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Preface

This book provides guidance on the treatment of environmental contamination 
arising from the cement industry and the use of concrete, a problem that requires 
the synergistic action of the scientific community.

The development and application of approaches and technologies that provide 
economic and sustainable development of concrete materials is an essential issue 
in concrete durability, structural design, and alternatives to traditional aggregates 
used in concrete material.

Authors of this book’s chapters present advances in relevant fields related to 
assessing the sustainability of concrete with synthetic and recycled aggregate. 
The book contains nine chapters, organized into two sections that cover important 
research aspects of sustainable concrete technologies. The first section includes 
six chapters and opens with an introductory chapter that presents a brief overview 
of the characterizations of cement and modern sustainable concrete. Chapter 2 
deals with structural and chemical analysis of new cement-based on eggshells 
and sand dunes (in southwest Algeria) stabilized with polyethylene terephthalate 
(PET). Chapter 3 discusses thermoactivated recycled cement, and Chapter 4 
investigates the analysis of different approaches to sustainable concrete material. 
Chapter 5 examines the bearing capacity of concrete-filled steel tube columns, 
and Chapter 6 evaluates the freeze/thaw resistance of concrete.

The second section includes three chapters that discuss the production and appli-
cations of supplementary concrete. Chapter 7 discusses replacing cementitious 
materials for sustainable concrete productions, Chapter 8 discusses the application 
of supplementary cementitious materials in the precast concrete industry, and 
Chapter 9 discusses the application of a granular model to identify the granulometry 
of concrete material based on sand dunes.

The editor wishes to thank all the chapter authors for their valuable contributions 
and Author Service Manager Ms. Zvjezdana Tintor and the staff at IntechOpen for 
their assistance in finalizing this work.

Hosam M. Saleh
Egyptian Atomic Energy Authority,

Cairo, Egypt
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Chapter 1

Characterizations of Cement and 
Modern Sustainable Concrete 
Incorporating Different Waste 
Additives
Mohanad S. Eid and Hosam M. Saleh

Abstract

This chapter provides a brief introduction to cement and concrete, from their 
first utilization in constructions and monuments in different civilizations to their 
development and use in modern times. It discusses the modern forms of these 
materials, their physical and chemical properties, and their various applications. 
The chapter also examines the sustainability of concrete mixed with different waste 
additives, which can impart desirable properties to concrete, as a promising way 
to reduce environmental hazards resulting from the landfilling of these wastes. In 
addition to environmental benefits, waste utilization has economic benefits as well.

Keywords: cement, sustainable concrete, waste additives

1. Introduction

According to the Encyclopedia of Science and Technology, a hydraulic cementing 
agent (typically Portland cement), aggregate, water, and frequently regulated 
proportions of entrained air combine to form a flexible engineering material called 
“concrete.” Concrete starts out as a flexible, workable slurry that can be shaped 
into a variety of forms. The hydration process between cement and water produces 
strength. The byproducts, which consist mostly of calcium silicates, calcium 
aluminates, and calcium hydroxide, are relatively insoluble and bond the aggregate 
in a cemented matrix [1].

Concrete is popular due to three distinguishing characteristics: plasticity, 
durability, and economy. When wet, concrete may be poured into almost any form, 
fit into almost any space, fill almost any vacuum, and coat nearly any surface. 
However, once it has dried and cured, it retains its shape, growing stronger, harder, 
and more settled over time [2].

Concrete may be waterproof, stormproof, and fireproof if it is built with the 
appropriate concentration and under the right circumstances. And because of its 
endurance, it may be expected to survive indefinitely. When all the steel we used 
to create our planet has rusted through and the wood has rotted into dust a million 
years from now, only concrete will remain.

Concrete is not a new or recent material. Like many other methods of building 
and development, it evolved over time. Our human ancestors discovered naturally 
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existing materials that they could utilize to enhance essential components of their 
infrastructure, including houses, fences, wells, and so on. The generations that came 
after built on that knowledge, making small improvements until the advent of the 
Industrial Revolution, which accelerated building development to its current level [3].

The first concrete-like constructions were established in approximately 6500 BC 
by the Nabataean merchants, or “Bedouins” as they were called, who inhabited and 
ruled several oases and established a small empire between the north of Jordan and 
the south of Syria. They eventually discovered the benefits of hydraulic lime or 
cement that can gain strength and harden under water. Around 800 BC, they used 
kilns in the production of mortar to construct homes with rubble walls, floors using 
concrete, and subterranean watertight cisterns.

The Nabataeans knew the need of keeping the mixture in a dry or low-slump 
condition while creating concrete, as too much water produces cavities and flaws. 
Their construction methods included tamp down the fresh produced concrete using 
a special tool. This tamping process creates an additional gel, which is formed by 
chemical interactions that occur during hydration and bonds together the particles 
and aggregate [4].

More than 5000 years ago, its believed that the Egyptians used an early form of 
concrete to build pyramids. The blocks were limestone blocks hauled from quarries 
nearby. To hold those blocks together, the builders combined straw with mud consist-
ing of crushed limestone, gypsum, and clay [3].

Around the same period, people in the north of China utilized a sort of cement 
in the construction of boats and the “Great Wall.” Testing revealed that glutenous, 
sticky rice was a significant element in the mortar utilized to construct the Great 
Wall and many other ancient Chinese monuments. Some of these monuments have 
survived for a very long time and even recent demolition attempts [3, 5].

The Greeks found a natural pozzolanic mineral having hydraulic characteristics when 
combined with limestone around 600 BC, but they were not creative in using concrete 
like the Romans. After about 400 years, the Romans effectively employed concrete in 
their construction, but it was not the same as the concrete utilize today. It was more like 
solidified debris rather than a plastic, flowing substance poured into shapes.

The Romans built most of their constructions by piling up stones of varying 
sizes and filling in the gaps between the stones with mortar by hand. Above the 
ground, the walls were coated with bricks made of clay on both the interior and 
exterior, which also functioned as a form of concrete. The brick was structurally 
insignificant and was used mostly for decoration. Prior to this period, and in 
most areas at the time, mortars were made of a slowly hardening lime cement as it 
reacted with carbon dioxide from the air. These mortars were not effective because 
no obvious chemical hydration occurred [6].

It wasn’t until the mid-18th century, when John Smeaton discovered a more 
contemporary technique of manufacturing hydraulic lime for cement, that technol-
ogy advanced significantly. He utilized limestone that included clay and was burned 
until it became what is called a “clinker,” which was then crushed into powder. This 
material was utilized in the reconstruction of the historical Eddystone Lighthouse 
in Cornwall, England [7].

Portland cement was developed in 1824 by Joseph Aspdin, who burned finely 
powdered chalk and clay until the carbon dioxide was eliminated. The cement was 
named after high-quality construction stones mined from Portland, England [3, 8].

Industrial structures improved greatly in the 19th century. Francois Coignet, 
who inserted rods made of steel into concrete to prevent the outside walls of 
construction to spread out, was the first to utilize iron-reinforced Portland cement 
concrete in houses in France and England.
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2. Cementation material

Cement is a fine and dry powdery substance with major ingredients of calcined 
lime and clay, the former provides calcium oxide, and the later provides silica, 
alumina, and iron oxide.

