade [9]
 1. ábra A szélturbina lapátjának két burkolata és nyíróöve [9]

 Fig. 2 Construction and evaluation of WTB made from NFC
 2. ábra Az NFC-ből készült WTB felépítése és értékelése

3. Characterization of the palm fibers (PF)
The tensile test on palm fibers were conducted in Gant 

Universal Test Machine WP3, the average curve of the 
conducted tests is presented in Fig. 3 [9].

 
 Fig. 3 Tensile test result of the palm fibers (PF) [9]
 3. ábra A pálmarostok (PF) szakítóvizsgálati eredménye [9]

According to the Fig. 1 the ultimate tensile resistance of the 
PF is about 27 MPa, the maximum tensile strain at break is 
about 3.44% and the elastic modulus is about 8.96 GPa.

The present mechanical behavior is relatively weak compared 
with ordinary synthesized fibers usually uses in blade 

construction such as glass, kevlar and carbon fibers. Then it 
was necessary to stratify the composite in multi-layers with 
several fiber directions in order to bring an additional strength 
resistance to the blades.

4. Principal solicitations in wind turbine blade
The wind turbine blades consist of two faces joined together 

and stiffened both by one or several integral webs linking 
the upper and lower parts of the blade shell or by a box spar 
with shell fairings [7]. The flap wise load on wind turbines is 
caused by the wind pressure, and the edgewise load is caused 
by gravitational forces and torque load. Table 1 gather the 
solicitation needed to be overcomes during the construction 
of the blades.

Blade part Solicitation needed to overcame
The two external faces:

The upper part of the blade shell
The lower part of the blade shell

Edgewise bending.
Cyclic tension-tension loads.

Cyclic compression -compression 
loads

The shear webs Flap-wise bending
The spar caps Flap-wise bending
The aero-shells Elastic buckling

The leading and trailing edge 
panels

Bending moments associated with 
the Gravitation loads

 Table 1 Common solicitation in wind turbine blades
 1. táblázat Gyakori terhelések a szélturbina lapátjaiban

 Fig. 4 Representation of the zones of the blade solicitation and the blade induced 
velocity and forces [10]

 4. ábra A penge terhelési zónáinak ábrázolása és a penge által kiváltott sebesség és 
erők [10]

The modelling of the wind turbine blades structure, starts 
by the identification of the applicable load case. For this study 
it was considered two cases of load at normal operation and at 
extreme wind loading, see Fig. 4. 
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The vortex system induces on a wind turbine composed by 
an induced axial velocity and an induced tangential velocity 
component, see Fig. 4. 

The induced axial velocity is specified as:
 (1)

Where: 
Vo: is the undisturbed wind speed. 
a: the axial induction factor

The induced tangential velocity is in the rotor wake is 
specified through as
Vit= 2a’ω r (2)
Where:
a’ the tangential induction factor 
ω denotes the angular velocity of the rotor 
and r is the radial distance from the rotational axis.

Since the wind flow does not rotate upstream of the rotor, 
the tangential induced velocity in the rotor plane is thus 
approximately a’ ω r. 

If a and a’ are known, a 2-D equivalent angle of attack could 
be found based to the work of Martin O. L. Hansen [6] as 
follow:

The axial velocity specified as shown in Eq. (3)
Va = (1– a) Vo (3)

The rotor velocity specified as shown in Eq. (4)
Vrot = (1+a’) ω r (4)

The relative wind speed  has a flow angle direction ϕ:
 (5)

Where:
θ: The local twist angle of blade  
α: The local angle of attack 

Based to the Fig.4, the angle between wind speed and axial 
velocity, is the flow angle ϕ determined as shown in Eq. (6):

 (6)

The lift and drag normal FN and tangential forces FT are 
determined as shown in Eq. (7) and Eq. (8) respectively:

 (7)

 (8)
Where:
FL: The lift force
FD: The drag force

The normal force coefficient CN and tangential force 
coefficient CT are shown in Eq. (9) and Eq. (10) respectively:

 (9)

 (10)
Where:
CL: The lift coefficient
CD: The drag coefficient

If the rotor solidity is introduced as σ (see Eq. (11)):
 (11)

Where:
B: Number of blades
C(r): is the local chord 
and r: is the radial position of the control volume

The uses of the momentum theory to connect the momentum 
changes in the air flowing through the turbine with the forces 
acting upon the blades, gives for normal forces as shown in Eq. 
(12):

 (12)

Hence:  (13)

the momentum theory for Tangential forces gives:

 (14)

Where:
B: the number of blades
c: the local chord 
r : the radial position of the control volume
CN: the normal force coefficient 
CT: the tangential force coefficient

Hence:  (15)

These equations can be rearranged to give the axial and 
angular induction factors as a function of the flow angle (Eq. 
(16) and Eq. (17)).
Axial induction factor:  (16)

Angular induction factor:  (17)

The normal force FN causes a “flapwise” bending moment at 
the root of the blade as shown in Eq. (18):

 (18)

Where:
r: the local radius
rmin: the local minimum radius
R: the total radius of the rotor 
dr: the incremental part of the blade

The tangential force FT causes a tangential bending moment 
MT at the root of the blade shown in Eq. (19):

 (19)

If neglect the relatively small twist of the blade cross section 
and assume that these bending moments are aligned with the 
principal axes of the blade structural cross section.  

The maximum tensile stress due to aerodynamic loading is 
therefore given by Eq. (20):

 (20)

Where:
MN: flapwise bending moment
MT: tangential bending moment
ITT: tangential moment of inertia
INN: moment of inertia about the flapwise
d0: length of the blade
b: the flapwise length
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Consider equilibrium of element of blade, see Fig. 5 then:

 (21)

Where:
m(r) is the mass of the blade per unit length
dFc is the incremental centrifugal force
ω is the angular velocity

 Fig. 5 Element of blade
 5. ábra A penge egy eleme

Then, the rotor solidity can be written as:

 (22)

Where, A(r) is the local area at the blade element

In the other hand, the bending moment at the blade root due 
to self-weight loading can dominate the stresses at the blade 
root. The bending moment is a cyclic load with a frequency 
of . The maximum self-weight bending moment 
occurs when a blade is horizontal, see Fig. 6. 

 Fig. 6 Blade self-weight
 6. ábra Penge önsúlyának figyelembe vétele

The maximum self-weight bending moment could written as 
shown in Eq. (23), and this is a tangential (edge-wise) bending 
moment.

 (23)

Therefore, the maximum bending stress due to self-weight is 
given by Eq. (24):

 (24)

Finally, the whole Combined Loading could be written as 
shown in Eq. (25):

 (25)

According to the Eq. (25), it is necessary to conduct a 
calculation on the combined load of the whole blade structure, 
in order to fix the dimensions and select the composite 
structure that could withstand the combined load. For that 
reason, a FE modelling it was conducted in previous work [8].

5. Construction of the blades and test of the wind 
turbine

The composite should withstand essentially to the complex 
loading of the wind. The natural fibers were selected, extracted and 
treated to prevent any rapid degradation due to existing of water 
or any other non-desired constituent. A strafed multi-layer layup 
composite was choosing to withstand combined load, see Fig. 7.

 Fig. 7  (a) The extracted Long Palm fibers (b) the construction of the blades from 
palm natural fibers and resin epoxy

 7. ábra  (a) A kivont hosszú pálma szálak  b) a pengék felépítése természetes pálma 
szálakból és epoxy gyantából

The wind blade prototype was constructed as shown in Fig. 
8, with a total length 4400 mm a maximum width 400 mm, the 
shape was selected with zero airfoil twist angle to prevent any 
additional vortex and fatigue to the blade structure, see Fig. 8.

