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A B S T R A C T   

In the lost-wax foundry industry large amounts of ceramic mold casting waste (CMCW) are disposed of in 
landfills, which not only pollutes the environment but also leads to the loss of secondary resources. On the other 
hand, with the improvement of building style and performance, the demand for lightweight concrete is also 
increasing. Therefore, we recycle CMCW into lightweight concrete for environmental and economic reasons. In 
this study, two types of expanded clay with different sizes (2–10 mm and 10–20 mm) were used as reference 
aggregates. From the results, it can be seen that the density of CMCW is about four times higher than that of 
expanded clay, and the water absorption in 24 h is 1/4 of expanded clay. Then, expanded clay was replaced with 
three different weight percentages (30%, 60%, and 80%) of CMCW to prepare new lightweight concrete, which 
was tested for workability. After curing for 28 days at 90% humidity, four compositions were tested for their 
physical and mechanical properties. Finally, the results showed that with increasing CMCW content, mechanical 
performance also increased. With 80% CMCW in the lightweight concrete, a density of 1998 kg/m3 and 
compressive strength of 36 MPa were achieved.   

1. Introduction 

Concrete is the most important material in the construction sector 
and has experienced a great demand in recent years. The Global Cement 
and Concrete Association [1] reported that global concrete consumption 
in 2020 was 14 billion m3, 40% of which was used for residential con
struction. As the population grows, the global demand for concrete is 
increasing year by year. With the development of social productivity and 
the implementation of sustainable development goals, the development 
of concrete is getting a clearer direction, which is in the direction of 
lightweight, green and high strength concrete [2]. In particular, light
weight concrete with density below 2000 kg/m3 [3], has significant 
applications in terms of thermal [4] and sound insulation properties 
compared to conventional concrete. It also reduces the weight of the 
structure, reducing the quantity of materials used. At the same time, the 
structure can be realized with large span, reducing the construction cost 
[5]. In recent years, due to environmental problems, researchers have 
tried to replace coarse or fine aggregates partially or totally with various 
waste products, such as fly ash [6,7], tire waste [8,9], agricultural 
wastes [10,11], plastics [12,13] and glass [14,15]. These studies are of 
great help for the practical application of recycled aggregates. 

In the foundry industry the lost wax process is often used to obtain 
parts with high dimensional accuracy, for that many ceramic molds are 
used. In the casting process, the metal fluid is injected into the ceramic 
mold before it is allowed to cool. Finally, the ceramic mold is broken to 
release the casting [16,17]. Unfortunately, these broken ceramic molds 
become part of the solid waste generated by the foundry industry and 
eventually end up in landfills. According to the statistics [18], the pro
duction of lost wax casting in China in 2020 was about 5 million tons, 
accounting for 10% of casting production, and the demand for casting is 
increasing year by year. As reported [19], the lost wax casting output 
value of China in 2021 reached 3.3 billion dollars, an increase of 17.5% 
compared to 2020. The disposal of Ceramic Mold Casting Waste 
(CMCW) in landfills not only increases processing costs, but also has 
irreversible impacts on the environment, especially on the water quality 
of nearby water resources [20,21]. Recently, more and more attention 
has been paid to the waste from the industry foundry recovery. For 
example, Singh et al. [22] reported that the performance and strength of 
the concrete was improved when the fine aggregates were replaced with 
15% waste foundry sand. Iqbal et al. [23] developed gene 
expression-based programming to predict the mechanical properties of 
green concrete containing waste foundry sand. The database includes 
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234 compressive strengths, 163 splitting tensile strengths, and 85 elastic 
moduli. The model exhibits high generalization and prediction 
capability. 

Regarding foundry waste, many researchers have investigated the 
performance of concrete with waste foundry sand, but few studies have 
been conducted on CMCW. Khatib et al. [24] replaced the fine aggregate 
of concrete with waste foundry sand (0%, 30%, 60%, and 100%) and 
found a linear relationship between water absorption by capillarity and 
strength. Behnood et al. [25], Siddique et al. [26], and Guney et al. [27] 
also studied the mechanical properties of concrete when waste foundry 
sand was used instead of aggregate. Hossiney et al. [28] reported on the 
use of waste foundry sand for brick making. Javed [29] and Tarek et al. 
[30] studied waste foundry sand for highway and sea barriers 
construction. 

