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Abstract

High-density concrete, a specialized form of concrete, is characterized by its elevated density and unique
composition. The use of heavy aggregates significantly impacts the properties and performance of high-density
concrete. This review synthesizes findings from previous studies to evaluate the influence of various aggregates
in high-density concrete, shedding light on their role in enhancing density, strength and suitability for
specialized applications. It was observed that incorporating heavy aggregates such as steel, iron, hematite,
magnetite, barite, lead powder, and galena can increase concrete density from approximately 2800 kg/m? to over
5000 kg/m3. Most of these aggregates contribute positively to compressive strength and durability, although
barite may slightly reduce strength. Aggregates including hematite, magnetite, barite, and galena demonstrate
superior radiation shielding capability. The overall findings emphasize that the appropriate selection and
proportioning of heavyweight aggregates are vital for optimizing both the structural and shielding performance
of high-density concrete.
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1 Introduction

Concrete is an essential construction material that plays a pivotal role in shaping the modern built environment.
Its versatility, strength, durability, and adaptability have made it the cornerstone of countless architectural
wonders and critical infrastructure projects. The world's tallest skyscrapers, longest bridges, and most intricate
architectural wonders owe their existence to the strength and adaptability of concrete. Moreover, concrete has
been a catalyst for urbanization, enabling the development of cities that accommodate the needs of a rapidly
growing global population.

A relatively simple way of concrete manufacturing, accessibility of its components, as well as wide range of its
applications conditioned by many kinds of the material, have resulted in that the concrete is the most frequently
used material for building structures. Such situation entails fast development of concrete technology. Many
research projects aimed at improvement and modification of basic features of concrete are carried out
worldwide. This is a material which continuously undergoes evolution, trying to cope with more and more
sophisticated architectural requirements (Jezewski & Krasowski, 2008).

Due to the increasing use of nuclear technology for a wide range of applications such as treatment of cancer
disease, thermal energy production, imaging nuclear fuel, etc. and the associated health hazards that this
technology entails, the evaluation of a construction material against nuclear radiation is vital. Concrete has been
widely used in the construction of nuclear facilities primarily due to its versatility, structural strength, and ability
to shield nuclear radiation. Concrete is strong, having a reasonable shielding capacity, and, more importantly,
economically viable material for the construction of radiation shielding structures in nuclear power plants,
healthcare facilities involving radiology and particle accelerators, etc. The radiation shielding performance of
concrete is closely associated with its density, with a direct proportionality between density and shielding
potential (Amin et al., 2022).

Several studies have concluded that heavyweight and dense concrete has the ability to significantly improve
radiation shielding performance and have several other inherent advantages over other materials. Heavyweight
concrete is characterized by its density, which is greater than 2600 kg/m® as compared to ordinary concrete
composed of normal weight aggregate having density ranges from 2200 kg/m® to 2600 kg/m?3. Density has a
profound impact on the structural elements, allowing an appreciable reduction in the thicknesses of protective
members while not compromising on shielding performance. High-density concrete is used in various
applications where its increased weight and specific properties are advantageous. A high density of concrete is
usually attained by using high-density aggregates, such as barite, magnetite, hematite, lead, heavy metal oxide,
steel slag, steel shot etc. (Amin et al., 2022).
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Numerous studies in the past have been conducted to investigate the performance of heavyweight concrete
(HWC) based on industry requirements and applications. Most of these investigations, however, have focused
on exploring the mechanical and shielding performance of HWC based on the type of aggregate used (Amin et
al., 2022).

2 Constituents Materials

Concrete is a composite construction material composed of several constituent materials that work together to
create a cohesive and durable substance. Conventional concrete is used worldwide in building industry mainly
produced from water, cement, traditional aggregates (sand, gravel) and chemical admixtures (superplasticizers,
air entraining admixtures, set retarders etc.). The most common type of cement used in concrete is Portland
cement. The choice of materials and their proportions can be adjusted based on the requirements of the
construction project and the desired performance characteristics of the concrete. High density concrete is
prepared by modifying the composition of a standard concrete mix to increase its density. The primary approach
to achieving higher density is to use heavy aggregates or heavy minerals, along with a suitable cementitious
binder.

Janis et al., (2010) used steel treatment waste products — iron dross and steel punchings as aggregates for the
production of high density concrete. Ordinary Portland cement Type | CEM 1 42.5 N was used in this study. The
natural aggregate was sand and gravel with maximum sizes of 4 mm and 12 mm, which were obtained from
local dolomite mining and processing company. Two types of concrete mixes with the same wi/c ratio of 0.47
and cement content of 470 kg/m?® were designed with high density waste aggregate (fine grinded iron dross and
mix of steel punchings) with sizes less than 11.2 mm and natural aggregate. Superplasticizer Sikament 50/56
was used in the amount of 1.5 % from cement mass to provide mix fluid consistency and minimize water/
cement ratio. The traditional concrete aggregates were replaced by steel treatment waste in the amount of 50%
(S50) and 100% (S100) with the aim to produce concrete with extra high density (Kazjonovs, Bajare, &
Korjakins, 2010).