 Fig. 8 The blade’s dimensions (all dimensions in millimeter)
 8. ábra A penge méretei (milliméterben)
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6. Results and discussion
All experimental tests were obtained at the month of April 

2020, the test were conducted on the wind turbine prototype 
shown in Fig. 9. The test of the wind turbine performance was 
executed at several wind conditions as shown in the Table 2. 
The maximum wind speed is about 25 km/h and the minimum 
speed about 5 km/h.

The optimum pitch angle was identifying through the 
determination of the wind direction and the maximum 
experimental rotational speed of the rotor. The actual measured 
power was calculated as an input mechanical power without 
generation of electricity.

 Fig. 9 The wind turbine prototype
 9. ábra A szélturbina prototípusa
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7-Apr 14 10 9.8 10 15

8-Apr 7 5 9.8 5.1 5

9-Apr 22 14 9.8 14 22

10-Apr 14 10 9.8 10 15

11-Apr 18 12 9.8 12 20

12-Apr 15 10 9.8 10 15

13-Apr 25 18 9.8 18 24

 Table 2 Test of the wind turbine at several wind conditions
 2. táblázat A szélturbina vizsgálata többféle szélviszony mellett

The change in power versus the rotation speed of the wind 
turbine is shown in the Fig. 10.

 Fig. 10 The change of power according to the rotation speed of the wind turbine.
 10. ábra A teljesítményváltozás a szélturbina forgási sebessége szerint.

The change in power versus the wind speed is shown in the 
Fig. 11.

 Fig. 11 The change of power versus the wind speed
 11. ábra A teljesítményváltozás a szélsebesség függvényében

The influence of  wind speed vs the rotation speed of the 
wind turbine is shown in the Fig. 12.

 Fig. 12 The change in wind turbine rotation speed versus the wind speed
 12. ábra A szélturbina forgási sebességének változása a szélsebességhez viszonyítva

 Fig.13 The change in power according to the blade pitch angle
 13. ábra A teljesítményváltozás a penge dőlésszöge szerint

The variation of pitch angle could increase the input power 
of the wind turbine, see Fig. 13. 

The observed tests and results shows that the power increases 
linearly with the rotation speed and wind speed, the power 
could reach 18 Watt. As well as, the change of the blade pitch 
angle influence positively the input power of the wind turbine.

Also it was observed that, at slow wind speed v= 7 km/h the 
wind turbine gives a power about 5 Watt, due to light weight 
of wind blades. The blade structure was tests at several wind 
conditions and the structure is remaining stable and the 
composite withstand climatic severe conditions without any 
damage.  
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7. Conclusions
Small wind turbine applications are now becoming a 

solution for producing alternative energy. Actually, as the cost 
of small wind turbines drops through mass production and 
technical developments, and as the fee of electrical energy 
rises, mounting small wind turbines in windy sites will become 
progressively sustainable. However, the end life of wind turbine 
and wind turbine blades will challenge the society to a huge 
waste volume of no recycling material. Then, in the present 
investigation, the solution was to use natural palm fibers (PF) 
instead of glass fiber, Kevlar and carbon fiber. 

The experimental tests and results on wind turbine made 
from PF, indicates that the power increases linearly with the 
rotation speed and wind speed, the power could reach 18 
Watt. As well as, the change of the blade pitch angle influence 
positively the input power of the wind turbine.

Also, it was observed that, at slow wind speed v= 7 km/h the 
wind turbine gives power about 5 Watt, due to the light weight 
of wind blades, which represent a great advantage compared 
with the heavy classic wind turbines. The blade structure was 
tested at several wind conditions and the structure is remaining 
stable and the composite withstand climatic severe conditions 
without any damage.  The palm natural fibers used as 
reinforcement of blades with resin, epoxy gives an encouraging 
result in the sense of robustness and efficiency. 

The palm fibers have proved an excellent mechanical 
properties and are available free of charge in the Tabuk 
region in Saudi Arabia. Also near to Tabuk city a significant 
high continues wind speed, especially in the Neom region, 
where the wind speed could provide high input power to the 
wind turbines. The uses of NFC based on cellulosic fibers 
for constructing wind turbine blades can be considered as a 
potential candidate for the manufacturing of total recycling 
wind turbine blades from natural fibers.
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Abstract
The concrete composition is one of the most significant factor influencing the quality of the fair-
faced concrete surfaces. Practical experiences showed, that in case of architectural concrete 
slightly oversaturated concrete mixtures result in higher quality surfaces. In this work the surface 
quality of fair-faced concrete samples was examined depending on the saturation degree of the 
cement paste and the dimensions of the mould. The main evaluation aspects were the surface 
void ratio, the discoloration, the honeycomb and bleeding. The surface void ratio was obtained by 
using digital image processing techniques, while the other surface irregularities were examined 
using manual methods. The concrete samples were classified according to the Austrian and 
German guidelines. The effect of saturation degree on the mechanical properties of the concrete 
was also studied. Results show that the increase in saturation degree of cement paste improves 
significantly the surface quality, while the dimensions of the mould have a reduced, but also a 
positive effect. In the meantime, there is a decrease in the mechanical properties of the concrete.
Keywords: fair-faced concrete, surface quality, saturation degree, surface void ratio
Kulcsszavak: látszóbeton, péptelítettség, felületi minőség, felületi pórustartalom
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1. Introduction
Fair-faced concrete surfaces have become even more 

popular in today’s architecture due it’s advantageous 
mechanical properties and high surface quality [1]. The 
final appearance of the surface is strongly influenced by 
the used concrete composition. Practical experiences show, 
that the saturation degree of the cement paste is a key factor 
in improving the surface quality. Regarding the saturation 
degree three conditions of the fresh concrete can be identified: 
the mixture is undersaturated if there is less cement paste 
than the void content of the aggregate (Fig. 1 a); the mixture 
become saturated if the cement paste fills the gaps between 
the particles (Fig. 1 b); if there is more cement paste than the 
void content the particles are distancing from each other and 
the mixture becomes oversaturated (Fig. 1 c). In the case of 
fair-faced concrete surfaces a slightly oversaturated condition 
is recommended according to the practical experience [2]. 
However, it can be assumed, that the ideal saturation degree 
of cement paste depends on the dimensions of the structural 
element and the required surface quality.

 Fig. 1 a) Undersaturated, b) saturated and c) oversaturated conditions of concrete 
mix

 1. ábra a) Telítetlen, b) telített és c) túltelített betonkeverék

The saturation degree affects on the mechanical properties 
of hardened concrete as well. In principle, the void content 
of saturated or oversaturated mixtures is zero, while the 
undersatured mixtured have air content in some degree, 
therefore the hardened concrete will have lower compressive 
strength. However, if the water-cement ratio is greater than 0.38, 
the porosity of the oversaturated mixture is increasing which 
results in decrease in the compressive strength as well [3,4].

2. Materials and methods
During the experiments a total number of 12 fair-faced cast-

in-place concrete wall samples were made by using 3 moulds 
of different sizes (Fig. 2) and 4 types of concrete mixtures. 
Furthermore, 6 cube and 3 beam specimens were also casted 
from each concrete compositions in order to examine the 
mechanical properties of the hardened concrete.

 Fig. 2 Dimensions and marking of the moulds
 3. ábra Az alkalmazott zsaluzatok mérete és jelölése

https://creativecommons.org/licenses/by-nc/2.0/
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2.1 Materials
Quartz sand and gravel was applied as aggregate originated 

from a quarry pond in Hungary. The rounded fine and coarse 
fractions were divided with sieving method into components 
of the following sizes: 0.063, 0.125, 0.25, 0.5, 1, 2, 4, 8, 16, 32 
mm. The components were mixed according to the particle size 
distribution of the standard limit curve ’C’ [5]. The relative density 
and the bulk density of the aggregate sample was measured and 
the packing density was calculated, from which the precise value 
of the cement paste demand could be defined [6]. 