In this study, the water absorption and density of CMCW were 
characterized, the microstructure was observed, and the chemical 
composition was tested. The effects of different dosages of CMCW on the 
physical and mechanical properties of lightweight concrete were 
investigated (Table 1). 

2. Materials and methodology 

2.1. Materials preparation 

Two different sizes of commercial expanded clay (EC), 2–10 mm and 
10–20 mm (represented by EC2–10 and EC10–20), were used as coarse 
reference aggregates, obtained from Portuguese company. By compari
son with the maximum particle size of commercially available expanded 
clay aggregates, the maximum particle size of the coarse aggregate was 
set at 20 mm. The main constituent of expanded clay is SiO2 with a 
content of 63%, and the chemical composition is shown in 

. The outer shape of expanded clay is smooth and round (Fig. 1a), and 
the internal microstructure, obtained after polishing in SiC abrasive 
paper followed by diamond suspension of 1 micrometer grain size, 
presents many porous structures (Fig. 1b). 

The CMCW was obtained from a foundry company in northern 
Portugal. The chemical compositions were determined by X-ray fluo
rescence spectrometry (Table 2). Its main constituent is SiO2, which 
accounts for 74.3% of its composition. The shape of the CMCW particles 
is irregular (Fig. 2a). The microstructure of the CMCW particles was 
studied by scanning electron microscopy (Fig. 2b). This showed that 
they consist of aggregates with a diameter of about 500 µm and colloids 
of bonded aggregates. 

According to the standard EN 1097–6 [31], the density and water 
absorption of CMCW 0–20, EC2–10 and EC10–20 were determined, and 
the results are shown in Table 3. 

The particle size gradation of the original CMCW was measured ac
cording to the standard EN 933–1 [32], and the results are shown in 

Table 4 EC2–10, EC10–20, original CMCW and CMCW 0–20 mm size 
distribution 

. To ensure uniformity of particle size, the obtained original CMCW 
that was larger than 20 mm was crushed in a crusher and then mixed 
with the original CMCW that was smaller than 20 mm. Then, the particle 
size gradation of the coarse aggregates was determined ( 

Table 4 EC2–10, EC10–20, original CMCW and CMCW 0–20 mm size 
distribution 

). The aggregate gradation curve is shown in Fig. 3. These parameters 
play an important role in the subsequent design of the proportions of 
lightweight concrete. 

The physical and mechanical properties of CEM I 42,5R, a type of 

Portland cement provided by the Portuguese company Secil, are given in 
Table 5. The fine aggregate used for the lightweight concrete was river 
sand with a particle size of 0–4 mm, with a density of 2580 kg/m3 and a 
water absorption of 0.88%. Tap water from the CTAC laboratory (Uni
versity of Minho) was used. MasterGlenium SKY 617 from the Portu
guese company BASF [33] is a new generation superplasticizer (SP) with 
a density of 1041 kg/m3, which was used to adjust the workability of the 
fresh lightweight concrete. 

2.2. Design and preparation of specimens 

Four compositions were prepared in this study. The water/cement 
ratio is 0.3, and the maximum particle size is 20 mm. Among these four 
compositions, the reference lightweight concrete (0% CMCW, repre
sented by W0) was developed according to the method of Faury, which 
focuses on the gradation of different solid materials in the design of 
concrete proportions so that the concrete can obtain the most reasonable 
material proportions and better workability [35]. In the reference 
composition (W0), the aggregate consists of a mixture of natural sand 
(river sand) and lightweight aggregate (expanded clay), with two 
different granulometries. 

Three lightweight concretes with 30%, 60%, and 80% CMCW (W30, 
W60 and W80) were designed. In these compositions, the river sand 
dosage was maintained. The expanded clay dosage (EC) was replaced in 
mass by Ceramic Mold Casting Waste (CMCW). The compositions of the 
four types of lightweight concrete are in Table 6. In addition, it should be 
mentioned that the amount of SP was fixed during the mixing process. 

2.3. Methods 

To avoid floating of the lightweight aggregates during the mixing 
process, the aggregates were soaked in water for 24 h before mixing. The 
dosage of SP is between 1% and 5% of the cement quantity, which 
mainly adjusts the workability of the lightweight concrete. A slump of 
10–15 cm was considered, which corresponds to level S3 according to 
the standard EN 12,350–2 [36]. However, to ensure comparability, the 
value of 10 cm of the slumps of W30, W60 and W80 was maintained in 
the production. 