When cement is mixed with water, it hardens into a solid mass. Setting and 
hardening are caused by hydration, which is a chemical reaction that combines the 
cement compounds with water to produce microscopic-level crystals or a gel-like 
material (calcium silicate hydrate) with a high specific surface area. The gel has 
adhesive properties as well as cohesive forces that can bind other solid materials 
together [9].

3. Cement, mortar, and concrete

The terms cement, concrete, and mortar are often used synonymously even 
though they are not. Cement, concrete, and mortar are actually three distinct 
materials [10].

Cement: As mentioned previously, cement turns into a gel-like material when 
mixed with water, having glue characteristics. Cement is never utilized alone, 
but it is an essential component of both concrete and mortar, binding their main 
components together.

Mortar: Mortar is a mixture of cement and fine aggregates (usually sand or 
other similar components) combined with water. It has the proper consistency to 
provide a thick, uniform lining that adheres securely to surfaces to bind materials 
together, for example, bricks, concrete blocks, or stones.

Concrete: Like mortar, concrete is composed of cement and fine aggregates 
mixed with water, but also coarse aggregates like graves, which makes it stronger 
and more durable.

Concrete has a lower water-to-cement ratio and thinner consistency than  
mortar, as well as more strength duo to the presence of the large aggregates.

There are three main types of concrete based on density.
Ordinary concrete: This is the most often utilized kind of concrete. It is 

employed in building construction where very high tensile strength is not required. 
It has moderate density around 2200–2500 kg/m3.

Lightweight concrete: The single most essential characteristic of lightweight 
concrete is its extremely low heat conductivity. It is used for thermal insulation, 
construction blocks, and to protect steel buildings. It has low density less than 
1900 kg/m3 [11].

High-density concrete: This type of concrete is also known as heavy weight 
concrete. High-density materials are used as fine aggregates, coarse aggregates, or 
both. It is typically seen in nuclear power reactors and other comparable buildings 
because it offers excellent protection against all types of radiation. This concrete 
may have very high density of 3000–4000 kg/m3 [12].

4. Properties and types of cement

4.1 Physical properties

Cement used are characteristic by its physical properties, which can control the 
quality of the cement. Some parameters of good cement are [13]:
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1. fineness

2. soundness

3. consistency

4. setting time

5. strength

6. heat of hydration

7. loss of ignition

4.1.1 Fineness of the cement

Fineness is defined as the particle size of the cement. It is an important factor 
influencing the cement’s rate of hydration. The reaction between cement and water 
occurs only at the surface of the solid particles, thus the accumulation of large 
particles on the surface of unreacted material could hinder the overall reaction.

The required fineness of good cement is achieved during the cement manufac-
turing process by grinding the clinker, with the most common method used for 
both controlling the grinding process and testing the finished cement [14].

One method is to measure the surface area per unit weight of cement by deter-
mining the rate of passage of air through a bed of cement [15].

4.1.2 Soundness of the cement

Soundness is defined as the immunity of cement to shrinking upon hardening. 
After the cement has set, it must not undergo any noticeable expansion, which can 
be caused by the presence of too much hard-burned free lime and magnesia. After 
setting, a good cement retains its volume without any deferred expansion.

Unsoundness in cement may appear after several years, so tests must be per-
formed to ensure soundness and determine the possibility of this risk occurring [16].

• Le-Chatelier test

This method examines the expansion of cement caused by undesired excess 
lime. Cement paste is sandwiched between two glass plates and immersed in water 
for 24 hours at room temperature. It is then removed to measure the distance 
between the indicators before being returned to the water and boiled for at least 
an hour. The space between indicator points is measured again after the device 
has cooled. This distance should not be greater than 10 mm in a good-quality 
cement [17].

• Autoclave test

In this test, the cement paste is placed in an autoclave device (high-pressure 
steam vessel) to be cured. The pressure is slowly brought to about 2 MPa, and the 
temperature increased to 210°C. The past is then kept in the autoclave for three 
hours. After bringing the autoclave to room temperature and pressure gradually, the 
specimen’s length change is measured and expressed as a percentage. A maximum 
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of 0.8 percent autoclave expansion is required for good-quality cement according to 
the American Society for Testing and Materials (ASTM) (Figure 1) [17].

4.1.3 Consistency of cement

Consistence is the minimum amount of water required to complete the chemical 
reaction between water and the cementation material.

Determining standard consistency of cement is essential because if less water 
is added than the standard consistency would not complete chemical reaction and 
more water would increase water-cement ratio in either two cases will result in the 
reduction in strength. A Vicat apparatus is used to obtain the correct consistency 
of cement.

• Vicat test

The Vicat apparatus is loaded with cement paste and the plunger of the appara-
tus is lowered until it touches the top surface of the cement. The plunger, which has 
a length of about 50 mm and a diameter of about 10 mm, will penetrate the cement 
to a certain depth depending on its consistency. When the needle penetrates 10 mm 
into a cement, it is said that the cement has a normal consistency.

To obtain a standard or normal consistency of cement, only 25–35% water by 
weight of cement should be added (Figure 2) [19, 20].

4.1.4 Setting time of the cement

When water is added to cement, it hardens and sets. This period can vary 
according to several factors, including cement fineness, chemical content, cement–
water ratio, and admixtures. Setting time could also be used to predict hydration 
rate. There are two important setting times that can be measured:

Initial setting time is the time it takes for the cement paste to lose its plasticity as 
soon as the water is added to cement.

Final setting time is the time taken for the cement to harden and completely lose 
its plasticity and be able to sustain some small loads.

A Vicat test can also be used to measure and test the setting time of the cement 
according to ASTM guidelines [20].

Figure 1. 
Le-Chatelier apparatus [18].
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4.1.5 Strength of the cement

Tests measuring the rate at which a cement can develop strength are usually 
carried out on mortar or concrete. There are numerous factors affecting strength, 
such as cement–fine aggregate ratio, water–cement ratio, the manner of mixing 
and molding, size and shape of a specimen, curing conditions, and age and loading 
conditions.

Before testing strength, it is important to note that cement strengthens over 
time; thus, a strength test should be performed at a specific time. Most cement 
strength tests are conducted at 3, 7, and 28 days. However, a one-day strength test 
may be performed for rapid hardening cement types.

• Compressive strength

In a test to determine compressive strength, a cylinder- or cube-shaped 
test specimen is subjected to a continuous compressive load under a hydraulic 
presser until failure. The loading sequence should be between 20 seconds and 
80 seconds [21].

• Flexural strength

Flexural strength is a measurement of tensile strength in bending. The test is 
performed on a 40 x 40 x 160 mm rectangular concrete or mortar, which is sub-
jected to a load at its center point until failure, according to ASTM [22].

4.1.6 Hydration heat of the cement

Hydration of cement generates heat, which can affect the cement’s quality. 
When the heat generated is high, it may cause undesired stress, especially in large 
structures. The heat of hydration is affected mostly by the presence of tricalcium 
aluminate (C3A) and tricalcium silicate (C3S) in cement, in addition to fineness of 
the cement, water–cement ratio, and curing temperature. The heat of hydration of 
cement can be calculated according to ASTM [23]. This test method provides the 
apparatus and procedure for using isothermal conduction calorimetry to determine 
the total heat of hydration of cementitious materials at test ages up to 7 days.