The facing material was 3-ply formwork sheet with 120 g/m² 
phenolic resin coating on both sides. Mineral oil based, mould 
release agent was applied in order to prevent adherence between 
the concrete and the mould and provide a smooth concrete surface.

Four concrete compositions were mixed with increasing 
amount of cement and water beside a constant water-cement 
ratio of 0.50 (Table 1). CEM II/A-S portland slag cement was 
used for the mixes. Superplasticizer was applied in order to 
assure similar characteristics of fresh concrete by reaching the 
F4 consistency class according to the flow table test [7]. The 
moulds were filled with fresh concrete in 3 layers by using 
internal vibration. Each samples were kept in moulds for 3 days.

No. Cement Water Aggregate Saturation degree

[kg/m3] [l/m3] [kg/m3] [l/m3]

1. 330 165 1893.38 +76.45

2. 360 180 1828.35 +101.13

3. 390 195 1763.33 +125.81

4. 420 210 1698.30 +150.48

 Table 1. Concrete compositions
 1. táblázat Alkalmazott betonösszetételek

2.2 Evaluation methods
The evaluation of the surface quality is a complex problem 

due to the versatility of fair-faced concrete and the lack of 
regulation in several countries.  In Hungary, the MSZ EN 
24803 [8] standard can be used for assessment, which deals 
with the requirements for the appearance of building structural 
elements, not expressly the fair-faced concrete. In Austria, 
the ÖNORM B2211 [9] standard and the fair-faced concrete 
guideline [10] is the basis of evaluation, while in Germany 
only the guideline [11] can be used. These specifications 
usually define four concrete classes with tolerances for the 
different evaluation criteria. These aspects are examined 
manually, therefore some criteria, such as discoloration can 
be evaluated only subjectively. A few research was intended to 
develop automatic evaluation methods by using digital image 
processing techniques and reported promising results [12,13].  

In this study the surface quality of the samples was examined 
on two sides with the dimensions of 60×60 cm. The main 
evaluation aspects were the surface void ratio, the discoloration, 
the honeycomb and bleeding. In the case of the surface void 
ratio a newly developed method was applied for the evaluation 
based on digital image processing techniques. The algorithm 
was created by using Python software, which method requires 
one photo of the examined surface. The basis of the method is 
fitting a third order polynomial to the previously created image 

containing the selected regions which are free from surface 
defects. The detection of surface void ratio is made based 
on the difference between the original and the fitted image 
using contour finding methods. The algorithm was tested on 
reference surfaces and it was concluded that it overestimates 
the results of the manual method with a maximal of 5%, 
however the time needed for the process is a fraction of it 
[14]. The mechanical properties of the hardened concrete were 
examined by measuring the compressive strength, the flexural 
strength and the water penetration at 28 days.

3. Results
3.1 Surface quality

3.1.1 Surface void ratio
The surface void ratio was evaluated on reference surfaces 

with a size of 50×50 cm cutted out from the photo of each 
samples. Three intervals of the pores’ diameter were examined:
a. between 0.01 and 15 mm;
b. between 1 and 15 mm according to the Hungarian 

standard and Austrian guideline;
c. between 2 and 15 mm according to the German guideline.

The surface void ratio decreases significantly while the 
saturation degree and the width of the formwork increases. 
Results show a considerable difference between the values 
of the three diameter intervals (Fig. 3). In the case of the 4. 
mixture the surface void ratio decreases by 20-48% if the 
minimal pore diameter was changed from 0.01 to 1 mm due to 
the large number of smaller pores of these surfaces. In general, 
these values halve by increasing the minimal diameter from 1 
to 2 mm.

 Fig. 3 Surface void ratio of the samples according to the three diameter intervals
 3. ábra Felületi pórustartalom a vizsgált pórusátmérő-intervallumok szerint

The results of the examination can be seen in Table 2 in detail 
by using the diameter interval between 0.01 and 15 mm. The 
increase in saturation degree results in a decrease of the average 
quantity of the pores by 91.8%, the expected value of the 
diameter by 29.5%, the variance by 77%, the standard deviation 
by 53% and the surface void ratio by 96.4%. The increase in the 
width of the mould has a reduced effect on surface quality with 
a decrease in the pore quantity by 21% and the surface void 
ratio by 35.1%. The distribution of the pores was also examined 
by their diameter with a precision of 0.5 mm. The skewness and 
the kurtosis of the distribution is positive in all cases, which 
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means that the pores with smaller diameter (d≤2mm) are in 
greater proportion and the distribution has a peak around 
these values. Furthermore, the increase in saturation degree 
results in a growth of the skewness by 27.7% and the kurtosis 
by 68.1%, while there is no significant change in these values 
with increasing width of the mould.

Aspect
Concrete composition Mould

1. 2. 3. 4. 1. 2. 3.

Average quan-
tity of pores

[pc] 680 696 107 56 453 343 358

Average ex-
pected value

[mm] 1.76 1.52 1.37 1.24 1.50 1.43 1.48

Average value 
of variance

[mm] 1.87 0.99 1.41 0.43 1.74 0.98 0.80

Average of 
standard 
deviation

[mm] 1.32 0.98 1.10 0.62 1.21 0.95 0.86

Average of 
surface void 
ratio

[%] 0.55 0.47 0.10 0.02 0.37 0.24 0.24

Skewness of 
the distribution

[-] 2.78 2.99 3.49 3.55 3.32 2.98 3.32

Kurtosis of the 
distribution

[-] 7.56 8.36 11.98 12.71 11.01 8.35 11.10

 Table 2. Main results of the surface void examination (diameter interval: 0.01-15 mm)
 2. táblázat  A felületi pórustartalom vizsgálat főbb eredményei (pórusátmérő-intervallum: 

0,01-15 mm)

3.1.2 Discoloration
The increase in saturation degree of the cement paste 

improves significantly the quality of the surfaces under in 
regard to the discoloration constant mould dimension, and vice 
versa (Fig. 4). The samples made of the 4. concrete composition 
reached the highest quality class according to the German and 
Austrian guideline. The Hungarian standard uses a previously 
accepted reference surface to evaluate the colour tone of the 
examined element, therefore this is not relevant here.

 Fig. 4 Surfaces of the samples ordered by the applied mould (F-1-F4) and concrete 
composition (1-4)

 4. ábra A próbatestek felületei az alkalmazott zsaluzat (F-1-F-4) és betonösszetétel 
(1-4) szerint

3.1.3 Honeycomb and bleeding
Different levels of honeycomb and bleeding occurred on the 

samples near to the edges. These irregularities can be avoided 
by the use of proper sealing in the joints of the sheets. The 
affected area is decreasing with increasing saturation degree of 
the cement paste and the best result was shown on the samples 
made by the F-3 mould (Fig. 5).

 Fig. 5 Extent of area affected by honeycomb and bleeding depending on the 
saturation degree

 5. ábra Vérzéssel és fészkességgel érintett felületek nagysága a péptelítettség 
függvényében

3.2 Mechanical properties
The mean value of the measured compressive strength can 

be seen in Fig. 6 compared to the literature [3]. In general, the 
compressive strength is higher by using water-cement ratio of 
0.50, however it decreases by a total of 12.9% with increasing 
cement paste content of the mixture.

