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ABSTRACT 

Sustainability and construction waste recycling have become crucial topics today in response to the 

growing environmental challenges and the increasing accumulation of waste. Therefore, it is essential to 

explore innovative solutions that improve the sustainability of concrete mixes. An effective approach is the 

use of Lightweight Foamed Concrete (LFC), a revolutionary new material that is considered a viable 

solution for the reduction of the weight of conventional concrete. This research focuses on the study of the 

effect of replacing 50% of virgin sand by volume with Recycled Foam Concrete (RFC) waste crushed at 

four gradation levels with aggregate sizes between 12.5-9.5 mm, 9.5-4.75 mm, 4.75-2.36 mm, and 2.36-1.18 

mm, and the effect of adding 0.5% Nano titanium dioxide TiO2 by weight of cement. The water-to-cement 

and cement-to-aggregate ratio were maintained at 0.45 and 1:1.3, respectively. Nanoparticles are 

incorporated into Foam Concrete (FC) to enhance its strength, due to their beneficial properties, such as 

their small particle size and high reactivity. The results conclude on the optimal sizes of RFC with the 

addition of Nano TiO2 for use in FC mixes that enhance compressive strength and increase carbonation 

compared to traditional FC mixes. 
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I. INTRODUCTION  

Concrete is one of the most commonly used materials 
worldwide with an annual production of around 12 billion tons 
and it plays a significant role in the global construction 
industry. It is estimated that it generates more than 31,000 tons 
of waste every year and it is considered one of the most 
important environmental threats [1, 2]. Construction waste is 
the debris produced from the tearing down or dismantling of 
buildings, roads, bridges, and other constructions and it 
consists of materials like concrete, metal, glass, bricks, wood, 
plastics, and other. The annual increase of construction waste 
and the need for natural resource consumption minimization 
triggers innovative solutions for construction waste recycling 
[3, 4]. Additionally, there is an increasing demand for 
lightweight materials that are adaptable, versatile, high-
performing, and environmentally friendly intended for 
lightweight and sustainable concrete production [5-7]. Studies 
have concluded on the incorporation of recycled waste 
materials, such as rubber tires, crushed glass, and crushed clay 

bricks, as partial replacements for aggregates in concrete for 
the construction of eco-friendly, lightweight building materials. 
It was found that the dry density of concrete decreased by 4%, 
21.7%, and 31.7% when crushed glass, clay bricks, and rubber 
tires were used instead of sand, respectively. Waste rubber 
demonstrated excellent performance in terms of resistance to 
sulfate, heat, and impact, while glass powder and finely ground 
clay bricks improved the mechanical properties, with glass 
increasing strength by 33% and clay bricks offering a slight 
improvement. Additionally, these materials contributed to 
higher thermal resistance compared to traditional concrete. 
Given their lower particle density relative to conventional 
aggregates, they are well-suited for producing lightweight 
concrete for both structural and non-structural applications [8]. 
Aerated concrete, commonly known as FC, is a concrete 
characterized by its lightweight nature and versatility and it is 
constructed from cement, water, fine aggregate, and foam [9-
11]. The benefits of FC go beyond its resistance to fire and 
seismic activity. FC blocks are widely preferred for wall 
construction thanks to their superior thermal and sound 
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insulation capabilities. Its versatility enables its use for filling 
voids behind archways, repairing damaged sewer systems, and 
masonry unit manufacturing for various needs [12, 13]. LFC is 
suitable for multiple applications, such as floor construction, 
and building of culverts and bridges. Its light weight reduces 
the self-weight of structural concrete, and thus reduces the 
weight of dead load members, such as foundations, columns, 
and beams. Additionally, the cost of construction projects is 
lowered because of the reduced use of materials. Its distinctive 
features include the minimal consumption of coarse aggregate, 
high flow ability, resistance to fire, and excellent sound and 
thermal insulation. Moreover, it provides a lower concrete 
density, ranging between 400 and 1850 kg/m³, which is 
significantly lighter than standard lightweight concrete. As a 
result, it reduces transportation costs and decreases the number 
of construction workers and construction effort [14-18]. 

The highly porous nature of FC reduces its effectiveness, 
however, it has been proven that the LFC matrix can be 
strengthened with the incorporation of various nanoparticles. 
Although the utilization of nanomaterials has previously 
demonstrated a substantial improvement in durability 
characteristics and mechanical performance, the use of Nano 
TiO2 on LFC has not been fully explored leaving uncertainty 
about its influence on LFC durability properties [19, 20]. This 
research focuses on the effects of RFC waste as a partial 
replacement of natural aggregate, by crushing it into various 
sizes, and the mechanical and environmental impact of the 
addition of Nano TiO2 by weight of cement. The study aims to 
construct sustainable FC and reduce the volume of construction 
waste. 