The compositions were prepared in vertical shaft mixers at room 
temperature. Depending on the particle size of the material, from large 
to small, they were added and mixed in the vertical shaft mixers. After 
uniform mixing, water was slowly added. After a mixing time of 3 min, 
the slump of the fresh lightweight concrete was checked and adjusted 
with SP. 

Lightweight concrete specimens were prepared for each composition 
according to requirements of standard of the physical and mechanical 
properties. For the physical experiments, twenty-four 100 mm cubic 
specimens were prepared for water absorption by capillarity and im
mersion tests according to standard LNEC E 393 [37] and LNEC E 394 
[38]. For the determination of mechanical properties, twelve 150 mm 
cubic specimens were produced for 28-day compressive strength test 
according to standard EN 12,390–3 [39]; sixteen 100 × 100 × 425 mm 
prismatic specimens were considered for 28-day flexural strength test 
according to standard EN 12,390–5 [40]; sixteen Ø100 × 200 mm cyl
inders were prepared for the 28-day modulus of elasticity measurement 
according to standard EN 12,390–13 [41]. 

Table 1 
Chemical composition of EC, obtained by X-Ray Fluorescence Spectrometry.  

Constituent SiO2 Al2O3 TiO2 Fe2O3 CaO K2O S MnO P2O5 

Value (%) 64.36 23.46 1.12 8.82 0.04 1.89 0.03 0.13 0.16  
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3. Physical characterization results 

3.1. Workability 

In this study, slump was used to evaluate the workability of light
weight concrete. The SP content was calculated as a percentage of the 
cement weight. The worse the workability of the lightweight concrete, 
the more SP was added to keep the slump of the lightweight concrete the 
same. According to the standard EN 12,350–2 [36], the results of slump 
were determined and the amount of SP in each composition was 
recorded, as shown in Fig. 4. 

From Fig. 4, it can be seen that as the amount of CMCW increases, the 
content of SP also increases. By W80, the amount of SP is 3.5 times 

greater than that of W30 needed to have the same effect on the slump of 
the lightweight concrete. Comparing the compositions of W0 and W30, 
the dosage of SP is the same, but the slump is 30% lower. The irregular 
shape of CMCW increases the friction of the slurry, and the micropar
ticles adsorbed on the surface also difficult the flowability of the slurry 
to some extent. As the CMCW content increases, the phenomenon of 
decreasing slump becomes more evident, and has been studied by Sid
dique [42] and Ganesh [43]. 

Fig. 1. EC and microstructure scanning electron microscope.  

Table 2 
Chemical composition of CMCW, obtained by X-Ray Fluorescence Spectrometry.  

Constituent SiO2 Al2O3 ZrO2 TiO2 Fe2O3 Na2O CaO K2O Cr 
Value (%) 74.3 20.0 4.2 0.66 0.66 0.12 0.07 0.08 0.02  

Fig. 2. CMCW and its microstructure obtained in scanning electron microscope.  

Table 3 
Physical properties of CMCW, EC2–10 and EC10–20.  

Property CMCW EC2–10 EC10–20 
Grain size original (mm) 0–20 2–10 10–20 
Apparent particle density (kg/m3) 2545 714 672 
Particle density on an oven-dried 

basis (kg/m3) 
2036 542 511 

Particle density on a saturated and surface-dried 
basis (kg/m3) 

2236 783 751 

(Water Absorption,%)    
2 h 8.35 28.2 28.66 
24 h 8.98 33.05 34.19 
7 days 9.81 44.2 47.03  

Table 4 
EC2–10, EC10–20, original CMCW and CMCW 0–20 mm size distribution.  

