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Abstract
The present paper discusses experimental results obtained on several mortars prepared using a commercial type1 OPC 
cement, a commercial limestone aggregate with maximum particles dimension below 5 mm, superplasticizer and water. Dif-
ferent amounts of a waste silica sand, in form of loose powder, derived from the industrial production of refractory blocks, 
were added to the above basic components. Several additional samples were also prepared using same basic commercial 
components added by different amounts of a fine limestone filler. This latter set of compositions was used to prepare sam-
ples to be used as reference materials. Waste silica sand and fine limestone filler were used as received from their producer. 
During preparation, pastes containing silica sand showed better workability compared to all the other blended components. 
All hydrated materials displayed fair compressive strength and low water absorption after curing, but those containing silica 
sand showed the best mechanical performances due to their low residual porosity and to the pozzolanic reaction which could 
enable application for the production of structures in direct contact with water or aggressive environments such as sewers 
or tanks suitable for the containment of organic substances.
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Introduction

Silica sand (SS) powders are used as inert insulating medium 
during the production of refractory electro-fused blocks 
made by means of electric arc furnaces. These blocks are 
then used in the manufacture of furnaces for glass produc-
tion. The industrial process involves: first the melting of the 
powders mixture containing ZrO2, SiO2 and Al2O3, then 
molten blend is poured into the moulds and cooled down to 
room temperature at a very low cooling rate. This sensitive 
long step requires, as thermal insulator, a silica sand mix-
ture containing 30 wt.% of diatomaceous earth. This latter 
is added by the refractory industry because of its absorbent 
properties. When the blocks are at room temperature, they 
are removed from the moulds and the silica sands are used 
for further preparations. After certain numbers of production 
cycles, the exhaust sands must be replaced by new products 

and the exhaust powders are mainly discarded to landfill; 
the production of 1 tonne of refractory blocks also implies 
the production of about 4 tonnes of waste silica sand. How-
ever, due to their composition and to the small dimensions of 
powder particles, exhaust silica sands are classified as harm-
ful toxic product which implies highly expensive disposal in 
special landfills. In fact, the EU directive 97/96CE of Dec 
5th 1997, establishes that when a powder waste contains 
fibres or coarse particles having size in the range between 50 
and 500 µm and, at the same time, contains a total amount 
of K2O + Na2O + MgO + CaO equal or smaller or than 
18 wt.%, it must be considered carcinogenic and requires 
special landfills for disposal.

In a circular economy context, which possibly avoids the 
use of landfill disposal of most industrial waste or by-prod-
ucts, the present research aims to propose a possible way 
for recycling the above-described waste silica sand by the 
production of mortars. This environmental approach which 
started several years ago, has led the research world to iden-
tify and develop new products which sometimes find appli-
cation into the construction industry. For example, high-per-
forming mortars or concretes, which imply homogenization 
of mixtures containing cement, aggregate and water, may 
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be added to other components, such as fly ash, silica fume, 
ground granulated blast furnace slag (ggbs), glass cullet and 
others [1–6]. A wide literature documents the successful 
use of fly ash and silica fume as partial cement replace-
ment materials in mortars or concrete mix, in which poz-
zolanic reaction may improve concrete strength and dura-
bility [7–9]. On the other hand, glass cullet from different 
origins could be successfully used as aggregate [10–15]. It 
is as well generally accepted that three main characteris-
tics enable pozzolanic reaction between silica-based addi-
tions and cement-based products: i. high silica content; ii. 
presence of amorphous silica phase and iii. small particles 
dimensions which, in turn means high specific surface area 
of the powders.

The use of silica-based components in mortars or con-
cretes production could also cause alkali-silica reaction 
(ASR) when silica-rich particles react with the alkali in 
the pore solution of mortars or concretes inducing internal 
stresses, expansion, and overall affecting materials durabil-
ity, but could be minimised when the powders particles have 
small size [2, 7, 9, 14, 16, 17].