 Fig. 6 Compressive strength of concrete depending on cement paste content, (new 
data coloured) Dmax=32 mm [2]

 6. ábra A beton nyomószilárdsága a péptartalom függvényében (saját adat színesen) 
Dmax=32 mm [2]

Similar trend can be observed with the flexural strength 
of concrete, which has a total decrease of 9% (Fig. 7). The 
increasing saturation degree of the cement paste has also a 
negative impact on the water penetration (Fig. 8). 
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 Fig. 7 Flexural strength of concrete depending on the saturation degree of cement 
paste

 7. ábra A beton hajlító-húzó szilárdsága a péptelítettség függvényében

 Fig. 8 Results of the water penetration test depending on the saturation degree of 
cement paste

 8. ábra A vízbehatolás mértéke a péptelítettség függvényében

4. Conclusions
Based on the laboratory investigations it can be concluded, 

that both of the saturation degree and of the moulds’ dimensions 
affect the surface quality of the fair-faced concrete elements. 
With increasing saturation degree of the cement paste the 
extent of surface void ratio, discoloration, honeycomb and 
bleeding is decreasing significantly.

Sample Class according to the 
German guideline

Class according to the 
Austrian guideline

F-1-1 SB1 SB1

F-1-2 SB2 SB2

F-1-3 SB4 SB3

F-1-4 SB4 SB3

F-2-1 SB1 SB2

F-2-2 SB3 SB2

F-2-3 SB1 SB2

F-2-4 SB4 SB3

F-3-1 SB2 SB1

F-3-2 SB4 SB2

F-3-3 SB4 SB3

F-3-4 SB4 SB3

 Table 3 Classification of the samples according to the applied guidelines
 3. táblázat A felületek osztályba sorolása az alkalmazott irányelvek szerint

The samples made by the fourth, highly oversaturated 
mixture reached the highest quality class according to the 
applied regulations (Table 3). In the meantime, the mechanical 
properties of the concrete decreased, which should be 

considered especially in the case of load-bearing elements. The 
increase of dimensions of the mould has a reduced, but also 
a positive effect on the surface quality in accordance with the 
evaluated aspects. Based on the results authors recommend 
to use higher saturation degrees (125-150 l/m3) in the case of 
slender concrete structures and high or special surface quality 
with consideration of the changes in mechanical properties.
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Abstract
The drive towards using eco-friendly binders with increasing proportion of supplementary 
cementitious materials (SCMs) will lead to the development of more complex mixtures. However, 
the availability of fly ash (FA) would not cover future needs due to restrictions on the combustion 
of coal in power plants. Accordingly, the addition of limestone filler (LF) has an inherent advantage 
throughout the world of its availability in large deposits. The first main aim of this study was to 
determine the effect of high-volume LF used as Portland cement replacement with up to 60% 
on the rheological properties of cement mortar compared to the FA and the slag (BFS). Unlike 
FA and BFS, an increase in LF replacement reduced the rheological properties of the mortar. 
The relationship obtained between relative solid concentration and rheological properties of 
mortar with different SCMs was reasonable. The second aim of this study was to determine 
the rheological behavior of the mortar with different superplasticizer (SP) admixtures. Three SP 
types were utilized, ether-polycarboxylic modified (SP1), phosphonate modified (SP2) and new 
generation of polycarboxylate (SP3), with various dosages. The results show that, SP2 reduced 
the rheological properties better than SP1 and SP3 with dosages of less than 1%.
Keywords: eco-friendly mortars, rheological behavior, limestone filler, fly ash, slag, superplasticizer
Kulcsszavak: környezetbarát habarcsok, reológiai viselkedés, mészkő töltőanyag, pernye, salak, 
folyósító
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1. Introduction
Just after the power sector, the cement industry is one of 

the biggest contributors to greenhouse gases emissions and 
anthropogenic carbon dioxide in the world [1]. One of the 
most effective ways to minimize environmental damage 
associated with cement production is to increase the wider 
exploit of supplementary cementitious materials (SCMs) in 
cement composition. In some countries, the amount of fly ash 
(FA) is expected to be significantly affected in the future due to 
recent limits on coal combustion. As a result, there is an urgent 
need for the development of new SCMs, that are comparable 
or superior to FA and finely blast furnace slag (BFS) [2–4]. 
Accordingly, the use of limestone filler (LF) has a benefit of 
its availability in large quantity. Recent studies [5–7] show 
that it is possible to replace up to 50% by mass of cement with 
LF without reduction or with a slight decrease in mechanical 
strength. According to John et al. [6], this can be achieved if the 
effect of dilution is offset by a decrease in the amount of water 
used. Nevertheless, this is not a simple task as the rheological 
behavior of the mixture becomes more and more difficult to 
control with a low water-binder (W/B) ratio.

Many authors have investigated the use of SCMs for the 
production of low-impact environmental cement-based materials 
(grout, mortar or concrete). They have studied their effects on 
rheology, mechanical properties, durability, thermal conductivity 
and microstructure analysis of cement suspensions [8–30]
as  a result of nonlinear behaviour of concrete carbonation and 
uncertainties of environmental factors affecting the progress of 
carbonation. In reality, the performance of a developed predictive 
model lies on its ability to accurately generalise (simulate. The fact 
that equivalent performance can be reached, combined with a 
significantly enhanced sustainability and in some cases improved 
long-term durability, is driving the development of Portland 
cement-SCM blends towards an increase in substitution levels 
[2]. Likewise, the use of SCMs with different morphology and 
grain-size distribution can improve rheological properties and 
packing of solid particles [31]. This improvement in workability is 
most frequently associated with the less chemical activity and the 
smooth surface of SCMs grains compared to ordinary Portland 
cement (OPC). The most commonly used model in the rheology 
of cement suspensions is that of Bingham [32–34]elasticity and 
plasticity and with the\nappearance of new materials and the 
complex behaviour of concrete\npumpability, since the field of 
civil engineering is interested in the\nstudy of concrete flow. This 
work will examine how the use of catodique\nray tube (CRT. 

https://creativecommons.org/licenses/by-nc/2.0/
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A low yield stress and a moderate viscosity can be achieved by 
increasing the paste volume, to replace some part of the OPC 
with one or more SCMs, for a given W/B ratio [29]. The increased 
paste volume due to the difference in specific density of SCMs 
(less than 2.5 g/cm3) and that of cement (3.0-3.2 g/cm3) [35]. 
However, the evolution of rheological properties as a function 
of the partial substitution of cement by SCMs, in the literature, 
seems to be contradictory in some cases. This is due to the use of 
SCMs with different physical properties, chemical compositions, 
activity and filling effect [35–39]consistency, flowability, and 
predict stability, pumpability, shootability, pressure of formwork, 
multi-layer casting. This paper presents a critical review on the 
rheological properties of fresh concrete in recent publications. 
The applicable rheological models for the flow of concrete are 
revealed. The effects of constituents of fresh concrete, including 
cement, supplementary cementitious materials (fly ash, ground 
blast furnace slag, and silica fume. Furthermore, even if the 
addition is considered chemically inert, it can have major 
physical effects like the effects of improved surface area and 
particle packing [40] heat evolution, microstructure, and setting 
time. The properties of hardened mortar and concrete made 
with limestone portland cement are examined and compared 
to those made with non-limestone portland cements–including 
compressive and flexural strength, volume stability, durability 
(permeability, carbonation, freeze/thaw resistance, sulfate and 
chloride resistance, and alkali-silica reaction.  On the other hand, 
it is important to know how different types of superplasticizer 
(SP) affect the rheological properties of cement-based materials. 
Since the nature of admixture used plays an important role in 
the rheology. It is usually reported that, the dispersion of cement 
particles, caused by SP, due to the electrostatic repulsion associated 
with zeta potential measurements. However, in reality this is not 
necessarily the case, it would seem that, at least for the acrylic 
polymer-based admixtures, the polymer adsorption itself is 
responsible for dispersing large agglomerates of cement particles 
into smaller ones resulting in a remarkable increase in the fluidity 
of cement mixes. It may be related more to a steric hindrance 
effect, i.e. repulsive particle-particle interactions [41,42]. 