Sieve size 
(mm) 

Accumulated retained (%)  

EC 2–10 EC 10–20 Original CMCW CMCW 0–20 

63.0 0 0 0 0 
31.5 0 0 37 0 
16.0 0 4 65 0 
8.0 0 97 85 7 
4.0 54 98 92 29 
2.0 98 98 94 55 
1.00 98 98 95 66 
0.50 98 98 98 78 
0.25 98 98 98 89 
0.13 98 99 99 94 
0.063 100 100 100 100  
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3.2. Density 

The density of cementitious composites plays an important part in 
the self-load of the structures. Especially for lightweight concrete, den
sity is an important identification criterion. According to Fig. 5, it was 
found that the incorporation of CMCW leads to an increase in the density 
of the compositions. With the addition of 80% CMCW, the density of 
W80 is 1998 kg/m3. Thus, it reaches the limit value for lightweight 
concrete. At a CMCW content of 0 to 30%, the density of lightweight 
concrete increases by 2.8%; at a CMCW content of 30% to 60%, the 
density of lightweight concrete increases by 18.7%. This behavior can be 
explained by the higher density of the CMCW compared to the EC 
density, which justify the increase in the concrete density with the 
higher content replacement of the EC by CMCW. 

3.3. Water absorption by capillarity 

According to the standard LNEC E 393 [37], the water absorption by 
capillarity of four compositions cured for 28 days was tested from 10 
min to 340 h The water absorption by capillarity of the four composi
tions was determined. It was found that the four compositions had two 
water absorption periods, and their cutoff line was around the 70th hour 
for all cases. In the study by Alexandre [44], the water absorption rate of 
each composition in the initial absorption period is faster than the sec
ondary absorption. However, in general, regardless of the initial or 
secondary absorption period, as the CMCW content increases, the water 

Fig. 3. The particle gradation curve of coarse aggregates.  

Table 5 
Physical and mechanical properties of the CEM I 42,5R [34].  

Property Standard Value 
Sulfate content (in SO3) EN 196–2 ≤ 4,0% 
Chloride content EN 196–21 ≤ 0,10% 
Set Principle EN 196–3 ≥ 60 min 
Expandability EN 196–3 ≤ 10 mm 
Compressive strength (MPa) Compressive strength (MPa) Density (kg/m3) 
2 days 7 days 28 days 3120 
≥20 – ≥42,5 e ≤ 62,5  

Table 6 
Compositions of the lightweight concretes (kg/m3).   

Quantity of material in one m3  

Cement River sand 
0/4 

water w/ 
c 

EC CMCW SP      

2/ 
10 

10/ 
20   

W0 350 346 101 0.3 76 398 0 3.5 
W30 69 361 184 3.5 
W60 52 274 490 5.1 
W80 34 176 838 12.3  

Fig. 4. Variation of slump and SP content for the different compositions.  
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absorption by capillarity of the lightweight concrete decreases (see 
Fig. 6). This phenomenon also shows that a larger proportion of dense 
aggregate not only increases the density (Fig. 5) of the lightweight 
concrete, but also reduces the porosity within the lightweight concrete. 
This is due to the high degree of hydration originated by the presence of 
high quantity of SP. This behavior can also be explained by the lower 
porosity of the Ceramic Mold Casting Waste compared to the expanded 
clay (Table 3), which also justify the decrease of the concrete water 
absorption by capillarity with the higher content replacement of the EC 
by CMCW. 

In Fig. 7, it can be seen that the capillary water absorption coefficient 
curve of W30 and W0 essentially overlap when the EC was replaced with 
30% CMCW, indicating that the replacement of 30% CMCW has little 
effect on the capillary water absorption coefficient. When the CMCW 
replacement reaches 60%, the effect on the capillary water absorption 
coefficient of lightweight concrete starts to become significant. At a 
CMCW content of 80%, the capillary water absorption coefficient of 
lightweight concrete decreases by 53% compared to the reference con
crete (W0), which is directly related to the higher content of EC 
replacement by CMCW and the lower porous microstructure of the 
CMCW (Fig. 2). 

3.4. Water absorption by immersion 

Fig. 8 shows the values of water absorption by immersion obtained 
for the four compositions. It was found that the water absorption by 
immersion decreased with the incorporation of CMCW. A CMCW con
tent of 30% did not cause much change in water absorption by 

immersion of lightweight concrete. In particular, when the CMCW 
content reaches 80%, the water absorption by immersion is 21.5% lower 
than W0, which is due to the higher hydration degree. Once again, this 
behavior is related to the fact that the CMCW has a lower water ab
sorption capacity than EC (Table 3), which justifies the lower water 
absorption capacity by immersion in concrete with a higher content of 
CMCW in EC replacement, as already seen for water absorption by 
capillarity tests (Figs. 7 and 8). This also proves that replacing EC with 
CMCW provides an advantage in water absorption by immersion, which 
means a reduction in the porosity of the lightweight concrete. 