The use of industry by-products or waste in mortars and/
or concrete production, in partial substitution for aggregate 
or cementitious materials, depending on their chemical 
composition and grain size, is therefore generally accepted, 
provided that the mixture of the starting components is eas-
ily homogenised, that pastes have good workability, that 
the hardened materials display high strength and that the 
release of eventual hazardous components from the hard-
ened materials (introduced by the waste) does not exceed 
the established norms.

In the present research, several mortars were produced 
using a fixed amount of natural limestone aggregate, as it 
has been often proposed in literature [18, 19], a fixed water-
to-cement (w/c) and superplasticizer to cement (s/c) ratios, 
whereas waste silica sand was added in different propor-
tions thus modifying the global a/c ratio. The addition of 
superplasticizer was considered necessary to maintain suf-
ficiently low the w/c ratio after the addition of silica sand. In 
parallel, a series of samples with same ratios as above, were 
added with a limestone powder having same maximum par-
ticles size as the silica sand in order to evaluate the eventual 
benefits of silica addition to the properties of the resulting 
hardened mortars. In fact, it is expected that waste silica 
sand, although fully crystalline, could beneficially affect 
particle size distribution of the global mortar systems. This, 
in turn, improves workability of the pastes during materials 
production and could promote pozzolanic reaction during 
hardening, but not ASR in hardened products, thus lead-
ing to the production of mortars with long-term mechanical 
performances which open a new way to avoid the need for 
landfill disposal of this waste. All hardened specimens were 
characterised by compressive strength and water absorption.

The results obtained from this work represent a funda-
mental contribution in the context of the construction of 
large-scale structures involving considerable heat develop-
ment during the cement hydration phase. These results are 
of particular importance in the context of the design and 
construction of structures that require superior resistance 
to external agents and prolonged durability. These include 
structures in direct contact with water, such as hydraulic 
works, dams or bridges, or cast-in-place structures that will 
involve contact with aggressive environments and extreme 
conditions once in use. Examples of such structures might 
involve the construction of sewers, tanks suitable for the 
containment of organic substances, or offshore platforms 
intended for the extraction of natural resources. The in-depth 
knowledge of thermal processes and materials characteris-
tics developed through this research provides a solid basis 
for optimising construction methods, ensuring the structural 
safety and reliability of works even under adverse environ-
mental conditions [20].

Experimental details

Starting materials

The starting materials employed in this study were a com-
mercial Type 1 ordinary Portland cement (OPC) and a natu-
ral limestone aggregate with maximum particle dimension 
of 4.76 mm, density of 2.45 g cm−3 and water absorption 
0.27% (the measurement was carried out following the 
ASTM C127 and C128 norms) which were mixed with dif-
ferent proportions of a waste silica sand derived from the 
production of refractory blocks. A series of samples with 
addition of a fine limestone powder having same maximum 
particles dimension as the silica sand was also produced. 
The Glenium 51 (BASF) was used as a superplasticizer in 
the preparation of all the specimens. A fixed selected amount 
of water was added to each starting blend.

The mix proportion design is reported in Table 1 which 
also displays samples’ symbolic names (used hereafter), 
water-to-cement (w/c), aggregate to cement (a/c) and super-
plasticizer to cement (s/c) ratios in all the compositions.

Table 2 shows chemical composition (reported in terms 
of oxides) and density of cement, silica sand and limestone 
filler. The chemical analysis was obtained by means of a 
Spectro Mass 2000 Induced Coupled Plasma (ICP) mass 
spectrometer whereas densities were determined following 
the ASTM C127 and C128 standards.

The crystalline phases of as-received silica sand and 
limestone filler powders were identified by X-ray diffrac-
tion (XRD). XRD patterns were recorded by a Philips X’Pert 
diffractometer (40 kV and 40 mA, Ni-filtered Cu-Kα radia-
tion) using a step size of 0.02° and a counting time of 40 s 
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per angular abscissa in the range of 5–80°. Philips X’Pert 
High Score software was used for phase identification and 
semi-quantitative analysis (RIR method) [21].

SEM micrographs of the two powders were obtained by a 
Zeiss EVO40 Scanning Electron Microscope (SEM) coupled 
with the Energy-Dispersive X-ray Spectroscopy (EDXS).