For this purpose, the current study focuses on the rheological 
behavior of cement mortar containing various amounts of FA, 
LF and BFS as a partial replacement of cement. Thereafter, the 
effect of LF and tow SCMs used on laboratory tested rheological 
properties of cement mortar is compared. The aim of this study 
is also to compare the effects of the use of different types of SP 
admixtures (polymer and organic admixtures based). In view 
of the above, the rheological behavior of cement mortars with 
different content of LF, FA and BFS (0, 10, 20, 30, 40, 50 and 
60%) is studied. As well as with different dosages (0, 0.2, 0.4, 
0.6 and 0.8%) of three types of SP admixture. 

2. Experimental program
2.1 Materials

All mortar mixtures were prepared using an OPC (CEM 
I 52.5). The SCMs used are fly ash (FA), finely blast furnace 
slag (BFS), and whitened limestone filler produced by direct 
grinding of limestone (LF). Table 1 presents the chemical 
composition and physical properties of the cement and mineral 

additions used. The particles size distribution of these materials, 
which was obtained using a laser scattering technique, is given 
in Fig. 1. From the curves, the particles size distribution of LF is 
large compared to that of cement, FA and BFS, which is small. 
Fine aggregate with a maximum size of 4 mm was used, with 
specific gravity of 2.5 according to Standard EN 1097-6 [43], 
and fineness modulus is 1.88. Three types of superplasticizer 
(SP) were used in this study (Table 2). The first one is high 
water reducer (SP1) based on ether-polycarboxylic modified, 
with a specific gravity of 1.05, a solid content of 20%, and a 
pH of 7.0. The second one is based on phosphonate modified 
(SP2). It has a specific gravity, a solid content, and pH of 1.06, 
30%, and 4, respectively. The third one is high water reducer 
(SP3) from new generation of polycarboxylate with a specific 
gravity of 1.07, a solid content of 30%, and pH of 6.5.

 Fig. 1  Particle size distributions of cement and SCMs used
 1. ábra  A felhasznált cement kiegészítő anyagok és cement szemcse eloszlása

Fig. 2 presents the scanning electron microscopy (SEM) 
images of OPC, FA, LF and BFS obtained with a microscope at 
15.00 kV. The morphological characteristics of these powders 
are clearly shown in this figure. LF presents smaller particles 
with angular shape and rough surface (Fig. 2d). Both OPC and 
BFS present more regular particles with smooth surface (Fig. 
2a and 2c). However, FA exhibits spherical shape with slightly 
larger particles sizes and a smoother surface (Fig. 2d).

2.2 Mix proportioning
In this work, four series of cement mortars were produced: 
	■ Series A, B and C have of 10 to 60% per step of 10% of 

OPC weight replaced by FA, BFS and LF respectively, 
with a control cement mortar without SCMs for the 
three series. This replacement level was adopted in 
order to have a high volume of SCM in the cement 
mortar. A polycarbonate-based SP was used just to 
maintain the stability of the mixes; 

	■ Series D of SP has of 0.2 to 0.8%, per step of 0.2%, with a 
control cement mortar without admixture. This dose level 
was adopted in order to have an ordinary cement mortar. 
A total, 32 cement mortar samples were made for testing.

Note that, the water to binder ratio (cement plus SCM) is 
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equal to 0.37 for the SCMs series and 0.40 for admixtures 
series. The details of the mixing proportions are presented in 
Table 3.

Element (%) OPC FA BFS LF

SiO2
20.23 50.00 35.90 0.30

Al2O3
04.29 29.00 11.20 ---

Fe2O3
02.35 08.50 00.30 ---

TiO2
00.25 01.00 00.70 ---

MnO 00.02 00.50 00.40 ---

CaO 63.67 03.00 42.30 ---

MgO 03.88 03.00 08.00 ---

SO3
02.80 00.60 00.20 ---

K2O 00.69 00.60 --- ---

Na2O 00.14 00.60 00.70 00.01

P2O5
00.31 00.25 --- ---

CI 00.02 00.04 00.01 00.001

SO4
--- --- --- 00.011

CaO3
--- --- --- 98.80

LOI 01.63 04.50 --- ---

Activity coefficient 01.00 00.60 00.90 00.25

Specific density 03.13 02.19 02.91 02.70

Fineness Blaine (cm²/g) 4470 3930 5000 4690

Compactness 00.54 00.49 00.58 00.62

D10 (µm) 01.50 03.60 01.40 01.50

D50 (µm) 15.00 19.30 10.00 10.00

D90 (µm) 48.00 104.00 28.00 63.00

 Table 1  Chemical analysis and physical properties of cementitious materials used
 1. táblázat  A felhasznált anyagok kémiai összetétele és fizikai tulajdonságai

 Fig. 2  SEM images of the materials: (a) OPC, (b) FA, (c) BFS and (d) LF (x2000)
 2. ábra  A vizsgált anyagok pásztázó elektronmikroszkóppal készült képei: (a) OPC, 

(b) FA, (c) BFS és (d) LF (x2000)

2.3 Mixing procedure
A mixer according to European Standard EN 196-1 [44] at 

stage I (62.5 rpm) was used to prepare the all fresh cement 
mortars. The mixing process was kept constant in order to 
ensure the same homogeneity and uniformity for all mixtures. 
For the mixes containing SCMs, these additions were previously 
hand-mixed with the OPC and the necessary water containing 
SP during 2 min, before adding fine aggregates and mixing for 
1 min. The mixing procedure continues for 5 min. Then, the 
mixture was kept settling for 2 min before remixing for 1 min.

Id Trade name Main  
characteristic

Composition Manu-
facturer

SP1 Glenium SKY 537 SP and high rate 
water-reducing

Modified polycar-
boxylic ethers 

BASF

SP2 CHRYSO Fluid 
Optima 100

New generation 
SP

Modified phospho-
nate

CHRYSO

SP3 Glenium ACE 456 SP and high rate 
water-reducing 

New generation of 
polycarboxylates

BASF

 Table 2  Properties and composition of admixtures (SP) used
 2. táblázat  A felhasznált adalékszerek (SP) tulajdonságai és összetétele

2.4 Test methods 
The workability properties of mortars tested were determined 

immediately after mixing. Before starting the rheological test, 
the slump flow test according to standard EN 12350-2 [45] is 
performed as an empirical test.

The rheological test was conducted using a rheometer 
developed by Soualhi et al. [46]. It is a rotational rheometer 
model where four-bladed vane geometry rotates with axial 
symmetry at a variable speed. The agitator characteristics are: 
rotational speed from 4 to 540 rpm (± 1 rpm) and maximum 
torque of 740 Ncm (±0.1 Ncm). It is operated by a computer 
using software (watch & control). Fig. 3 presents the dimensions 
of the vane and the container.