Vidhya & DhilipKumar, (2015) tested two samples of concrete: one was normal concrete and another was
concrete using Hematite (iron ore) having a density varies from 3400-3600 kg/m®. The conventional concrete
consisted of river sand with density 1860 kg/m?®, coarse aggregate of nominal size 20 mm and having bulk
density of 1560 kg/m® and Ordinary Portland cement (53 Grade) as binder. In case of high density concrete,
Hematite of maximum size 20 mm and specific gravity 3.33 was used as coarse aggregates. Several properties
of concretes with design mix of M30 grade were studied that include the compression and the high density
concrete was also compared with normal weight concrete of the same strength grade (Vidhya & DhilipKumar,
2015).

Muhammad N. A. et al. examined the shielding capability and mechanical properties of concrete at variable
water-to-cement ratio, thickness, density, and compressive strength. For this purpose, three different types of
concrete, i.e., normal concrete, barite, and magnetite containing concrete were cast and tested for compressive
strength and radiation shielding. Crushed stone, calcareous in nature (abundant in CaCOs), conforming to
ASTM C-33, was used as coarse aggregate in concrete, whose particle sizes ranged from 9.5 mm to 25 mm.
Naturally available sand, mainly consisting of quartz, was used as fine aggregate. Barite and magnetite were
used as replacement of fine aggregate in order to increase the density which can increase the radiation shielding
capacity of concrete. Ordinary Portland cement conforming to (ASTM C150) was used as a binder in concrete.
Ultra-superplasticizer 470 was used as a chemical admixture to increase the workability of concrete (Amin et
al., 2022).

Also several studies were carried out for attaining high density concrete by using high-density aggregates, such
as barite, magnetite, hematite, lead, heavy metal oxide, steel slag, steel shot, etc.

3 Methodology

This paper adopts a review-based methodological approach to analyze and synthesize findings from past studies
on high-density concrete. The methodology of this paper is entirely based on literature review and data
synthesis. To achieve a comprehensive understanding of the effects of aggregates on high-density concrete, a
wide range of previous experimental studies were examined. Data were extracted regarding the physical
characteristics of aggregates, mix proportions, and resulting concrete properties such as density, compressive
strength, and radiation shielding efficiency. The reviewed works covered both natural heavy minerals like
hematite, barite, and magnetite, and industrial by-products like steel slag and steel treatment waste. A
comparative analysis of these studies was carried out to identify the advantages, and limitations associated with
each aggregate type, thus forming the basis for the conclusions drawn in this paper.
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4 Effect of Aggregates on the Properties of High Density Concrete

A high density of concrete is usually attained by using high-density aggregates, such as barite, magnetite,
hematite, lead, heavy metal oxide, steel slag, steel shot etc. (Amin et al., 2022).

4.1 Steel and Iron

Janis et al (2010) conducted an experiment on high density concrete using steel treatment wastes. The
experimental results show that both mixes using steel treatment waste have higher density than conventional
concrete with density of 2400 kg/m®. The densities of concrete specimens made with 50% and 100% steel
treatment waste aggregate were 3520 kg/m® and 4640 kg/m® which was increased 1.47 and 1.93 times,
respectively, compared with the density of conventional concrete. So, it was feasible to design a concrete with
density up to 4640 kg/m® by using steel treatment waste as aggregate. Also, the slump for S50 and S100 was
19.2 and 17.3 cm and compressive strength for S50 and S100 was 40.7 and 36.6 MPa. The slump and
compressive strength values decreased with an increasing content of steel treatment waste in concrete
composition, which might be due to the angular shape of waste aggregate and smooth surface of steel punching,
creating a weak contact zone between the cement paste and aggregate. The tensile strength of concrete samples
cured for 28 days was not significantly affect by increasing the steel treatment waste aggregate in the concrete
composition.

Alwaeli & Nadziakiewicz, (2012) used water iron products such as scale and steel chips as replacement of fine
aggregate in proportions of 25, 50, 75, and 100% to evaluate compressive strength and shielding against gamma
radiation. They concluded that concrete prepared with steel chips increased the compressive strength as
compared to conventional concrete. It was also reported that steel chips also improved the absorption of gamma
radiation.

Azeez et al., (2019) conducted an experimental study to evaluate the radiation shielding behavior of
heavyweight concrete produced with high-density coarse aggregates such as steel shots, steel slag, and iron ore.
Study results showed that radiation performance is affected by the unit weight of HWC mixtures, irrespective of
the type of aggregates used.