Figure 2. 
Vicat apparatus [18].
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4.1.7 Loss on ignition of the cement

Loss on ignition is a test used in inorganic analytical chemistry, especially for 
mineral analysis. It entails strong heating (igniting) of a sample of the material 
to a specific temperature while letting volatile chemicals escape until the mass of 
the sample reaches a constant value. In most cement types, water is lost around 
100–105°C, organic material is burned at around 550°C, and most carbonates are 
lost between 800°C and 1000°C, as mentioned in ASTM [24].

4.2 Chemical properties

As mentioned previously, the main raw materials that make up cement are lime-
stone and clay (silica, alumina, and iron oxide), as well as many other components 
including shells, chalk, and blast furnace slag. Chemical examination of cement raw 
materials reveals important information about cement’s chemical properties [25].

Tricalcium silicate (C3S), (3CaO · SiO2): This is an important compound that 
provides early strength of cement paste during hydration (initial sitting).

Dicalcium silicate (C2S), (2CaO · SiO2): In contrast to tricalcium silicate, this 
compound enhances strength acquired after one week.

Tricalcium aluminate (C3A), (3CaO · Al2O3): This compound is characteristic 
for its fast reacting with water, which causes an immediate stiffness of the cement 
paste. In addition, small amounts of C3A make cement resistant to sulfate.

Magnesia (MgO): A large amount of magnesia in cement can make it unsound 
and expand, but a small amount can make it stronger. CO2 emissions are also mini-
mized while MgO-based cement is produced. The MgO percentage of all cement is 
capped at 6% [26].

Tetracalcium aluminoferrite (C4AF), (4CaO · Al2O3Fe2O3): Ferrite is a 
fluxing agent that lowers the raw material melting temperature in a kiln from 
around 1650–1420°C. Even though it hydrates quickly, it does not make a significant 
contribution to the hydration process [27].

Sulfur trioxide and free lime: Just like magnesia, excessive amounts can cause 
expansion and the cement to become unsound.

Alkalis: The alkali content of cement is determined by the quantities of potas-
sium oxide (K2O) and sodium oxide (Na2O). Too much alkali in cement might make 
it difficult to control the cement’s setting time. When used with calcium chloride in 
concrete, low-alkali cement can induce discoloration [28].

Alumina: Because alumina is chemical-resistant, cement with a high alumina 
content may tolerate frigid temperatures. It also speeds up the setting time but 
weakens the cement [29].

Silica fume: This is used to increase a range of qualities in cement, including 
compressive strength, abrasion resistance, and bond strength. Although the use 
of silica fume extends setting time, it can provide extremely high strength. As a 
result, cement with a silica fume content of 5–20% is typically used in high-strength 
cement projects [30].

5. Different types of cement

Cements with different chemical compositions may have various properties. As a 
result, it should be possible to select a mixture of raw materials to produce a cement 
with desired properties.

In general, cement is divided into two kinds based on the method of hardening 
and setting:
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• Hydraulic cement: Cements that harden when exposed to water, also produce 
water-resistant products. The main raw materials used to synthesize hydraulic 
cement are limestone, clay, and gypsum. Hydraulic cement is made by burning 
this raw material at a very high temperature, according to ASTM.

• Non-hydraulic cement: Water is not required for the hardening of 
non-hydraulic cement because it absorbs carbon dioxide (CO2) from the 
atmosphere. To harden, this sort of cement requires dry circumstances. Non-
hydraulic cement involves lime, gypsum plasters, and oxychloride as basic 
materials.

5.1 Portland cement

Portland cement is the most common, low-cost, and widely used type of cement 
worldwide because its basic ingredients are inexpensive and readily available. 
It consists of four major components: tricalcium silicate, tricalcium aluminate, 
dicalcium silicate, and tetracalcium aluminoferrite.

For specialized objectives, such as durability and high early strength, several 
kinds of Portland cement are produced to fit distinct physical and chemical 
characteristics [31, 32].

• Ordinary Portland cement (Type I): This all-purpose cement may be used in 
any situation where specific characteristics are not required.

• Modified Portland cement (Type II): This is a cement that is commonly 
utilized in situations with abnormal sulphate concentrations in groundwater 
and soils. It is also used when a cement with a moderate heat of hydration is 
required. The concentration of the C3A shall not exceed 8%.

• Rapid hardening cement (Type III): This cement attains high strength in 
several days. The chemical makeup of this cement is the same as that of Type I 
Portland cement, but it has greater C3S content with finer ground. Its strength 
after 24 hours is approximately comparable to that of conventional Portland 
cement after 3 days with the same water ratio. The use of this cement results in 
significant time and cost savings.

• Low-heat cement (Type IV): This cement is used when the level and rate of 
heat generation must be kept to a minimum. The percentages of C2S and C4AF 
are quite high, whereas the percentages of C3S and C3A are comparatively low. 
A small bit of tricalcium aluminate (usually less than 7%) causes the concrete 
to have a low heat of hydration. This type of cement is ideal for mass concrete 
structures such as dams.

• Sulphate resisting cement (Type V): This is a cement that is commonly used 
in concrete subjected to severe sulphate conditions in harsh environments, 
particularly when soils or groundwaters have a high sulphate concentration. 
Type V cement builds strength slower than Type I cement does, due to high 
silicate content with low C3A and C4AF concentrations.

• Air-entraining cement (Type IA, Type IIA, and Type IIIA): These cement 
types have the same properties as Type I, Type II, and Type III cements. 
Grinding a tiny quantity, approximately 0.05%, of animal and vegetable fats, 
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oil, and another acid with a wetting agent such as aluminum powder, hydrogen 
peroxide, and so on results in the entrainment of extremely fine air bubbles in 
the concrete, which improves workability with a lower water–cement ratio, as 
well as improves frost-resistant characteristics.

• Hydrophobic cement: Hydrophobic cement is made from regular Portland 
cement clinker by grinding it with specific water repellent components 
such as oleic acid, stearic acid, or naphthenic acid. A water-resistant 
coating is formed over each cement particle, preventing water or mois-
ture from the air from being absorbed by the cement. This film is broken 
during the regular hydration process and behaves just like ordinary 
Portland cement.
This cement has excellent resistance during transportation and long-term 
storage in severely moist climatic conditions.

• Quick-setting cement: This is cement that has the property of setting very 
quickly. This feature is obtained by decreasing the gypsum content during the 
clinker grinding process.
Quick-setting cement is used for concreting in static or flowing water, under-
water construction, and rainy and cold weather conditions, or when work 
must be finished in a short period of time, like in places with higher tempera-
tures where water evaporates easily.

The distinction between rapid hardening and quick-setting cement is that 
quick-setting cement sets faster. Simultaneously, the rate of strength growth is 
comparable to that of ordinary Portland cement, but quick hardening cement builds 
strength rapidly.

5.2 Pozzolanic cement

Pozzolanic cements are blends of Portland cement with pozzolanic material, 
which might be natural or synthetic. Natural pozzolanas are mostly volcanic in 
origin like diatomaceous earth. Fly ash, burnt clays, and shales are examples of 
materials utilized in synthetic pozzolanic.

Pozzolanas are materials (natural or synthetic) that have no cementitious 
properties, but they contain reactive silica (and alumina). When divided into fine 
form, they are capable of combining with lime (calcium hydroxide) in the presence 
of water to create compounds having cementitious characteristics [2, 32].

This cement is widely utilized because it has a strong resistance to different 
chemical attacks when compared to regular Portland cement.