 Fig. 3  Rheometer and position of the vane in cement mortar container
 3. ábra  Reométer és a lapát elhelyezése a cementhabarcs tartályában

The principle is to rotate at different speeds a vane in a 
cylindrical sample of fresh cement mortar and measuring 
the torques applied to maintain rotation. A rheological test is 
performed by imposing a decreasing rotational speed to the 
vane interrupted by a stabilization stage in order to perform 
the measurements (Fig. 4).
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Mix Vpaste(m
3) W/B C (kg) W (kg) Add (%) Add (kg) SP (%) Slump* (cm) Sand (kg)

Limestone

Control 0.426

0.37

616.6

227.4

0.0 0.0

1.4

5.0

1377

M LF1 0.429 555.0 10.0 61.7 9.0
M LF2 0.432 493.3 20.0 123.3 22.5
M LF3 0.435 431.6 30.0 185.0 26.0
M LF4 0.438 370.0 40.0 246.6 28.5
M LF5 0.441 308.3 50.0 308.3 34.0
M LF6 0.444 246.6 60.0 370.0 38.0

Fly ash

Control 0.426

0.37

616.6

227.4

0.0 0.0

1.4

5.0

1377

M FA1 0.435 555.0 10.0 61.7 7.0
M FA2 0.443 493.3 20.0 123.3 9.5
M FA3 0.451 431.6 30.0 185.0 11.5
M FA4 0.459 370.0 40.0 246.6 22.5
M FA5 0.468 308.3 50.0 308.3 24.0
M FA6 0.476 246.6 60.0 370.0 29.5

Slag

Control 0.426

0.37

616.6

227.4

0.0 0.0

1.4

5.0

1377

M S1 0.428 555.0 10.0 61.7 7.5
M S2 0.429 493.3 20.0 123.3 9.5
M S3 0.430 431.6 30.0 185.0 11.5
M S4 0.432 370.0 40.0 246.6 22.5
M S5 0.433 308.3 50.0 308.3 24.0
M S6 0.434 246.6 60.0 370.0 29.5

SP 1

M 0

0.397 0.4 550 220 0 0

0 6.5

1566.7
M SKY 02 0.2 9.5
M SKY 04 0.4 11.5
M SKY 06 0.6 13.5
M SKY 08 0.8 14.5

SP 2

M 0

0.397 0.4 550 220 0 0

0 6.5

1566.7
M OPT 02 0.2 12.0
M OPT 04 0.4 15.0
M OPT 06 0.6 15.0
M OPT 08 0.8 15.0

SP 3

M 0

0.397 0.4 550 220 0 0

0 6.5

1566.7
M ACE 02 0.2 10.0
M ACE 04 0.4 12.0
M ACE 06 0.6 13.0
M ACE 08 0.8 13.5

*: for a slump greater than 15cm, the flow diameter is measured using the mini-slump test.

 Table 3  Mix proportions for 1 m3 of cement mortar
 3. táblázat  1 m3 habarcs összetétele

 Fig. 4  The profile of the imposed rotational speed
 4. ábra  A forgási sebesség profilja

The results of the rheometer test are in the form of a linear 
function relating the torque and the rotational speed according 
the Eq. (1):
M = M0 + k.Ω     (1)
Where: M (Nm) total torque applied to the concrete, M0 (Nm) 
torque at the origin, k (Nms) coefficient of proportionality, and 
Ω (rpm) speed of rotation of the vane.

In order to develop the rheological parameters from 
measurements, a procedure was used to convert the vane torque 
and rotational velocity data into shear stress versus shear rate 
relationships. The method used considered the locally sheared 
material as a Bingham fluid (Eq. (2)) and determined the 
characteristic shear rate from Couette analogy [47].

 (2)
Where: τ is the shear stress applied to the material; τ0 the yield 
stress (minimum stress necessary for flow to occur: interaction 
of the linear curve with the shear stress axis); µ the plastic 
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viscosity (slope of the linear curve given by the plot of shear 
stress versus shear rate) and  is the shear rate. 

The shear rate is expressed by Eqs. (3) and (4):
 (3)

 (4)

Then, the characteristic shear rate is defined as:
 (5)

The derivative dΩ/dM in Eqs. (3) and (4) can be approximated 
by Eq. (6):

 (6)

The shear rate  corresponding to the rotation speed Ωj (i = j) 
can be calculated by Eq. (7):

 (7)
Once the shear rate has been estimated by Eq. (7), it is deemed 

to correspond to the following wall shear stress (Eq. (8)):
 (8)

Also, Mj and Mj+1 are calculated by Eq. (9):
Mi= Mt,i- Mv,i (9)
Where: i is the indication of speed level, Mt,i the average of total 
measured torque for each level when the container is filled with 
cement mortar, and Mv,i the average of measured torques for each 
level when the container is empty (without cement mortar).

Eqs. (7) and (8) allow drawing the shear stress curves τ(Pa) 
according to the shear rate  (1/s) and estimating then the 
rheological parameters τ0 and μ.

However, the maximum solid concentration of the powder 
(Φ*paste) (OPC + SCM) is measured with test water demand [48]. 
Whereas, the solid volume of paste (Φ) is calculated using Eq. (10):

 (10)

Where: VC, VSCM, VW, VSP are respectively the volumes of 
cement, SCM, water and SP.

3. Results and discussion
3.1 Rheological properties of limestone fillers based mortar

The rheological properties of SCM based mortar, under 
the same conditions, were followed in order to understand 
its behavior at fresh state. The effect of partial cement 
replacement by LF on the rheological properties and relative 
solid concentration of cement mortar is shown in Fig. 5 and 
Table 4. The Fig. 5.a shows that the incorporation of LF reduces 
the yield stress and the plastic viscosity of cement mortar in 
an approximately linear way. However, it can be seen that, the 
rheological properties are not influenced when using 10 to 
30% of LF in mixtures. Then, both properties decrease more 
for up to 60% of LF. These results are in agreement with those 
reported in previous studies [19,25]. It should be noted that, 
this research work does not disclose contradictory results with 
those reported in the study conducted by Safiddine [27]. In the 
present work, the LF used was a powder produced by direct 
grinding of limestone and its addition was made by replacement 

of the cement. While, the authors in reference [27], have used a 
quarry waste limestone powder and have incorporated LF as a 
replacement of crushed sand, where the specific surface of the 
sand is much smaller than that of LF. Even, these results are 
in good agreement with those found by Felekoglu [38,39]. It 
should be noted that, the physical effect, such as particle size 
distribution and compactness, is clear on the obtained results of 
rheological properties of mixtures made with LF. Apparently, in 
this situation, the effect of the morphology of the LF particles 
on the rheology of the cement mortar is more dominant than 
the effect of their specific surface. In fact, since the cement 
mortar contains a SP admixture, it is very important to keep in 
mind that, once the SP admixture is adsorbed on the surfaces 
of the particles, the water requirement is no longer a function 
of the surface to be wet, but of the interparticles space to be 
filled. According to Panesar and Zhang [3] partly because of the 
limited availability of SCMs in some geographic regions. This 
study provides a comprehensive review based on published 
literature on the properties of cement-based materials (paste, 
mortar and concrete, LF has physical effect on the behavior 
of cement by modification the particles size distribution, and 
leads to the dilution of the paste. The modification of particle 
size distribution can improve the rheology of concrete, whereas 
the dilution may have potentially an adverse effect on the fresh 
and rheological properties of the material. In addition, the 
ease of grinding of LF compared to the clinker acquires it a 
large particle size distribution, as shown in Fig. 1. As a result, 
replacing cement with LF improves particle size distribution of 
the resulting binder. This allows the LF particles (with average 
size D50 = 10µm) to occupy the space between the coarser cement 
(with average size D50 = 15µm) and sand particles. This results 
in the release of an amount of water, which is trapped in this 
space, making it accessible as a supplementary inner lubricant. 
This leads to increase in the release water and improves the 
workability of the mortar. 

In other words, the quantity of water released reduces the 
water demand for the same slump, which decreases the plastic 
viscosity and the yield stress of the cement mortar. 