The particle size distribution (PSD) of silica sand and the 
limestone filler were determined, in water, after 3 min soni-
cation, by a Horiba LA950 laser scattering PSD analyzer; 
logarithmic abscissa was used for curves representation. The 
PSD of the commercial aggregate and those of the mixtures 
prepared with the addition silica sand and limestone filler 
obtained using a set of sieves with mesh of 0.238, 0.595, 
1.000, 2.380, and 4.760 mm were used as it is suggested by 
the ASTM C144 official norms.

Mortar samples preparation

For the mixture homogenization and w/c optimization, a 5 L 
Hobart stirrer conforming to ASTM C305 standards was 
used. At the conclusion of a preliminary investigation on the 
reference blend, the optimised amount of water was deter-
mined by a modified ASTM C1437 slump test [22, 23]. In 
this procedure, slurries were poured into a truncated conical 
mould (top diameter = 70 mm, bottom diameter = 100 mm, 

height = 60 mm) which was filled up to the top; it was then 
lifted vertically, the cake was shaken for 5 s, and the diam-
eter of the spread slurry was measured along two perpen-
dicular directions. The slump value was derived from the 
average of the two measurements. Using this procedure, 
the pastes are assumed to have sufficient workability when 
the cake width is 150 (±20) mm. The identified w/c value 
of the reference blend was 0.45 and this value was used 
for all the compositions. Slurries were then poured under 
vibration into cubic (100 × 100 × 100 mm) and/or cylindric 
(Φ = 30 mm and h = 60 mm) moulds respectively, sealed 
with a plastic film to ensure mass curing and aged 48 h for 
a first hydration. Demoulded samples were further cured in 
water at room temperature for 7, 28, and 90 days. The ageing 
water was maintained at the constant temperature of 25 °C 
(±3 °C) and replaced with fresh water every 3 d of curing. 
After curing, before materials characterisation, samples were 
dried with a cloth and aged in the atmosphere for 24 h.

Characterisation of hardened materials

Compression tests were performed on cubic specimens 
(100 × 100 × 100 mm), in accordance with the ASTM C39 
standard, using an 810 Material Test System (MTS) with a 
crosshead speed of 1.5 mm/min. Data were averaged over 3 
measurements for each composition.

A modified ASTM C 642 standard was followed to meas-
ure water absorption of the hardened cylindric samples. Fol-
lowing this procedure, specimens were dried in an oven at 
80 ± 5 °C for 24 h and weighed in air (W1); they were then 
aged in autoclave at 120 °C and 2 kPa for 2 h using 2 L of 
water, cooled down to room temperature (in water), dried 
with a cloth and weighed again (W2). Water absorption was 
evaluated according to the following equation:

Scanning electron observations of the as-received lime-
stone filler and silica sand were performed by means of a 

W(%) = 100(W2 −W1)∕W1

Table 1   Mix proportion design of the compositions prepared

LF Lime Filler, SS silica sand, w/c water/cement, a/c aggregate/cement, s/c superplasticizer/cement

Sample name Cement (g) SS (g) LF (g) Commercial natural 
aggregate (g)

Superplasti-
cizer (g)

H2O (g) w/c (%) a/c s/c (%)

Ref 400 0 0 2000 4 200 45 5 1
LF1 400 0 400 2000 4 200 45 6 1
LF2 400 0 500 2000 4 200 45 6.25 1
LF3 400 0 600 2000 4 200 45 6.5 1
SS1 400 400 0 2000 4 200 45 6 1
SS2 400 500 0 2000 4 200 45 6.25 1
SS3 400 600 0 2000 4 200 45 6.5 1

Table 2   Composition (wt%), reported in terms of oxides, and den-
sity (g/cm3) of Lime Filler (LF) and Silica Sand (SS) used as starting 
components to produce mortars samples

Component Cement Lime powder Silica sand

SiO2 25.2 0.7 95.1
Al2O3 2.1 <0.1 0.8
CaO 63.5 95.4 0.1
MgO 1.6 2.3 0.1
Fe2O3 2.8 0.4 2.9
Undetermined 4.8 1.2 1.0
Density 3.03 2.4 2.1
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Zeiss EVO40 Scanning Electron Microscope (SEM) coupled 
with an EDS system.