5.3 High alumina cement

High alumina cement is a rapid hardening cement produced by fusing a com-
bination of bauxite (aluminum ore) and limestone in a reverberatory or electric 
furnace or rotary kiln at 1500–1600°C.

The cement consists of about 30–40% lime, 45–50% alumina, up to 10% iron 
oxides, and preferably no more than 6% silica. Calcium aluminate (CaO · Al2O3) is 
the main cementing ingredient.

High alumina cement has a high early strength, as it can reach ultimate strength 
within 24 hours, a high heat of hydration, and a very high durability against high 
temperatures, frost, and chemical attacks [2, 33].
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5.4 Slag cements

Slag is the glass-like byproduct left over after separating a desired metal from its 
raw ore, and it is generally generated via a blast furnace–oxygen converter method 
or electric arc furnace. The primary components of these slags are calcium, iron, 
silicon, magnesium, and aluminum oxides, with lower quantities of phosphorus, 
manganese, and others depending on the raw materials utilized [2, 34].

• Blast-furnace slag cement: This is a mixture obtained by adding Portland 
cement or grinding the clinkers with about 65% granulated slag. It can be 
utilized for projects when economic considerations are important.

• Super-sulphated cement: This is a slag-containing cement with less than 
6% sulfuric anhydride (SO3), at least 8% granular slag, 10–20% hard-
burned gypsum or anhydrite (natural anhydrous calcium sulphate), and a 
few percentages of Portland cement. This cement is used in severe situations 
such as maritime construction, mass concrete projects to withstand the 
aggression of strong seas, and chemical works exposed to high concentra-
tions of sulphates.

6. Sustainable concrete

Mortar and concrete can have various properties and applications according to 
the type of cement used and the other components of fine and large aggregates.

The future of concrete research and engineering is trending towards employing 
waste materials. These wastes, which can be hazardous and difficult to dispose of, 
may be present in large quantities in the environment [35].

Employing waste in concrete can be achieved by adding it or using it to replace 
one of the other components, which can achieve or even improve desired properties.

7. Metallic waste additives

The amount of industrial metallic waste is huge and can be challenging to 
recycle. These metals, however, can be added to concrete and mortar to improve 
their properties. In this context, Małek et al. utilized metal chip waste gener-
ated by lathes and CNC machines as an additive to concrete. Results show that 
adding metal waste can improve the physical and mechanical properties of 
concrete [36].

Norambuena-Contreras et al. utilized two kinds of steel industrial wastes, steel 
shavings and steel wool fibers, to manufacture mortar. They concluded that there 
were small variations in flexural and compressive strength, but an overall improve-
ment of the mortar due to adding the steel [37].

8. Polymeric waste additives

Polymers have been increasingly used over the last 50 years in almost every 
industry as well as in human daily life. However, these products are hazardous to the 
environment and almost impossible to recycle. Therefore, finding a useful way to 
reuse these products is a focus of research. One potential way to reuse polymers is to 
add them to concrete or mortar.
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Daud et al. utilized thermoplastic polyethylene terephthalate (PET) waste 
obtained from recycling bottles to replace the graves in lightweight concrete used 
for insulation walls in building construction faces [38].

Plastic pollution is exacerbated by the constant manufacture and disposal of 
plastic. Jain et al. successively employed non-metallic polymeric plastic waste 
with flay ash in concrete and concluded that the addition of non-metalized waste 
plastic bag fibers together with fly ash in concrete greatly improved properties like 
split tensile strength, resistance to abrasion, flexural strength, impact, and drying 
shrinkage [39].

Another type of sustainable concrete incorporates waste rubber as an additive. 
Rubber is one of the hardest materials to recycle, thus the utilization and reuse of 
leftover waste rubber in concrete can minimize raw material consumption, result-
ing in economic efficiency and long-term development of the building sector. Yang 
et al. utilized waste tire rubber as a replacement for fine aggregates (sand) by reduc-
ing its size. The disposal of leftover waste tires has become a major environmental 
concern worldwide [40].

Concrete containing waste polymeric material can be utilized to reduce the 
contamination of radioactive material in the environment. Saleh et al. incorporated 
recycled PET waste with cement into making container-like material for reducing 
the activity of radioactive borate waste obtained from pressurized water reactor 
(PWR). They provided a characterization for these samples and concluded that the 
combination of cement with PET is an acceptable product for immobilization of 
radioactive borate [41].

9. Biowaste additives

Biomass and agriculture waste can be great additives or even replacements to 
cement in concrete and mortar. Because cement is a key building material that 
accounts for 8–10% of total CO2, there is a critical need to replace cement in order 
to reduce greenhouse gases (GHGs) such as CO2, which are responsible for global 
warming [42].

The research of agricultural wastes as extra ingredients in mortar and concrete, 
as well as replacements for aggregates, resulted from the quest for alternative 
materials for cement. Agricultural wastes are readily available, inexpensive, and 
have high reactivity in concrete, which has increased researchers’ interest in these 
materials. The effective use of these elements in concrete will result in a green 
manner of disposing of enormous amounts of trash that might otherwise have 
caused environmental harm.

Bassam et al. provide an excellent review on previous studies that use rice husk 
waste as a replacement for cement. The influence of rice husk on concrete charac-
teristics such as workability, flexural strength, splitting tensile strength, density, 
compressive strength, modulus of elasticity, durability abilities, and sustainability 
is reported [43].

Not only the biomaterial itself but also its byproduct ashes can be used for 
making a sustainable cementitious material.

Blessen et al. provide a comprehensive review based on previous research and 
current developments in concrete using biomass ashes from agricultural farming 
wastes, ashes from bamboo leaves, date palm, rice straw, olive waste, elephant 
leaves, banana leaf and plantain peels, rice straw, wheat straw, olive waste, and corn 
cob as pozzolanic materials in cement concrete [44].

Some plants can be harmful and dangerous to the environment like the aquatic 
plant Myriophyllum spicatum, which is an invasive and noxious. Saleh, et al. 
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incorporated this plant into cement for safe immobilization of radioactive isotopes 
and other hazardous waste. Results show the cementation of dry solid waste generated 
during phyto-remediation was effective in immobilizing these wastes [45].

10. Glass waste additives

Waste glass is another readily accessible resource that may be utilized in place of 
cement. Only a portion of waste glass is reused in the production of new glass, and 
the remainder is discarded owing to impurities, color, or cost.

Glasses are categorized into 32 different kinds, although the most common are 
soda-lime, vitreous silica, borosilicate, lead, aluminosilicate, alkali silicates, barium, 
and aluminosilicate glasses [46].

Crushed waste glass has a variety of characteristics, including a high concentra-
tion of silicon and calcium and an amorphous structure. As a result, waste glass 
possesses pozzolanic or cementitious characteristics and can be utilized as a partial 
substitute for cement.

Ankur et al. published a review of studies that employed silica fume and waste 
glass into concrete as replacements for cement and provided results on physical and 
mechanical properties [47].