Fig. 5. The density of each composition (kg/m3).  

Fig. 6. Water absorption by capillarity of the compositions.  

Fig. 7. Capillary water absorption coefficient of the compositions.  
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4. Mechanical characterization 

4.1. Compressive strength 

Compressive strength increases when EC was replaced with CMCW 
(see Fig. 9). The results of Fig. 9 show that the compressive strength of 
the lightweight concrete with 30% CMCW is slightly lower than that of 
the reference lightweight concrete. From Figs. 7 and 8, it can be seen 
that when the CMCW content is 30%, the porous mass EC still occupies 
most of the volume, which does not contribute to the compactness of the 
lightweight concrete. When the CMCW content is increased from 30% to 
60%, the compressive strength of the concrete increases up to 65.9%. At 
80% CMCW, the compressive strength of the lightweight concrete 
reached 36.3 MPa, the highest value of all compositions. Referring to the 
standard EN 206–1 [3], the compressive strength of lightweight con
crete with 80% CMCW reached the level of LC25/30, indicating that the 
use of this lightweight concrete in structures is feasible. 

It can be seen from Fig. 5 that the density of the reference lightweight 
concrete is 1542 kg/m3, which corresponds to a compressive strength of 
17.7 MPa. When 80% CMCW was used, the density of the lightweight 
concrete increased by 29.6%, but the compressive strength increased by 
105.1%. The results shown in Fig. 9 can also be explained by the 
reduction of the porosity of the concrete (Figs. 6–8), due to the 
replacement of EC by CMCW (Table 6) and also due to the higher hy
dration degree. 

4.2. Flexural strength 

Fig. 10 shows that the flexural strength of lightweight concrete 
increased with the addition of CMCW. Similar to compressive strength 
(Fig. 9), the value of flexural strength increased up to 61% when the 

CMCW content was increased from 30% to 60%. The incorporation from 
60% to 80% did not cause much change in the flexural strength of the 
compositions, but the flexural strength with the incorporation of 80% 
CMCW increased by 85.1% compared to the reference lightweight 
concrete (W0). This is due to the reduction in porosity caused by the 
incorporation of a higher content of CMCW (Figs. 6–8) and to the higher 
adhesion between the aggregates and the cement paste, due to the more 
angular shape and irregular surface of the CMCW (Fig. 2). 

4.3. Elastic modulus 

According to the standard EN 12,390–13 [41], to determine the 
elastic modulus of the compositions, three loading and unloading cycles 
were performed on the specimens in the range of 1 MPa and 1/3 of the 
compressive strength of the composition. Three specimens of each 
composition were tested and then the average value was calculated as 
the elastic modulus of the composition (see Fig. 11). It can be clearly 
seen that the modulus of elasticity of the lightweight concrete increases 
with the incorporation of CMCW. The lightweight concrete with the 
largest elastic modulus is W80 with a value of 19.7 GPa. It is 49% higher 
than the elastic modulus value of reference lightweight concrete (W0). 

From Figs. 9 and 11, it can be seen that the same trend exists between 
the value of elastic modulus and compressive strength of the composi
tions (Fig. 9). In particular, when the CMCW content increases from 30% 
to 60% (W30 and W60), the elastic modulus and compressive strength 
increase the most, which, once again, is associated with the lower 
porosity of concrete compositions with CMCW incorporation. This 
phenomenon indicates a positive correlation between the strength and 
the modulus of elasticity of lightweight concrete, as reported by 
Beushausen [45] and Nath [46]. 

Fig. 8. Water absorption by immersion of the compositions.  

Fig. 9. Compressive strength of the compositions.  

Fig. 10. Flexural strength of the compositions.  

Fig. 11. Elastic modulus of the compositions.  
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5. Conclusions 

This study evaluates the effect of different dosages of CMCW on the 
physical and mechanical properties of lightweight concrete. It is 
important note that the reutilization of CMCW as aggregate in concrete 
is still a subject with great research needs, since little is known about 
possible applications of these materials in the construction industry. 
Thus, in the context of environmental protection and sustainable 
development, is important explore the possibility of the use of CMCW as 
a substitute for lightweight aggregate in lightweight concrete. 