Results and discussion

Table 2 shows that lime filler contains about 95 wt% CaO 
with low amounts of MgO and SiO2 whereas the silica 
sand contains about 95% wt SiO2 together with Fe2O3 (2.9 
wt%); other components were detected in very low amounts, 
whereas heavy metals or other hazardous compounds were 
not identified at all. The XRD (Fig. 1a and b) investigation 
revealed the only presence of calcite (PDF 01-086-0174) 
in the limestone filler, whereas in the SS powder, SiO2 is 
shared into alpha quartz (PDF 01-083-2465) and alpha cris-
tobalite (PDF 01-076-0938).

Figure 2a and b shows the PSD curves of limestone filler 
and silica sand. It can be observed that both powders display 

a trimodal distribution with maximum particles size lower 
than 1 mm. However, limestone filler has maximum parti-
cle concentration at 238 μm (80% of the total volumetric 
amount) and displays two other small concentration peaks 
at 0.4 and 5 μm. On the other hand, silica sand shows maxi-
mum concentration of particles at around 9 μm (60%) and 
two smaller concentration peaks at around 80 (20%) and 
700 μm (20%) respectively. Therefore, the silica sand has a 
greater number of fine particles compared to the limestone 
filler.

Figure 3a and b shows SEM micrographies (2500×) of 
limestone filler and silica sand powders. Each image shows 
the presence of facetted, irregular particles which appear 
to be agglomerated into soft clusters. In addition, Fig. 3b 
also highlights several fossil relic particles reasonably due 
to diatomaceous earth.

Figure 4 shows the cumulative representation of particles 
size distribution obtained with standard sieves acquired on 

Fig. 1   a and b X-ray diffraction patterns of a lime filler and b silica sand. Lime filler mainly contains calcite (Ca) whereas silica sand contains 
quartz (Q) and cristobalite (C)

Fig. 2   a and b Particle size distribution (dotted line, left axis) and cumulative representation (plain line, right axis) curves of: Lime Filler (a) and 
silica sand (b)
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the as-received, commercial natural aggregate. It may be 
highlighted the very low fraction of particles with size below 
149 μm (2.6 wt%), many particles with size between 149 and 

1000 μm and a limited amount coarse particles with size 
greater than 1000 μm.

The granulometric composition above described seems 
to be far from the ideal one according to Fuller or Bolomey, 
the amount of small particles being too low and the amount 
of particles with size between 149 and 1000 μm too high, 
implying the production of mortar pastes that are neither 
sufficiently workable nor sufficiently packed and strong 
hardened materials.

The addition of limestone filler or silica sand modifies 
the PSD of the original natural aggregate as well as the ratio 
a/c displayed in Table 1 which starts from 5 of the reference 
composition and reaches the value of 6.5 of compositions 
LF3 and SS3. Figure 5a and b shows the PSD trends of the 
compositions containing 400, 500, and 600 g of each of these 
powders. However, it is worthwhile to observe that, whilst 
limestone filler carries into the mixture a great amount of 
particle with size between 238 and 1000 µm (which is a 
range of particles already present in great amount into the 

Fig. 3   a and b SEM images of Lime Filler (a) and Silica Sand (b) powders

Fig. 4   Particle size distribution of the as-received commercial natural 
aggregate determined by standard sieves

Fig. 5   a and b Particle size distribution of the mixtures containing commercial natural aggregate and different amounts of LF or SS, obtained 
using standard sieves
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natural aggregate), silica sand increases the fraction of fine 
particles (those with size lower than 149 μm) improving 
workability of the mixture after the addition of water and 
cement. This apparently speculative statement is however 
confirmed by Fig. 6 which shows trend of the slump flow 
versus amount of LF or SS additions of the slurries prepared. 
In fact, an almost linear decreasing trend with the addition of 
LF can be observed, conversely SS improves slurries flowa-
bility up to the addition of 500 g of powder. However, a 
greater amount induces a reversal trend. Compositions con-
taining more than 600 g of LF or SS were not prepared due 
to their extremely poor workability.