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

In this chapter, we present our study of geopolymers and hybrid geopolymers 
synthesized with treated fly ash from eggshells (FAES) and sand from the dunes 
of southern Algeria using activators such as NaOH and Na2SiO3, respectively, in 
addition to the organic polymer polyethylene terephthalate (PET). Several param-
eters have been modified, such as alkali concentration and percentage of activators 
and PET, with the objective to improve the quality of the desired geopolymers and 
hybrid geopolymers. The main objective of this work is to study the use of waste 
PET in the matrix of this new material to replace Portland cement, which is widely 
used today, as well as develop ecological building materials that are durable and 
lightweight and prevent chemicals from attacking old structures. Through opti-
cal and electron microscopy, we studied the effect of the addition of PET on the 
structure of our geopolymer material and on the bond and interface areas between 
the aggregates and the matrix. The microstructural analysis discussed here refers to 
specimens containing 5% PET by weight. We observed that PET contents signifi-
cantly altered the structure and morphology of the samples.

Keywords: fly ash of eggshells (FAES), sand dune, cement, microstructure, analysis, 
construction, Young’s modulus, structure, silica fume

1. Introduction

Geopolymers can replace cement in various forms of construction work and the 
manufacture of concrete and mortars, and they have very important mechanical 
characteristics given their three-dimensional aluminosilicate network [1]. The use 
of geopolymers instead of Portland cement is justified by the reduction in CO2 
emissions and energy savings [2]. Dune sand is a widely available natural resource 
that can be integrated into the construction industry, which needs more develop-
ment [3]. The process of geopolymerization of mixtures of sand and fly ash is used 
to produce a new material composed of very fine elements. Mortars composed of 
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modified polymers are building materials with excellent properties and can replace 
mortars based on Portland cement [4]. Polymers have been used to enhance the 
waterproof properties and modify the mechanical properties of concrete and 
mortars as well as reinforce adhesion [5]. The literature specifies that the character-
istics of concrete and mortar modified by polymers depend mainly on the polymer 
percentage or on the ratio between the cement and polymer, that is, the ratio of the 
value of the mass of solid polymers contained in a polymer-based addition to the 
value of cement in a polymer, concrete, or modified mortar [6]. Among plastics, 
polyethylene terephthalate (PET) is the most widely used to produce products such 
as consumer goods, beverage bottles,and food packaging [7]. PET bottles have 
replaced traditional glass bottles for liquid storage due to their ease of handling, 
light weight, and possibility of storage [8]. Fly ash is a fine and powdery material 
produced from coal when generating electricity. When coal is used in a power plant, 
it is crushed into a very fine powder that will be blown into the furnace of the plant 
[9]. The hydrogen and carbon in the coal are depleted, leaving molten noncombus-
tible particles rich in alumina and silica. After the solidification of these particles 
in the fly ash state, these very fine powders easily enter the atmosphere and pol-
lute water and the air [10]; they can cause respiratory problems if not properly 
eliminated. In addition, fly ash deposited on leaves and plants in agricultural fields 
near electrical power plants can diminish crop yield. However, when used properly, 
fly ash can help to conserve natural resources [11]. The manufacture of Portland 
cement is a major contributor of CO2 gas emissions, thus any reduction in the use 
of cements will result in a reduction in greenhouse gas emissions, possibly reduc-
ing emissions to zero. One ton of CO2 is emitted for each ton of Portland cement 
produced [12]. Thus, replacing Portland cement with fly ash will eliminate CO2 
emissions. If all the fly ash produced is used instead of carrier cement in the vari-
ous construction works of buildings, roads, and bridges, it is estimated that the 
reduction in CO2 emissions will be equivalent to the elimination of 25% of vehicles 
worldwide [13]. This chapter summarizes the scientific advances in the preparation, 
fabrication, properties, and applications of fly ash of eggshells (FAES) and sand 
dune-based geopolymer and geopolymer hybrids. The production of mixed geo-
polymers and hybrid geopolymers is mainly based on alkali-activated geopolymer-
ization, which can occur under mild conditions and is considered a cleaner process 
due to much lower CO2 emissions than that from the production of cement [14].

2. Experiment

2.1 Materials and methods

2.1.1 Materials

The basic material used in these experiments is the original siliceous sand of 
the sand dunes of southwest Algeria. First, 100 g of dry sand was treated with 
200 ml of hydrochloric acid over a period of 30 minutes at room temperature. 
Then, all the leaching tests were carried out in a 250-ml glass beaker placed on a 
magnetic stirrer with a control unit to ensure the homogeneity of the product at 
stable temperatures. When the required temperature (80°C) of the contents of the 
beaker (100 ml of acid) was reached, approximately 30 g of dry sand was added to 
the beaker while the contents of the beaker rotated at a constant speed of 250 rpm. 
The beaker was covered to avoid losses by evaporation. From the leaching solu-
tion, a sample amount of our prepared mixture was taken at predetermined time 
intervals, filtered, washed several times with distilled water to remove any unspent 
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acid, and then dried at 110°C for 1 hour. All the experiments were repeated for more 
precision. The chemical composition of the silica sand prepared for this study was 
determined by X-ray fluorescence (XRF). Table 1 presents the study results.

The eggshells were used as raw material to prepare the fly ash. They were washed 
first with distilled water and then with an acid solution (1 M HCl) to reduce the 
level of limine (CaO) and remove impurities. After drying, and when all moisture 
was removed, the material was calcined at temperatures ranging from 700–850°C 
after drying at 25°C. XRF analysis was performed to characterize the fly ash sample 
(see Table 2). It is evident that the sample is very rich in silica and eliminated, 
which makes it a suitable raw material to begin the geopolymerization process. The 
dimensions of the fly ash particles are less than 100 μm. The main element in pork 
roosters is CaO (63.69%).

Water glass, also called sodium silicate (Na2SiO3), was synthesized at the 
chemistry laboratory of Polymer Oran 1, University of Algeria. Then, 100 g of sand 
was washed with an acid solution (1 M HCl), dried at 25°C, and mixed with 200 g 
of sodium hydroxide (13 M NaOH). A platinum crucible was placed in an electric 
furnace at 850°C for 1 hour at a heating rate of 5°C/min. The mixture was melted, 
and the melt was cooled and solidified in the crucible. This method allowed us to 
synthesize 75 g of water glass nanomaterials (sodium silicate). This white powder 
was dried at 25°C to allow us to carry out microstructural, chemical, and mineral-
ogical analyses.

Thermoplastic polyester (PET) has acceptable mechanical characteristics; in 
particular, a tensile modulus of elasticity of 2.89 GPa and a flexural modulus of 
elasticity of 2.36 Gpa, with a tensile strength of 58 Mpa and resistance to chemical 
attack. It is a semicrystalline polymer with a density melting point (specific gravity) 
of 1.28 to 1.39 g/cm3. The very fine grinding of plastic waste, such as drink bottles, 
gives us PET powder.

2.1.2 Methods

We analyzed the morphology of the raw fly ash samples using scanning 
electron microscopy (SEM;LEO SEM 1450), the molecular structure using 
Fourier-transform infrared spectroscopy (FTIR;Perkin Elmer 100 spectrum), the 
mineralogy using X-ray diffraction (XRD; X-ray generator, Philips PANalytical 

Oxide Content % Oxide Content %

SiO2 90.83 Na2O 0.01

Al2O3 7.45 CaO 1.02

Fe2O3 0.29 MgO 0.00

K2O 0.01 TiO2 0.09

Table 1. 
Chemical composition of the sand dune (western Algeria).