The replacement of EC by CMCW in concrete lead to different be
haviors in the main properties of concrete. Regarding to the:  

- Slump tests, it was observed a decrease of the resulting value with the 
replacement of a higher content of EC by CMCW, due to the irregular 
shape of CMCW increases the slurry friction, and the microparticles 
adsorbed on the surface also difficult the slurry flowability;  

- Density, it was verified an increase with the presence of a higher 
CMCW content, due to the higher density of the material;  

- Water absorption, it was detected a decrease with the higher content 
of EC replacement by CMCW, which can be explained by the lower 
water absorption capacity of the CMCW;  

- Mechanical behavior (compressive strength, flexural strength and 
elastic modulus), it was observed an increase in the different prop
erties, due to the concrete reduction in the porosity and higher hy
dration degree related with the replacement of EC by CMCW. 

When the CMCW content was increased from 30% to 60%, both the 
physical and mechanical properties of lightweight concrete improved 
significantly compared to CMCW from 0% to 30% and from 60% to 80%. 
This shows that in the case of reference lightweight concrete, a large 
amount of CMCW promotes the improvement of physical and mechan
ical properties of lightweight concrete. Porosity was shown to be 
negatively correlated with mechanical properties. The results also show 
that a lightweight concrete with a CMCW content of 80%, a compressive 
strength of 36 MPa and an elastic modulus of 19.7 GPa, can be used for 
structures. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This work was partly financed by FCT/MCTES through national 
funds (PIDDAC) under the R&D centre for Territory, Environment and 
Construction (CTAC), under reference UIDB/04047/2020 and UIBD/ 
152844/2022. 

References 

[1] Global Cement and Concrete Association (GCCA), The GCCA 2050 Cement and 
concrete industry roadmap for net zero concrete. https://gccassociation.org/con 
cretefuture/wp-content/uploads/2021/10/GCCA-Concrete-Future-Roadmap.pdf, 
2021 (accessed 10 March 2022). 

[2] A. Sivakrishna, A. Adesina, P.O. Awoyera, K.R. Kumar, Green concrete: a review of 
recent developments, Mater. Today Proc. 27 (2020) 54–58, https://doi.org/ 
10.1016/j.matpr.2019.08.202. 

[3] EN 206-1, Concrete - Part 1: Specification, Performance. Production E Conformity, 
Concrete, 2007. 

[4] Gabriel Samson, A review of thermomechanical properties of lightweight concrete, 
ICE Virtual Libr. 69 (14) (2017) 201–216, https://doi.org/10.1680/ 
jmacr.16.00324. 

[5] J. Hamad Mohammed, A.J. Hamad, Materials, properties and application review of 
lightweight concrete, Rev. Tec. la Fac. Ing. Univ. del Zulia 37 (2) (2014) 10–15. 

[6] K..B.Y.G. Usanova, Cold-bonded fly ash aggregate concrete, Mag. Civ. Eng. 95 (3) 
(2020) 104–118. Russia. 

[7] A.F. Hashmi, M. Shariq, A. Baqi, Experimental and analytical investigation on the 
age-dependent tensile strength of low-calcium fly ash-based concrete, Innov. 
Infrastruct. Solut. 6 (2) (2021) 1–16, https://doi.org/10.1007/s41062-020-00437- 
1. 

[8] R. Roychand, R.J. Gravina, Y. Zhuge, X. Ma, O. Youssf, J.E. Mills, A comprehensive 
review on the mechanical properties of waste tire rubber concrete, Constr. Build. 
Mater. 237 (2020), 117651, https://doi.org/10.1016/j.conbuildmat.2019.117651. 

[9] S.M.S. Kazmi, M.J. Munir, Y.F. Wu, Application of waste tire rubber and recycled 
aggregates in concrete products: a new compression casting approach, Resour. 
Conserv. Recycl. 167 (2021), 105353, https://doi.org/10.1016/j. 
resconrec.2020.105353. December 2020. 

[10] S. Shameem Banu, J. Karthikeyan, P. Jayabalan, Effect of agro-waste on strength 
and durability properties of concrete, Constr. Build. Mater. 258 (2020), 120322, 
https://doi.org/10.1016/j.conbuildmat.2020.120322. 

[11] Gaddagolla Surekha, H. SudarsanaRao, Strength Properties of Concrete with Rice 
Husk Ash, Slag Sand and Marble Waste Aggregate, Des. Eng. (09) (2021) 854–862 
[Online]. Available, http://www.thedesignengineering.com/index.php/DE/arti 
cle/view/7021. 