II. MATERIALS 

A. Cement 

Following the Iraqi standard specification regarding 
physical and chemical composition requirements [21], 
Ordinary Portland Cement (OPC) CEM I- 42.5R was used in 
this study. 

B. Sand 

The sand utilized in the present study was sourced from a 
nearby riverbed, with particles larger than 2.36 mm being 
excluded. These larger particles were removed to prevent them 
from settling in the lightweight mix, which could cause the 
foam to collapse during mixing. The natural sand deployed in 
this study consisted of particles with uniform size as 
determined with sieve analysis [22]. 

C. Recycled Foam Concrete 

The RFC employed in the current paper was derived from 
factory waste. The preparation process involved the following 
steps: 

1. The concrete samples were crushed using a crusher and a 

hammer into small particles of the desired size. 

2. The crushed concrete was then sieved to obtain particles 

that resembled the natural coarse and fine aggregates, as 

shown in Table I and Figure 1. 

 

TABLE I.  FOUR GRADATION LEVELS OF CRUSHED RFC 

No Sieve size (mm) Passing (mm) Retained (mm) 

1 12.5-9.5 12.5 9.5 

2 9.5-4.75 9.5 4.75 

3 4.75-2.36 4.75 2.36 

4 2.36-1.18 2.36 1.18 

 

 
Fig. 1.  Crushed RFC as aggregate. 

D. Water 

Drinking water was used for mixing and curing purposes 
[23]. 

E. Foaming Agent 

PA-1 foaming agent was utilized in this paper, which was 
initially diluted in water at 1:30 and afterwards aerated to 
produce stable foam at the density of 63-70 kg/m

3
 [24]. 

F. Nano Titanium Dioxide 

The physical analysis of the Titanium dioxide nanoparticles 
that were imported is displayed in Table II. 

TABLE II.  PROPERTIES OF NANO TiO2 

Properties Specifications 

Appearance White 

Purity 99.9% 

Form Powder 

Density 30-50 g/m2 

 

III. PREPARING FOAM CONCRETE MIXTURE 

A. Mixing, Casting, and Curing 

A variety of mixes were prepared in this research to 
determine the appropriate proportions of the mix components, 
with a cement-to-sand ratio of 1:1.3 and a water-to-cement 
ratio of 0.45. Five concrete mixes were studied: one reference 
mix and four mixes including RFC of different sizes as partial 
replacement of natural aggregates at 50% by volume, and Nano 
TiO2 at 0.5% by weight of cement. The consistency of the 
mortar base mix was fixed to a value between 220-240 mm. 
The diameter of the mixture was measured by filling a cylinder 
with a diameter of 75 mm and a height of 150 mm. The 
laboratory results demonstrated that the addition of foam to the 
fresh mortar mixture reduced the spread diameter. This 
reduction is attributed to the increased adhesion between the 
foam bubbles, which limits the mixture's flow ability and the 
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solid particles. The FC was casted into cubic molds with 
dimensions of 100×100×100 mm and left to dry in the air for 
24 hours before removing the formwork. As soon as the 
specimens were removed from the molds, they were rolled with 
plastic sheet and wrapped well to prevent an exposure to 
moisture until testing. This type of processing is called Sealed 
Curing and is typical for the FC industry [25, 26]. The mixture 
design is depicted in Table III, given that cement content was 
352.16 kg/m

3
, and water-to-cement ratio was 0.45 for all 

mixes. 

TABLE III.  MIX DESIGN 

Mix 

Materials 

Sand 
RFC 

(kg/m
3
) 

Nano 

TiO2 

(%) 

Added 

water 

Mortar 

density 

(kg/m
3
) 

Flow 

Test 

(cm) 

Foam 

(dm
3
) 

Fresh 

density 

(kg/m
3
) 

MR 457.6 0 0 0.67 2135 23.5 546.6 1060 

M1 228.8 81.4 0.5 4.8 1890 23 562.3 1035 

M2 228.8 88 0.5 33.6 1955 23 558.7 1030 

M3 228.8 103.2 0.5 13.44 2015 22.5 574.3 1035 

M4 228.8 177.6 0.5 46 2035 22 525.9 1050 
 

B. Testing 

1) Compressive Strength 
Following the standard specification BS EN 12390-3:2019, 

three cubes with a size of 100×100×100 mm were used, and the 
average of the sample was taken at 7, 28 and 90 days [27].  