Oxide Content % Oxide Content %

SiO2 0.06 Na2O 2.92

Al2O3 0.04 CaO 63.69

Fe2O3 0.01 MgO 0.57

K2O 0.04 TiO2 0.02

Table 2. 
Chemical composition of the fresh fly ash of eggshell (FAES).
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pw3830), and the chemical composition using XRF (dispersion spectrometer, 
Philips 1404 wavelength).

2.2 Synthesis of different forms of geopolymers

The synthesis of geopolymers is carried out by mixing source materials contain-
ing aluminosilicate (sand dune), fly ash with a high calcium (Ca) classified as (F), 
and an alkaline solution (NaOH 13 M). The source materials used are FAES washed 
with acidic solution (HCl 1 M) to eliminate impurities and minimize the rate of 
calcium and limine as producers of carbon dioxide (CO2), calcined at 700 to 900°C, 
and sand dune (Algerian sand) leached with acid solution (HCl 1 M) and mixed 
with alkaline solution (NaOH 13 M) to prepare sodium silicate (Na2SiO3). In the 
last step, four samples of geopolymers were prepared for comparison, as shown in 
Table 3. The final product was placed in molds at room temperature for 24 hours 
and then stored in an oven at 80°C for another 24 hours. Table 4 presents the results 
of the XRF assay analysis. The sample is full of silica and limine, which is a suitable 
raw material to begin the geopolymerization process.

2.3 Synthesis of hybrid geopolymers

The synthesized organic–inorganic hybrid geopolymers consist of FAES and 
Na2SiO3 from sand dunes (southern Algeria) activated by alkaline solution (13 M 
NaOH) in which a percentage of PET was incorporated. Four different formulations 
of hybrids were prepared and characterized, as shown in Table 5.

FAES and sand from the dunes were used as the principal sources of alumino-
silicates because they are the cheapest aluminosilicates with a good degree of purity. 
Moreover, this raw material improves the mechanical strength of and reduces salts 
and CO2 in the final product. Table 2 presents the compositions of the raw material. 
The mixture of fly ash and sand was sieved to obtain a fine powder with an aver-
age diameter of 100 μm. The powder was added gradually to an alkaline solution 
(NaOH 13 M) previously prepared by mixing a sodium silicate solution with SiO2/
Na2O ratio = 2 and sodium hydroxide with Na2SiO3/NaOH ratio = 1.5. The final 

Geopolymers (GP) Mass (g) ratio

GP1: FAES, Na22SiO3, NaOH, H2O 3.00, 1.75, 1.00, 2.25

GP2: FAES, Na2SiO3, NaOH, H2O, SiO2 3.00, 1.75, 1.00, 2.25, 0.5

GP3, FAES, Na2SiO3, NaOH, H2O, Al2O3 3.00, 1.75, 1.00, 2.25, 0.5

GP4, FAES, Na2SiO3, NaOH, H2O, Fe2O3 3.00, 1.75, 1.00, 2.25, 0.5

Table 3. 
Geopolymers synthesis procedure (GP).

Oxide Content % Oxide Content %

SiO2 17.21 Na2O 30.57

Al2O3 0.01 CaO 23.72

Fe2O3 0.11 MgO 0.22

K2O 0.06 TiO2 0.03

Table 4. 
Chemical composition of the synthesized geopolymer (GP-2).
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composition of the synthesized geopolymer can be expressed as Si, Al, Na, and H2O. 
To synthesize geopolymer/PET hybrid systems, PET was also added in part to the 
alkaline solution as well as to the mixture of fly ash and sand dune during the mixing 
phase. The resulting product was stirred mechanically for approximately 30 min to 
reach good homogenization and then poured into plexiglass-clad molds and sealed. 
The molds were placed in an oven for 24 hours at 30°C to avoid any possible thermal 
degradation of the polymer and successively stored for 28 days at room temperature.

3. Results and discussion

Geopolymers and hybrid geopolymers or cementitious materials in general were 
synthesized using FAES activated by alkali solution and silicate sodium from sand 
from the dunes in southern Algeria. Results confirm that quartz is the main compo-
nent in the different forms of the prepared geopolymers, along with calcite, hema-
tite, mullite, and ferrite. These are the main elements responsible for networking in 
geopolymer matrixes. Thus, reactivity under alkaline conditions is affected only in 
the amorphous section of these reagents and acts as an indicator of geopolymer and 
a substitute for metakaolin.

3.1 Analysis of geopolymers and hybrid geopolymers

3.1.1 Analysis of different form of geopolymers

The prepared geopolymers generally contain a large percentage of quartz in the 
form of silica (SiO2), which exhibits better resistance to external actions due to the 
hardness of the material. Local conditions and sources influence the chemical compo-
sition of geopolymers [15]. XRF is the most reliable technique for finding the lowest 
concentrations of the elements in a prepared sample, as shown in Table 4.

Ceramic materials can be prepared by geopolymers. The preparation and 
synthesis of our geopolymers is carried out by a chemical solution of alkali silicate. 
Solid aluminosilicates have been added from the source of the sand of the dunes. 
FAES is very rich in calcium, and with the presence of 13 M NaOH as an alkaline 
solution, the XRD models studied show remarkable differences in the influence 
of the fly ash samples on the geopolymers due to the position and shape of the 
quartz peaks and bumps (lower and upper) (Figure 1). The XRD diagrams of the 
geopolymer based on fly ash confirm that the geopolymer materials are essentially 
composed of an amorphous character under X-ray, knowing that the diffraction 
crystals are the same as the original materials (calcite, mullite, limine, hematite, 
and quartz). An amorphous peak was observed, as the value of 2θ on the diffraction 
pattern ranged from approximately 20 degrees to 69 degrees, given the presence 
of amorphous glassy materials [16]. With activation of the ash by NaOH (alkaline 

Geopolymers hybrid (GHPs) Mass (g) ratio

GHP1: FAES, Na2SiO3, H2O, PET 3.00, 1.75, 1.00, 2.25, 0.5

GHP2: FAES, Na2SiO3, NaOH, H2O, SiO2, PET 3.00, 1.75, 1.00, 2.25, 0.5, 0.5

GHP3: FAES, Na2SiO3, NaOH, H2O, Al2O3, PET 3.00, 1.75, 1.00, 2.25, 0.5, 0.5

GHP4: FAES, Na2SiO3, NaOH, H2O, Fe2O3, PET 3.00, 1.75, 1.00, 2.25, 0.5, 0.5

Table 5. 
Geopolymers hybrid synthesis procedure (GHP).
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solution), it was found that the diffractogram of the original ash was changed 
[17]. A slight shift of 19–50 degrees to 20–69 degrees (2θ) of the value of the peak 
attributed to the phase of the vitreous form of the original fly ash was observed. 
Ahydrate gel in the form of alkali aluminosilicate was formed as a result of this 
transformation. This hydrate gel is the main material that allows the initial reaction 
of geopolymerization of the geopolymeric materials mentioned in the diffraction 
diagrams [18]. With activation, the crystalline stages (hematite, quartz, calcite, 
mullite) observed inside the initial material remained practically without modifica-
tion [19]. For the geopolymer model, the basic fly ash mineralogy does not change 
much, a result that agrees with the literature [20].