[12] S.I. Basha, M.R. Ali, S.U. Al-Dulaijan, M. Maslehuddin, Mechanical and thermal 
properties of lightweight recycled plastic aggregate concrete, J. Build. Eng. 32 
(2020), 101710, https://doi.org/10.1016/j.jobe.2020.101710. August. 

[13] M.J. Islam, M. Shahjalal, Effect of polypropylene plastic on concrete properties as a 
partial replacement of stone and brick aggregate,” case stud, Constr. Mater. 15 
(2021) e00627, https://doi.org/10.1016/j.cscm.2021.e00627. June. 

[14] G. Bejan, M. Barbua, R.S. Vizitiu, A. Burlacu, Lightweight concrete with waste - 
review, Procedia Manuf. 46 (2020) 136–143, https://doi.org/10.1016/j. 
promfg.2020.03.021. 

[15] N. Omoding, L.S. Cunningham, G.F. Lane-Serff, Effect of using recycled waste glass 
coarse aggregates on the hydrodynamic abrasion resistance of concrete, Constr. 
Build. Mater. 268 (2021), 121177, https://doi.org/10.1016/j. 
conbuildmat.2020.121177. 

[16] C.J. Davey, The early history of lost-wax casting The early history of lost-wax 
casting, Metall. Civilis. Eurasia Beyond Archetype (2009) 147–154. 

[17] S. Pattnaik, D.B. Karunakar, P.K. Jha, Developments in investment casting process - 
a review, J. Mater. Process. Technol. 212 (11) (2012) 2332–2348, https://doi.org/ 
10.1016/j.jmatprotec.2012.06.003. 

[18] L. Chengdu Jin Derong Mould Co., Status quo of China’s foundry moulds. http: 
//jdrmj.com/index.php/shows/34/169.html, 2020 (accessed 15 November 2021). 

[19] Foundry Cloud, The lost wax casting market in China in 2021. https://twg 
reatdaily.com/zh-hans/ba87b80404a1eadf7f5c0a2207103780.html, 2022 
(accessed 25 March 2022). 

[20] Maria Zygadlo, International report: the impact of industrial waste landfill on 
drinking water in Poland, Waste Manag. Res. 16 (5) (1998) 490–494, https://doi. 
org/10.1177/0734242X9801600512. 

[21] D. Maharjan, Surplus foundry sand and its assessment of applicability in 
composting, Master Thesis, Aalto University School of Engineering, Espoo, Finland, 
2016. 

[22] G. Singh, Strength and durability studies of concrete containing waste foundry 
sand strength and durability studies of a thesis, PhD Thesis, Thapar University, 
Punjab, India, 2012. 

[23] M.F. Iqbal, et al., Prediction of mechanical properties of green concrete 
incorporating waste foundry sand based on gene expression programming, 
J. Hazard. Mater. 384 (2020), 121322, https://doi.org/10.1016/j. 
jhazmat.2019.121322. June 2019. 

[24] J.M. Khatib, B.A. Herki, S. Kenai, Capillarity of concrete incorporating waste 
foundry sand, Constr. Build. Mater. 47 (2013) 867–871, https://doi.org/10.1016/j. 
conbuildmat.2013.05.013. 

[25] A. Behnood, E.M. Golafshani, Machine learning study of the mechanical properties 
of concretes containing waste foundry sand, Constr. Build. Mater. 243 (2020), 
118152, https://doi.org/10.1016/j.conbuildmat.2020.118152. 

[26] R. Siddique, G. Singh, Utilization of waste foundry sand (WFS) in concrete 
manufacturing, Resour. Conserv. Recycl. 55 (11) (2011) 885–892, https://doi.org/ 
10.1016/j.resconrec.2011.05.001. 

[27] Y. Guney, Y.D. Sari, M. Yalcin, A. Tuncan, S. Donmez, Re-usage of waste foundry 
sand in high-strength concrete, Waste Manag. 30 (8–9) (2010) 1705–1713, https:// 
doi.org/10.1016/j.wasman.2010.02.018. 

[28] N. Hossiney, P. Das, M.K. Mohan, J. George, In-plant production of bricks 
containing waste foundry sand—A study with Belgaum foundry industry, Case 
Stud. Constr. Mater. 9 (2018) e00170, https://doi.org/10.1016/j.cscm.2018. 
e00170. 