4.2 Hematite, Barite and Magnetite

Vidhya & DhilipKumar, (2015) used hematite as an alternate material in the place of granite aggregate to
investigate the performance of these concrete terms of its compressive strength, split tensile strength etc. The
experimental procedure by replacing the hematite aggregates instead of granite aggregates, density of concrete
was achieved as 3467 kg/m3 from 2459 kg/m3. Also it is observed that high density concrete has more
compressive strength value (42.29 MPa) and Split tensile strength value (5 MPa) when compared to normal
concrete of compressive strength of 39.53 MPa and Split tensile strength of 4.37 MPa (Figure 1). From the
experimental study High density Concrete (i.e., Sample-11) was effective in shielding the Gamma rays by about
40% more when compared to the conventional concrete. By increasing the density over 3500 kg/m® and
thickness of the concrete (above 150mm), shielding could be more effective when compared to the Sample HDC
specimen.
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Figure 1: (a) Graphical representation of compressive strength values, (b) Graphical representation of split
tensile strength values

In their study, Gencel et al., (2011) investigated the mechanical strength and neutron & gamma radiation
shielding performance of concrete containing hematite as coarse aggregate. It was revealed that gamma
radiation performance and compressive strength of concrete increased with the addition of hematite; however, it
did not affect neutron radiation shielding performance.
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Ahmad et al., (2019) conducted a detailed study to evaluate both the mechanical and gamma radiation shielding
performance of concrete mixtures produced with barite aggregates. The authors noted that an increase in barite
quantity in the concrete mix resulted in an acceptable reduction in strength, a decrease in shrinkage, and a
substantial increase in linear attenuation coefficient. Coskun, (2010) also concluded that barite concrete
mixtures successfully achieved the target radiation shielding.

Shams et al., (2018) studied both hematite and barite in separate and in mixed form. The results showed that
both forms improved the linear attenuation coefficient.

Amin et al., (2022) examined the shielding capability and mechanical properties of three different types of
concrete, i.e., normal concrete, barite and magnetite containing concrete. The addition of barite had reduced the
compressive strength, whereas the addition of magnetite had increased the compressive strength. The variation
with w/c ratio was evident, reflecting a linear reduction of compressive strength with an increase in w/c ratio
from 0.30 to 0.45. The variation with the density was no more pronounced as depicted in Figure 2(b) for the
three different types of concrete.
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Figure 2: Results obtained from experimental study: compressive strength versus: (a) water to cement ratio and
(b) density

Normally, the radiation shielding capacity was denoted by the linear attenuation coefficient. The linear
attenuation coefficient was increased linearly with the density of concrete and the maximum value of the
attenuation coefficient at a w/c ratio of 0.40 may be attributed to higher concrete density (Figure 3). Normal
concrete could be used as a useful material for gamma-ray shielding if it was used at a w/c ratio at which
concrete has maximum density. So, the result showed that high density constituent in concrete, significantly
increased the attenuation coefficient (Amin et al., 2022)
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Figure 3: Variation of linear attenuation coefficient with density: (a) normal concrete, (b) barite concrete, (c)
magnetite concrete, and (d) linear attenuation versus water to cement ratio.

4.3 Silica Fume and Lead Powder

The radiation shielding performance of concrete infused with silica fume and lead powder was explored in a
study conducted by Storm et al., (2012) Study results showed that although the addition of silica fume improved
the concrete’s compressive strength, it reduced the gamma-ray radiation shielding performance.

4.4 Zeolite

Azeez et al., (2019) studied the radiation shielding performance of concrete containing zeolite in different
proportions, i.e., 0%, 10%, 30%, and 50%. It was concluded that increasing zeolite concentration reduces the
linear attenuation coefficient and was not recommended as a first-choice alternative against radiation shielding.

4.5 Galena

Mortazavi et al., (2007) used Galena mineral to produce of a high-density concrete. Concrete samples made of
Galena showed a significantly better performance in radiation shielding, and compressive strength (4800 kg/m?)
in comparison to ordinary concrete. Based on the preliminary results obtained, Galena concrete showed to be a
highly suitable option where high-density concrete was required in megavoltage radiotherapy rooms, as well as
nuclear reactors.

5 Conclusion

The use of aggregates in high-density concrete significantly impacts its properties. High-density concrete is
typically employed in specialized applications where increased density, strength, and durability are required.
Here are some key conclusions regarding the effects of aggregates on the properties of high-density concrete:

1. Aggregates play a pivotal role in increasing the density and weight of high-density concrete. Using heavy
aggregates such as steel, iron, hematite, magnetite, barite, silica fume, lead powder, zeolite, galena etc.
can increase the density of concrete, which can range from 2800 kg/m?3 to 5000 kg/m? or more. The
choice of aggregate type and gradation is crucial in this regard.

2. High-density concrete tends to exhibit excellent compressive strength, making it suitable for structural
applications with heavy loads. The use of heavyweight aggregates can significantly affect the strength
and durability of the concrete. Using steel, iron, hematite, magnetite, silica fume, lead powder, zeolite,
galena etc. increase the compressive strength of concrete while barite decreases the strength.

3. It can be concluded that steel, iron, hematite, magnetite, barite, galena shows a significantly better
performance in radiation shielding but increasing silica fume and zeolite concentration reduces the linear
attenuation coefficient and is not recommended for radiation shielding.
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