Mix Lime-
stone 
(%)

VPaste (m
3) Φ Paste Φ* Paste Φ/Φ*Paste µ (Pa.s) τ0 (Pa)

Control 0.0 0.426 0.458 0.539 0.850 10.8 33.8

MLF1 10.0 0.429 0.462 0.542 0.853 7.6 24.1

MLF2 20.0 0.432 0.465 0.545 0.853 7.6 23.8

MLF3 30.0 0.435 0.469 0.551 0.852 8.3 26.1

MLF4 40.0 0.438 0.472 0.559 0.845 6.0 22.4

MLF5 50.0 0.441 0.476 0.568 0.837 5.6 21.8

MLF6 60.0 0.444 0.479 0.568 0.844 4.4 16.0

 Table 4 Rheological parameters of limestone fillers based mortar
 4. táblázat A mészkő kitöltőanyag alapú habarcs reológiai paraméterei
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(a)

(b)
 Fig. 5  Evolution of (a) rheological properties and (b) relative solid concentration 

with plastic viscosity of limestone fillers based mortar
 5. ábra  A (a) reológiai tulajdonságok és (b) relatív szilárd koncentráció alakulása a 

mészkő kitöltőanyag alapú habarcs viszkozitásának függvényében

Fig. 5.b and Table 4 show the influence of LF content in cement on 
the viscosity and the relative solid concentration of the cement paste 
(without sand). From Fig. 5 it is revealed that, the influence of the Lf 
on the viscosity and compactness of mortar is quite logical, although 
it can be poorly explained. Since the decrease in the 𝜙/𝜙* ratio is 
due to the increase in 𝜙* and not to the decrease in 𝜙. According to 
Table 4, these last two parameters increase simultaneously with the 
increase of the LF, due to the higher compactness of LF compared 
to that of cement as seen in Table 1. Therefore, decreasing this 
ratio could mean that the distance between particles is increasing, 
which increases their mobility by reducing friction and reduces the 
rheological parameters of the cement mortar. This argues well for 
the interpretation given previously regarding the effect of LF on the 
rheology of the cement mortar.

According to Hawkins et al. [40] heat evolution, microstructure, 
and setting time. The properties of hardened mortar and concrete 
made with limestone portland cement are examined and compared 
to those made with non-limestone portland cements–including 
compressive and flexural strength, volume stability, durability 
(permeability, carbonation, freeze/thaw resistance, sulfate and 
chloride resistance, and alkali-silica reaction, the influence of LF 
on rheology could be more pronounced, if the hydration reaction 
is delayed by the low reactivity of LF (coefficient of reactivity 
0.25) compared to cement. However, the chemical effect of LF is 

far from being present here, because the tests were carried out in 
the first 30 minutes, i.e.: before the start of setting of the cement.

3.2 Rheological properties of fly ash based mortar
The evolution of the yield stress and plastic viscosity of FA 

based mortars is shown in Fig. 6. From Fig. 6a, it is shown that, 
the yield stress increases exponentially with an increase in FA 
replacement level. Likewise, the plastic viscosity increases 
linearly with an increase in percentage of FA. According to 
Koehler and Fowler [49], there are two conflicting mechanisms 
that influence the workability of concrete with FA. As the FA 
particles are much smaller than the cement particles, for which 
they replace them, the area to be wetted is increased. Hence, 
the workability is reduced. However, the spherical shape of the 
FA particles produces a bearing that allows larger particles to 
flow more easily and improves the workability of the mixture. 
The spherical shape of the FA particles has the smallest specific 
surface area compared to other SCMs used (Table 1). This does 
not lead to a reduction in the rheological properties of the cement 
mortar, contrary to what is expected. The use of FA is generally 
recognized to reduce the yield stress, but has varying effects on 
plastic viscosity [49]. However, there are also some researchers, 
[4,13,29]the mixture’s rheological parameters should be adjusted 
to achieve a given profile of yield stress and plastic viscosity. 
Supplementary cementitious materials (SCM, who have found 
that FA increases the rheological properties of concrete.

(a)

(b)
 Fig. 6  Evolution of (a) rheological properties and (b) relative solid concentration 

with plastic viscosity of flay ash based mortar.
 6. ábra  A (a) reológiai tulajdonságok és (b) relatív szilárd koncentráció alakulása a 

pernye alapú habarcs viszkozitásának függvényében
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In this study, the rheological behavior of the FA based mortar 
could be explained in physical manner using the evolution of 
𝜙/𝜙* ratio, as shown in Fig. 6.b and Table 5. The density of 
FA (2190 kg/m3), which is slightly lower than that of cement 
(3130 kg/m3), increases the solid volume of the paste by a rate 
of about 43%, with the same mass replaced. This is expressed 
in the increase in 𝜙 (Table 5) and 𝜙/𝜙* ratio of cement mortar. 
According to Roussel [50], as the fraction of solid volume 
increases, the viscosity of cement-based materials increases 
exponentially until it reaches infinity, while the fraction of solid 
volume approaches to a maximum value. This is exactly what 
happened with the increase in the rate of cement replacement 
with FA. The evolution in viscosity is due to the decrease in 
interparticle distance, which contributes to a significant 
increase in the interparticle hydrodynamic forces.

Mix Fly ash 
(%)

VPaste (m
3) Φ Paste Φ* Paste Φ/Φ*Paste µ (Pa.s) τ0 (Pa)

M T 0.0 0.426 0.458 0.539 0.850 10.8 33.8

MFA1 10.0 0.435 0.468 0.538 0.870 13.2 36.3

MFA2 20.0 0.443 0.478 0.539 0.887 14.1 46.4

MFA3 30.0 0.451 0.487 0.540 0.902 15.6 49.0

MFA4 40.0 0.459 0.496 0.543 0.914 16.3 51.3

MFA5 50.0 0.468 0.505 0.546 0.925 17.4 55.3

MFA6 60.0 0.476 0.514 0.551 0.932 18.8 78.4

 Table 5 Rheological parameters of fly ash based mortar
 5. táblázat A pernye alapú habarcs reológiai paraméterei

3.3 Rheological properties of slag based mortar

Fig. 7 and Table 6 show the evolution of the rheological 
behavior of the cement mortar through the measurement 
of the plastic viscosity and the yield stress and they give the 
variation of 𝜙/𝜙* ratio up to 60% replacement of cement by 
BFS. From Fig. 7.a, it is noted that, the yield stress increases 
for mass replacement of the BFS up to 40%, and decreases for 
50% and 60% of BFS. However, it remains higher compared to 
that of the control cement mortar without BFS. Furthermore, 
the plastic viscosity increases in an approximately linear way 
with an increase in mass replacement of BFS in the cement 
mortar as shown in Fig. 7.b. These results are in agreement 
with some previous studies [13,30]. The same interpretation 
could be given as with FA, except that in the case of BFS this 
result was expected, with shape, size, specific surface, particle 
size distribution and density of BFS. The use of BFS in general 
improves workability and its effect on yield stress is variable, 
while increases plastic viscosity [49]. Indeed, this is what is 
noted from Table 3, the slump increases as well as the plastic 
viscosity and the yield stress. This is may be due to an increase 
in viscosity, which means that the viscosity has an impact on 
the yield stress [51].

(a)

(b)
 Fig. 7  Evolution of (a) rheological properties and (b) relative solid concentration 

with plastic viscosity of slag based mortar
 7. ábra  A (a) reológiai tulajdonságok és (b) relatív szilárd koncentráció alakulása a 

salak alapú habarcs viszkozitásának függvényében

Mix Slag (%) VPaste (m
3) Φ Paste Φ* Paste Φ/Φ*Paste µ (Pa.s) τ0 (Pa)

M T 0.0 0.426 0.458 0.539 0.850 10.8 33.8

M S1 10.0 0.428 0.460 0.528 0.871 12.3 43.19

M S2 20.0 0.429 0.461 0.517 0.892 13.9 49.33

M S3 30.0 0.430 0.463 0.506 0.914 15.9 51.5

M S4 40.0 0.432 0.465 0.496 0.937 16.4 67.0

M S5 50.0 0.433 0.466 0.485 0.960 16.5 62.8

M S6 60.0 0.434 0.468 0.475 0.984 17.7 36.4

 Table 6 Rheological parameters of slag based mortar
 6. táblázat A salak alapú habarcs reológiai paraméterei