The SEM images shown in Figures 2 and 3 show a change in morphology in most 
geopolymer samples compared to fly ash. Sodium silicate (Na2SiO3) was the most 
present element in all the samples studied (GP1, GP2, GP3, and GP4). In addition, 
after approximately 1 hour of preparation, a greater quantity of fly ash reacted 
positively. The microstructure of the geopolymers was heterogeneous and the matrix 
was full of loosely structured fly ash grains of different sizes, except in sample GP2, 
as shown in Figure 3, in which we observed a good microstructure. In the gel, several 
circular shaped cavities do not appear. Here, we suggest that a significant amount 
of spherically shaped fly ash reacts, and this result shows complete transformation 
within the system after only 1 hour and the reaction up to 78.93%. Finally, we found 
that the number of reactions taking place in a paste that forms the geopolymer 
develops as a function of the molar percentage of SiO2/Al2O3 and the reactivity ratio 
of the fly ash, which is rich in calcium (Ca). The “GP” geopolymers prepared by us 
have many characteristics that make them economical materials for construction 
[21]. The formation of geopolymer-type concretes is accomplished by the addition 
of water to a geopolymer, keeping in mind that the different shapes of geopolymers 
have a relatively porous structure. The water molecules limit the formation of gases 

Figure 1. 
XRD patterns of geopolymers (GP1, GP2, GP3, and GP4) with a NaOH molar ratio variation of 13 M.
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Figure 2. 
SEM of the foamed geopolymer according to the percentage of fly ash eggshell after 1 hour (GP1, GP2, 
GP3, GP4).

Figure 3. 
SEM of the foamed geopolymer according to the percentage of fly ash eggshell after 24 hours (GP1, GP2, 
GP3, GP4).
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Figure 4. 
XRD patterns of hybrid geopolymers (GHP-1, GHP-2, GHP-3, and GHP-4) with a NaOH molar ratio 
variation of 13 M.

before the gel hardens in the structure [22]. The geopolymer is formed when water 
is added to FAES in alkaline activation solutions. After adding FAES to the geopoly-
mers, the number of gas-producing compounds is known, and they are trapped to 
produce a microstructure within the cured material [23]. When mixing water and 
geopolymers, the chemical reactions liberate different gases that are entrapped in 
the structure, especially CO2. When the oxides of silicone and calcium as well as 
metallic aluminum in an alkaline solution are conserved, carbon oxide and H2 are 
removed, creating aluminum hydroxide. Finally, the CO2 molecules will be blocked 
in the structure of the geopolymer, which means that the product is very reactive.

3.1.2 Analysis of different forms of prepared geopolymer hybrids

XRD techniques were used for a wide variety of material characterization stud-
ies. The XRD results show some qualitative differences in the hydration rate due to 
the incorporation of PET polymer. Figure 4 shows the X-ray patterns of the com-
posites with 5% PET and composites without polymer PET (Figures 3 and 4). The 
main compounds observed are large amounts of CaCO3, calcium oxide, and quartz 
resulting from anhydrous fly ash and sand dune, respectively. The peak intensity 
in 18, 52 degrees to 67, 37 degrees has been considered a region of the quantity of 
CaCO3. Therefore, it is also noted here that at a hybrid geopolymer ratio of 5%, 
a slight increase in the peak intensity compared to the unmodified geopolymer 
is observed. Furthermore, CaCO3 crystals may produce sharper reflection in the 
presence of PET polymer due to a change in the orientation pattern of the crystals. 
Based on SEM micrograph analysis (Figures 5 and 6) and chemical composition 
(Table 6), it is possible to explain this variation in terms of the fact that PET addi-
tion causes a progressive decrease in the amount of calcium carbonate and calcium 
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Figure 5. 
SEM of the foamed hybrid geopolymer according to the percentage of fly ash eggshell after 1 hour  
(GPH1, GPH2, GPH3, GPH4).

Figure 6. 
SEM of the foamed hybrid geopolymer according to the percentage of fly ash eggshell after 24 hours  
(GPH1, GPH2, GPH3, GPH4).
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oxide in the hybrid composites compared to the unmodified geopolymer. These 
results agree with previous studies [24].

Images of the SEM micrograph in Figures 5 and 6 show the microstructure 
of the mixture hybrid geopolymer based on PET with sand dune (quartz) after 
1 hour. The PET composite indicates a weak interfacial transition zone in the hybrid 
geopolymer matrix interface at 1 hour, which is related to the large shrinkage of the 
geopolymer paste, as revealed by XRD [25, 26]. There is approximately less distance 
between PET and the surface of the geopolymer matrix. Furthermore, some micro-
cracks also formed in the hybrid geopolymer. As shown in Figures 5 and 6, PET was 
placed in the crack zone when the specimen was subjected to a chemical reaction 
after 1 hour. The PET might deform and lengthen, rupture, or pull out because of 
the applied stress at the fiber section in a crack zone.

4. Conclusion

The synthesis of a new geopolymer-type material using a hydrothermal process 
was carried out after the preparation of base materials such as silica and alumina. This 
work describes the synthesis and valuation of FAES in the raw and activated states as 
well as sand from the dunes of southern Algeria for the preparation of geopolymer 
mortars by alkaline activation. The characterization and preparation of sodium 
silicate (Na2SiO3) were carried out in specialized laboratories in Algeria. Chemical 
analysis by XRF shows that the sand of the dunes is very rich in quartz ranging 
from 90.04% to 99.16% silica; in addition, a low concentration of other oxides was 
observed. However, microscopic SEM observations of the sand revealed the presence 
of pores with differing morphologies (e.g., rounded, elongated, and angular). The 
influence of FAES is important with respect to water penetration, and this perfor-
mance is better than that of ordinary Portland cement. In addition, we observed very 
good fire resistance with a reduction in CO2 emissions. SEM also revealed uniform 
and correct distribution of the eggshells over the whole matrix phase. It was also 
found that there is good adhesion between the sand particles and eggshell particles, 
due to the sand being rich in aluminum and silicon. From the alkaline activation of 
eggshells, it was found that FAES can be used with sand from dunes to obtain geo-
polymers and hybrid geopolymers that can be used as green and durable concrete.
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Oxide Content % Oxide Content %

SiO2 14.22 Na2O 23.11

Al2O3 13.42 CaO 19.78

Fe2O3 0.07 MgO 0.19

K2O 0.04 TiO2 0.02

Table 6. 
Chemical composition of the synthesized hybrid geopolymer (GHP-2).
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Chapter 3

Thermoactivated Recycled 
Cement
José Alexandre Bogas, Ana Carriço and Sofia Real

Abstract

The cement industry is currently faced by the great challenge of reducing its 
vast carbon footprint, due to being the second highest industrial greenhouse gases 
(GHG) emitter. This value is expected to further increase, since cement produc-
tion is foreseen to rise by about 20% until 2050. Therefore, more eco-efficient 
alternatives to ordinary Portland cement have been developed towards a sustainable 
concrete industry. This chapter presents some of the latest advances in low-carbon 
thermoactivated recycled cements (RC) obtained from old waste concrete, leading 
to a significant reduction of the GHG emissions, while also encouraging the valo-
rization reuse of waste materials and the reduction of natural resource depletion. 
The manufacture and general performance of RC, including the main production 
issues, rehydration behavior and phase and microstructure development, as well as 
its incorporation in cement-based materials are discussed. Some of the most recent 
research, main challenges and future perspective of RC are addressed.