2) Carbonation Depth 
The Carbonation assessment was performed with the 

application of a phenolphthalein solution onto the freshly 
broken prism face [28]. 

IV. RESULTS AND DISCUSSION 

A. Compressive Strength 

The results demonstrated that the compressive strength of 
the mixes containing RFC with coarse sizes of 12.5-9.5 and 
9.5-4.75 mm, and Nano TiO2 was less than the compressive 
strength of the MR mix. This finding can be attributed to the 
ununiform distribution of the RFC and nanomaterials [8]. On 
the contrary, the addition of Nano TiO2 to mixes with RFC of 
finer sizes, such us 4.75-2.36 and 2.36-1.18 mm, showed 
higher values of compressive strength compered to the MR 
mix. TiO2 can fill pores and it is proposed for strength 
development and reduced permeability due to the increased 
density of the mixture, the increased material bonding strength, 
and the refinement of voids [29]. The results are illustrated in 
Figure 2. 

 

 

Fig. 2.  Compressive strength of FC mixes per age (days). 

B. Carbonation Depth 

The results demonstrated that the carbonation depth of FC 
mixes is proportional to the sizes of the recycled aggregates 
used as a partial replacement of natural sand. Additionally, all 
FC mixes exhibited higher carbonation readings compared to 
the reference mix, MR. These results can be attributed to the 
50% by volume replacement of natural sand with RFC. 
Lightweight aggregates, particularly those that are recycled, 
tend to absorb more carbon dioxide because of their open pores 
and cellular structure. The results showed that the mixes with 
fine aggregation level, such as 4.75-2.36 and 2.36-1.18 mm, 
had increased carbonation depth. Moreover, they revealed that 
the mixes containing coarse sizes, such as 12.5-9.5 and 9.5-
4.75 mm, are less reactive to carbon dioxide due to their lower 
porosity and smaller surface area exposed to CO2, which 
reduces the penetration of carbon. The results also disclosed 
that the carbonation depth increases with the age because of 
the/its exposure to CO₂ and environmental conditions. The 
results are depicted in Figure 3. 

 

 

Fig. 3.  Carbonation depth of FC mixes per age (days). 

V. COMPARISON WITH PREVIOUS WORKS  

Authors in [29] investigated the effect of thermostone 
blocks and ceramic tiles as a partial substitution of fine 
aggregate in FC. Three volume replacement rates of sand along 
with each waste material were evaluated, 25%, 50%, and 75%, 
and reached to an improvement of the compressive strength of 
up to 10.15 MPa. Authors in [20] investigated the effect of 
Titanium Dioxide Nanoparticles (TNPs) in FC mixes with a 
target dry density of 980 kg/m

3
. Constant cement-to-filler and 

water-to-cement ratios of 1:1.5 were used. Six mixes with TNP 
weight fractions of 0% (control mix), 1%, 2%, 3%, 4%, and 
5% were produced and showed superior improvement in 
compressive strength. 

VI. CONCLUSIONS  

The effects of using various sizes of Recycled Foam 
Concrete (RFC) as a replacement of natural sand with the 
addition of Nano TiO2 on the properties of Lightweight Foamed 
Concrete (LFC) were examined in this study. Replacing 50% 
of the aggregate volume with crushed Foam Concrete (FC) of 
various sizes, combined with the addition of Nano TiO2, 
resulted in increased strength values for all mixes compared to 
the reference mix (MR) at 28 days of age. This improvement 
can be attributed to the filling of pores that promotes strength 
development and reduces the permeability of the cement paste. 
The optimal size range for the crushed FC was found to be 
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between 2.36 mm and 1.18 mm, which achieved the highest 
strength due to the activity and homogeneity of fine particles. 
The addition of Nano TiO2 led to the increase of the mixture’s 
density, the increase of the material’s bonding strength, and the 
refinement of voids. The carbonation depth increased for all the 
mixes containing various sizes of RFC at the 28

th
 day of age 

compared to the reference mix. This improvement can be 
attributed to the capillary action in FC that occurs due to the 
presence of a network of fine interconnected pores within its 
structure, allowing the movement of water and gases, such as 
carbon dioxide. Additionally, the nature of lightweight RFC 
typically exhibits greater porosity compared to natural 
aggregates that facilitates carbon dioxide penetration. 
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