The above-described behaviour is reasonably due to the 
presence of micronic particles which have been introduced 
into the mixtures by the addition of SS. Literature widely 
documents the relation between their presence and rheologi-
cal behaviour of cement-based slurries, highlighting their 
possible role as fine aggregate as well as supplementary 
binding material [24–27]. Particles with size smaller than 

75 μm may develop cementitious capability resulting from 
hydration or pozzolanic reaction. In addition, LF contains 
small particles. However, the main quantity has size greater 
than 75 µm with limited effects on rheology behaviour of 
the resulting cement-based slurries. The reversal trend high-
lighted on materials containing more than 500 g of SS is 
reasonably due to the high specific surface area of the fine 
fraction of silica sand and to the presence of diatomaceous 
earth with its absorbent properties.

The results obtained from compression strength tests, 
with relative error bars, displayed as a function of curing 
time of the compositions containing LF and SS, are showed 
in Fig. 7a and b which also report the trend of the reference 
composition. Figure 7a shows that the average compressive 
strength of LF-containing mortars is 16 MPa after 7 d of cur-
ing, 38 after 28 and 40 after 90. This proves that the addition 
of lime filler improves, but not optimises, the particle size 
distribution of the starting aggregate.

Figure 7b displays the trend of compressive strength as a 
function of curing time of mortars manufactured using SS. 
It may be observed that composition SS1 displays a strength 
of 22 MPa after 7 days of curing and grows at 57 after 90; 
SS2 reaches 25 MPa after 7 days and enhances at 78 after 
90 days of curing; conversely SS3 shows the same strength 
of SS2 after 7 days, but longer times leads to materials with 
lower compressive strength than composition SS2.

Figure 8 shows the trends of strength vs curing time of 
the blank reference, composition LF2 and SS2 which are 
respectively the compositions which displayed the best per-
formances of each series of samples. It may be observed that 
SS2 shows a continuous strength growth and the best overall 
behaviour. In addition, it has been observed that after the 
compression tests, all SS-containing samples, although after 
long curing time in moist environment, showed dried cores 
thus documenting their low interconnected open porosity.Fig. 6   Slump values (cm) displayed as function of LF (red polygonal) 

or SS (blue polygonal) additions to the cement-based slurries (colour 
figure online)

Fig. 7   a and b Trends of compressive strength versus ageing time of materials containing LF (a), SS (b)
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Table 3 displays the water absorption of materials after 28 
and 90 days of curing which look relatively low. It must be 
observed a significant difference between numbers obtained 
from samples containing silica sand and those made using 
limestone filler: the former are lower than the latter in this 
way highlighting materials with lower open porosity. Addi-
tionally, the results obtained on materials aged for 90 days 
show that samples containing lime filler remain almost con-
stant (in line with the reference composition), whereas those 
resulted from specimens made with silica sand display a 
growing trend.

The averaged (3 measurements) values from the compres-
sion strength tests of the reference composition after 7, 28, 
and 90 days are 15, 24, and 26 MPa respectively, whereas 
water absorption is almost constant at 6.8%. These numbers 
appear low if compared to those expected from mortars pre-
pared made using a Type 1 cement and are reasonably due to 
the low amount of cement introduced in all the compositions 
prepared in the present investigation and to the poor quality 
of the as-received commercial aggregate, which contains a 
low amount of fine particles and leads to the production of 
low quality mortars. The results obtained from the compres-
sive strength tests of mortars containing FS and SS are how-
ever higher than data obtained on the reference composition.

The worse strength behaviour of SS3 with respect to SS2 
is reasonably due to the worse workability of such composi-
tion which leads to a greater air entrapment during homog-
enization leading to the production of materials with higher 
water absorption and therefore larger open porosity.