3.4 Comparison of rheological behavior of SCM based 
mortars 

Fig. 8 shows the rheological behavior of cement mortars with 
20, 40 and 60% of different SCMs used as cement replacement. 
At high content of SCM (60%), it is clear that, LF reduces 
the rheological properties. In contrast, the BFS and the FA 
increase the rheological properties, in particular the plastic 
viscosity. However, according to Figs. 5.a, 6.a and 7.a, it can 
be seen that, the evolution of the yield stress varies from one 
SCM to another under the same dosage conditions. Indeed, the 
evolution of the plastic viscosity is almost superimposed for the 
FA and the BFS by increasing this parameter. On the contrary, 
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the variation of the plastic viscosity takes on another meaning 
with the LF, which improves this parameter. For this reason, it 
is very important to combine the effect of LF with other SCMs, 
to produce ternary cement (OPC-LF-BFS or OPC-LF-FA), in 
order to improve the rheology of the cement mortar and reduce 
the release of CO2 in one hand. Also, to fill the gap induced by 
the decrease in the amount of FA in the near future, due to 
recent limits on coal combustion in power plants to reduce air 
pollution. Since, in practice, it is usually important to have a 
certain viscosity in order to prevent segregation and improve 
the quality of the cement-based materials thus obtained. This 
is particularly important with the evolution of admixtures use 
and long-distance pumping.

 Fig. 8  Comparison of (a) the yield stress and (b) the plastic viscosity of cement 
mortar with 20, 40 and 60% of SCMs content

 8. ábra  A cementhabarcs (a) folyási feszültségének és (b) viszkozitásának 
összehasonlítása 20, 40 és 60% cement kiegészítő anyag tartalom esetén

3.5 Relationship between the plastic viscosity of cement 
mortar and the relative solid concentration

In this study as shown in Fig. 9, the measured values of 
plastic viscosity were plotted against the measured values of 
relative solid concentration of nineteen fresh cement mortars 
with different SCMs (six mixes for each SCM in addition to 
the control mortar). According to Roussel [50], the relative 
solid concentration of fresh paste (ϕ/ϕPaste*) is the ratio of the 
solid volume of powder (ϕ) (i.e. the ratio of the total volume of 
the powder to the total sample volume of cement mortar) and 
another critical parameter namely (ϕPaste*); i.e. the maximum 
solid concentration of powder, which is the maximum volume 
fraction that can be reached with the grains. Usually, when the 
solid fraction approaches to ϕ*, the concentrated regime is 
established and the viscosity tends to infinity. 

(a)

(b)
 Fig. 9  Relationship between relative solid concentration (a) the yield stress; (b) the 

plastic viscosity of SCMs based mortar
 9. ábra  A cement kiegészítő anyag alapú habarcs relatív szilárd koncentrációjának 

kapcsolata (a) a folyási feszültséggel; b) viszkozitással

Fig. 9.a indicates the good relationship between the relative 
solid concentration and the yield stress. Similarly, Fig. 9.b 
shows a reasonable relationship between the relative solid 
concentration and the plastic viscosity. It is concluded that, the 
trend of yield stress is similar to that of plastic viscosity for all 
mixtures with the different SCMs used. The increase in relative 
solid concentration increased the rheological properties 
regardless the SCM used. Similar results have been reported by 
previous studies on rheological behavior of concrete.

3.6 Influence of superplasticizer admixture type and dosage
As shown in Fig. 10 that, the rheological behavior of cement 

mortar each type of admixture is affected differently by each 
type of admixture. At least for dosages of less than 1%, the SP 
based on modified phosphonate (SP2) has better efficiency 
than the admixtures based on polycarboxylates (SP1 and 
SP3), which results in reducing the rheological properties of 
the cement mortar. However, its effectiveness decreases as 
the dosage increases, unlike SP1 and SP3, which reduces the 
rheological properties, in particular the plastic viscosity.

It is reported that, the phosphonates are organophosphorus 
compounds containing C-PO(OH)2 or C-PO(OR)2 groups 
(where R=alkyl, aryl), while the polycarboxylates are linear 
polymers. According to Criado et al. [52], organic admixtures 
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based on both hydrophilic and hydrophobic group. The 
electrical charge resulting from the adsorption of these 
compounds on the surface of cement particles induces the 
repulsive forces that increase fluidity of the paste. However, 
the lateral chains in admixtures based on polycarboxylates 
generate steric repulsion among the cement grains, causing 
deflocculation and dispersion of the particles, which in turn 
improves workability by releasing the water trapped in the 
flocs, which results in decreasing the slump of the cement 
mortars (Table 3).

(a)

(b)
 Fig. 10  Influence of SP admixtures on: (a) the yield stress and (b) the plastic viscosity
 10. ábra  Az SP adalékszerek hatása a: (a) a folyási feszültségre és (b) a viszkozitásra

The results show that, the dosage of 0.2% for SP2 results in 
a similar effect to the dosage of 0.6% for SP3 and better than 
the dosage of 0.8% for SP1. However, beyond 0.4%, SP2 has 
become steadily less efficient compared to SP1 and SP3. This is 
may be due of the steric effect of polycarboxylates, which has 
become more and more dominant as the dosage increases.

4. Conclusions
The rheology of cement mortars containing three SCMs (LF, 

FA, BFS) and three different SP admixture types is compared 
based on an evolution of the plastic viscosity and the yield 
stress of the control mix without SCMs and SP, respectively. 
The following conclusions can be drawn from this research 
work:

	■ Increasing the amount of LF from 0 to 60% reduced the 
yield stress and the plastic viscosity of cement mortar 
by 52% and 59%, respectively. 

	■ The cement mortar containing FA or BFS exhibited 
higher yield stress and plastic viscosity compared to 
those of the control mortar. In addition, with the use 
of 60% of FA, the yield stress and the plastic viscosity 
increased by 132 % and 75% respectively.

	■ At a replacement level up to 40% of BFS, the yield 
stress of cement mortar increased with a rate of 98%. 
However, for a replacement level of 50 to 60%, the 
yield stress is decreased. When using 60% of BFS, an 
improvement rate of about 8% and 64% for the yield 
stress and the plastic viscosity is recorded, respectively

	■ Cement mortar incorporating FA has similar behavior 
in increasing the plastic viscosity compared to that of 
cement mortar containing BFS.

	■ In addition, the obtained results confirm the 
compatibility of the incorporation of SP with LF. This 
makes the use of the high-volume eco-friendly binder 
in mortars and concretes very promising in terms of 
improving workability or reducing the W/B ratio for a 
given slump.

	■ For dosage less than 1% of SP, the SP2 based on 
phosphonate reduced the rheological properties better 
compared to the SP based on polycarboxylate (SP1 and 
SP3).

	■ Dosage of 0.2% of SP2 had an equivalent effect to that 
when using dosage of 0.8% of SP1 and 0.6% of SP3, 
in terms of reducing the rheological properties of the 
cement mortar.

	■ In the same way, the steric effect of polycarboxylates became 
more and more dominant as the dosage of SP increases.

This study provides a reference for use of FA, BFS and LF to 
develop green building materials with the desired rheological 
properties. Overall, LF can be used to produce the low 
rheological properties cement mortar. While, FA and BFS can be 
used for the production of high rheological properties cement 
mortar. This helps to reduce the high cement consumption in 
the production of cement-based materials and contributes to 
environmental sustainability and resource savings.

In this regard, it is recommended that, this study to be 
accompanied by scientific investigations on combining LF 
with the BFS and the FA, with a high percentage of the LF, 
in order to have the sufficient rheological properties for 
different applications and different types of concrete, in 
particular self-compacting concrete. Moreover, future research 
is recommended in order to study the synergistic effect of 
these additions on the rheology of ternary and quaternary 
cementitious blends-based materials.
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