[29] J. Sayeed. Use of waste foundry sand in highway construction: Final Report, 
Publication FHWA/IN/JHRP-94/02J. Joint Highway Research Project, Indiana 
Department of Transportation and Purdue University, West Lafayette, Indiana, 
1994, https://doi.org/10.5703/1288284316152. 

[30] T.B. E, B.W.F. Tarek Abichou, C.H. Benson, Using waste foundry sand for hydraulic 
barriers, Am. Soc. Civ. Eng. Geotechnic (1998) 86–99. 

[31] European Committee for Standardization (CEN), EN 1097-6, in: Tests of 
mechanical and physical properties of aggregates - Part 6: determination of density 
and water absorption, 2016. 

[32] European Committee for Standardization (CEN), EN 933-1, in: Tests of geometric 
properties of aggregates - Part 1: particle size analysis; sieving method, 2014. 

[33] Master Builders Solutions company, MasterGlenium SKY 617. https://www.master 
-builders-solutions.com/pt-pt/produtos/mastergleniumsky/masterglenium-s 
ky-617, 2021 (accessed 10 November 2021). 

Z. Jia et al.                                                                                                                                                                                                                                       



Materialia 28 (2023) 101765

8

[34] SECIL Company, SUPRATEK CIMENTO PORTLAND - CEM I 42,5R. https://www.se 
cil.pt/pt/produtos/cimento/cimento-cinzento/supratek-cem-i-42-5r, 2018 
(accessed 18 March 2022). 

[35] J. Figueroa, M. Fuentealba, R. Ponce, M. Zúiga, Effects on the compressive strength 
and thermal conductivity of mass concrete by the replacement of fine aggregate by 
mussel shell particulate, IOP Conf. Ser. Earth Environ. Sci. 503 (1) (2020) 11, 
https://doi.org/10.1088/1755-1315/503/1/012070. 

[36] European Committee for Standardization (CEN), EN-12350-2, in: Fresh concrete 
tests - Part 2: slump test, 2002. 

[37] National Laboratory for Civil Engineering (LNEC), in: Specification E 393, Concrete 
- determination of capillary water absorption, 1993 (In Portuguese). 

[38] National Laboratory for Civil Engineering (LNEC), in: Specification E 394, Concrete 
- determination of water absorption by immersion, 1993 (In Portuguese). 

[39] European Committee for Standardization (CEN), in: EN-12390-3, Hardened 
concrete tests - Part 3: compressive strength of test specimens, 2003. 

[40] European Committee for Standardization (CEN). EN-12390-5, Tests of hardened 
concrete - Part 5: flexural strength of specimens, 2003. 

[41] European Committee for Standardization (CEN), in: EN 12390-13, Testing 
hardened concrete - Part 13 : determination of secant modulus of elasticity in 
compression, 2013. 

[42] R. Siddique, G. de Schutter, A. Noumowe, Effect of used-foundry sand on the 
mechanical properties of concrete, Constr. Build. Mater. 23 (2) (2009) 976–980, 
https://doi.org/10.1016/j.conbuildmat.2008.05.005. 

[43] G. Ganesh Prabhu, J.H. Hyun, Y.Y. Kim, Effects of foundry sand as a fine aggregate 
in concrete production, Constr. Build. Mater. 70 (2014) 514–521, https://doi.org/ 
10.1016/j.conbuildmat.2014.07.070. 

[44] J. Alexandre Bogas, M.G. Gomes, S. Real, Capillary absorption of structural 
lightweight aggregate concrete, Mater. Struct. Constr. 48 (9) (2015) 2869–2883, 
https://doi.org/10.1617/s11527-014-0364-x. 

[45] H. Beushausen, T. Dittmer, The influence of aggregate type on the strength and 
elastic modulus of high strength concrete, Constr. Build. Mater. 74 (2015) 
132–139, https://doi.org/10.1016/j.conbuildmat.2014.08.055. 

[46] P. Nath, P.K. Sarker, Flexural strength and elastic modulus of ambient-cured 
blended low-calcium fly ash geopolymer concrete, Constr. Build. Mater. 130 
(2017) 22–31, https://doi.org/10.1016/j.conbuildmat.2016.11.034. 

Z. Jia et al.                                                                                                                                                                                                                                       