It can also be highlighted that after 28 days of ageing in 
water, the change in length of all samples is always below 
the normally accepted value of 0.05% suggested in ASTM 
C33 and in line with literature data obtained in mortars pro-
duced using high silica fine powders [17, 28, 29].

In definitive, the high compressive strength values of SS-
containing compositions, compared to reference mortars or 
LF-containing materials, are reasonably due to their low 
residual porosity (low water absorption) and to the chemi-
cal nature of SS powders which cause pozzolanic reaction 
because of their high SiO2 content [4, 6, 7, 9, 12–14, 30–32]. 
The particles size distribution of SS powders improves 
pastes workability limiting air entrapment and therefore 
favours the production of materials with low residual poros-
ity. The non-negligible porosity reduction between 28 and 
90 days observed on silica sand containing samples, but not 
on the reference composition nor on materials made using 
fine lime filler, is reasonably due to the reactive fraction 
of silica sand and Ca(OH)2 from the hydration process of 
the cement components to form additional hydrated silicate 
giving rise to the pozzolanic phenomenon reducing materi-
als porosity [2, 4, 6, 7, 24, 33–42]. Moreover, after casting, 
during hydration, the low cement/aggregate ratio leads to the 
production of materials with an almost absence of expansion 
and microfracturing.

XRD analysis of the hydrated samples, acquired after 
90 days of curing, did not reveal the presence major quantity 
of hydrated phases in SS-containing specimens with respect 
to reference or LF-containing compositions probably due to 
their amorphous or cryptocrystalline nature [43, 44] there-
fore they are not reported in the presence paper.

The better mechanical behaviour of SS-containing mate-
rials with respect to the other compositions prepared in the 
present research may be therefore due to their chemical 
composition, which affects materials hydration and to their 
particles size distribution which favours better workability 
of the relative mortars’ pastes.

Conclusions

In the present research, the production of stable cement 
mortars was carried out using a commercial type 1 OPC, a 
commercial natural aggregate, superplasticizer and water. 
Production and characterisation of such hydrated reference 
composition were compared to products that were added 
with a lime filler and/or a waste silica sand derived from 
the industrial production of refractory bricks. Mortars were 

Fig. 8   Trends of compression strength as a function of ageing time of 
reference composition, LF2 and SS2

Table 3   Materials’ water absorption after 28 and 90 days of curing

Sample symbolic name H2O abs % 28 H2O abs % 90

Ref 6.8 6.6
LF1 6.3 6.2
LF2 6.1 6.2
LF3 6.1 6.1
SS1 4.3 4.1
SS2 3.4 2.8
SS3 3.8 3.6
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produced using fixed water-to-cement, cement-to-aggregate 
and cement-to-superplasticizer ratios, whereas lime filler 
and waste silica sand were added in different proportions.

The following important conclusions were derived from 
the study:

1.	 The addition of lime filler and silica sand optimises 
particles size distribution of the starting mixtures of 
components due to the low cement content used for all 
production and to the little amount of fine particles in 
the starting natural aggregate although silica sand is the 
product that develops the best behaviour;

2.	 The low cement-to-aggregate ratio used for preparations 
limits expansion and micro-fracturing during hydration;

3.	 The addition of silica sand improves workability of the 
reference mortars pastes as well as the addition of lime 
filler up to an upper quantity limit determined by the 
fixed amount of water used for all the preparations;

4.	 Lime filler and silica sand containing hydrated materials 
displayed fair strength in compression tests, but those 
containing silica sand displayed the best overall behav-
iour after 7, 28, and 90 days of curing in water due to 
their low water absorption (low residual porosity) and 
to the pozzolanic activity caused by the reactive fraction 
of silica sand.

The results obtained in the present research show that 
waste silica sand, due to the fine powders particles and to its 
specific chemical composition, could be easily recycled into 
the production of cement mortars contributing to improve 
the performances of materials prepared using not optimised 
particles size distribution. Such products could be used for 
the production of structures in direct contact with water or 
aggressive environments such as sewers or tanks suitable for 
the containment of organic substances.
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