Keywords: recycled cement, thermoactivation, low-carbon binder,  
sustainable concrete, waste concrete

1. Introduction

The construction industry is one of the most relevant sectors contributing to 
global warming, involving the extensive consumption of raw materials, depletion of 
non-renewable resources, extensive greenhouse gas (GHG) emissions and sig-
nificant construction and demolition waste (CDW) disposal. Therefore, stringent 
environmental measures and relevant international agreements have been estab-
lished to reduce the environmental impact of this industry. In this context, large 
companies worldwide have been investing in more sustainable practices, promoting 
the development of alternative more eco-efficient building materials towards a 
truly circular economy supported on recycling, resource efficiency and low carbon 
emissions [1, 2]. Two major goals of the European council are the reduction of GHG 
emissions to 60–80% by 2050, on a 1990 base year and the reuse of at least 70% of 
CDW, excluding backfilling operations [3, 4].

In particular, concrete, as the most used building material in the world and 
involving substantial extraction of raw materials, significant GHG emissions and 
extensive CDW generation, becomes a serious source of environmental concern 
[5, 6]. Cement is the main concrete constituent responsible for the significant carbon 
footprint of concrete, accounting with over 80% of the total CO2 emissions of 
concrete production [7]. In fact, over 5% of the world’s anthropogenic CO2 emis-
sions are attributed to the cement industry [8, 9]. This alarming value is expected 
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to further increase due to the ever-growing demand for this product, which is 
expected to rise by over 20% in 2050 [8, 9]. Therefore, the concrete industry and 
the scientific community have been focused on the urgent development of more 
sustainable eco-efficient concrete. The use of recycled aggregates in concrete 
production has been largely studied [10], but its effective acceptance in the con-
struction sector is still a way off. On the one hand, the available technology is not 
efficient in providing high quality recycled aggregates with minor contamination 
with adhered paste that reduces their physical, mechanical and durability proper-
ties. On the other hand, the simple substitution of natural aggregates with recycled 
aggregates fails to significantly reduce the GHG emissions, which, as mentioned, 
are essentially related to cement production. Therefore, various strategies have been 
implemented concerning the efficient reduction of cement’s environmental impact 
[8, 11, 12], namely the development of carbon capture solutions, new and more 
efficient production technologies, alternative fuels, alternative cements and the 
reduction of the clinker to cement ratio. Among these carbon reduction levers, the 
most promising and effective solution lies in carbon capture, but its viable imple-
mentation has yet to overcome some challenges [13]. The use of supplementary 
materials as partial clinker substitution has been considered for many years, but 
further GHG emissions reduction with currently available mineral additions is hard 
to explore. Moreover, the availability of some of these additions, namely those that 
are by-products of pollutant industries, such as fly ash, is becoming scarce.

Alternative low-carbon cements, such as calcium aluminate and alkali-activated 
cements have also been the object of intense research, but their implementation in 
the construction market is still far from being economically viable [13, 14]. More 
recently, a very promising approach relies on the production of low-carbon recycled 
cements (RC) from dehydrated waste hardened cement. The idea is to recover the 
binding properties of waste cement through its thermal activation at low tempera-
tures, reducing the thermal energy of the clinker manufacture and avoiding the 
limestone decarbonation phase, which represents about 60% of the carbon emis-
sions during the sintering process [13, 15].

The rehydration capacity of concrete subjected to high temperatures has long 
been shown from post-fire studies of concrete behavior [16–18]. This recovery 
was found to be related to the regeneration of new hydration products, despite the 
eventual existence of unreacted cement left in old concrete [19]. The possible reac-
tivation of the hardened cement was a relevant finding and many authors started 
to explore this idea regarding the production of an innovative recycled binder. As 
mentioned, if thermoactivation temperatures are set to be under the decarbonation 
stage, the CO2 emissions may be significantly reduced, and a low-carbon binder 
is obtained [20]. Moreover, retrieving the waste concrete highly encourages the 
valorization reuse of CDW, the reduction of natural resources depletion and the 
relevant decrease of landfill disposal. However, recycled cement is still a very young 
domain of research and various aspects related to its production process and its 
behavior when incorporated in cement-based materials must be further explored 
before the implementation of this very promising eco-efficient solution in the 
construction industry.

The objective of this chapter is to review some of the most relevant research and 
main contributions achieved in the domain of thermoactivated recycled cements. 
First, a general overview of the recycled cement manufacture is presented. Then, 
Sections 3 to 5 are dedicated to the phase development in anhydrous RC and subse-
quent rehydration, Sections 6 to 8 discuss the main physical, microstructural and 
mechanical properties of cement-based materials. Section 8 also covers the use of 
RC as partial cement replacement, showing the higher potential of this new recy-
cled binder compared to current mineral additions used by the concrete industry.
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2. Overview of recycled cement production

The first published work concerning the specific recovery of cementitious 
materials regarding cement recycling was probably presented by Splittgerber and 
Mueller [21]. The authors suggested exploring the inversion of cement hydra-
tion based on previous studies concerning the rehydration of hardened concrete 
subjected to fire temperatures. In fact, as mentioned, various studies have for long 
been carried out in this domain [16–18]. Basically, the thermal activation turns 
the cement hydration into a reversible process, obtaining dehydrated compounds 
with similar characteristics to those of the original clinker phases [21]. As better 
discussed in Section 3, the thermal activation explores the chemical transforma-
tions of the cement paste that occur at different temperatures, namely involving 
dehydration, dehydroxylation and decarbonation stages [22–26]. The production 
of recycled cement essentially involves three relevant steps, namely: the separation 
of the cement fraction from the other constituents of waste concrete; the com-
minution of the waste cement to an average particle size in the range of common 
ordinary Portland cements (OPC); thermoactivation of waste cement into RC. The 
closed circular economy involved in RC manufacture is illustrated in Figure 1.

One main obstacle that has hindered the production of recycled cement at 
an industrial scale is related to the individualization and separation of waste 
concrete constituents. This is not only a challenge for the production of RC, but 
also for obtaining high quality recycled aggregates. In fact, the contamination of 
aggregates by adhered cement paste increases their porosity and waste absorption 
[27], with repercussions on the durability, shrinkage and control of fresh concrete 
workability [28, 29]. For this reason, current recycled concrete waste is essentially 
reused as low-quality recycled aggregates for low grade concretes or as backfill-
ing in road base layers and landscape recovery. Therefore, in order to enhance 
the CDW valorization and encourage a closed circular economy for concrete 

Figure 1. 
Closed circular economy of thermoactivated recycled cement retrieved from hardened waste cement-based 
materials (adaptation from Carriço et al. [15]).
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production, the development of an efficient separation process is a priority goal. 
However, despite various attempts, essentially focused on the recovery of cleaner 
recycled aggregates [30–32], no effective solution has been achieved yet. Most 
suggested separation methods essentially include mechanical [33] and thermal 
processes [31]. These methods take advantage of the different physical properties 
of concrete constituents, such as the crushing strength and thermal expansion, to 
promote separation. However, these processes are usually high-energy intensive 
and high contamination levels are difficult to avoid [34]. Nevertheless, some 
studies have thermoactivated recycled concrete fines (RCF), up to 5 mm, obtained 
from these processes [33, 35, 36], but the level of contamination may be high, 
especially when non-siliceous aggregates are considered. Other methods based on 
microwave heating [37, 38] or high-voltage electrical pulse discharge [39] fail to 
be easily implementable at an industrial scale. The lack of an effective method for 
waste concrete separation explains why most studies regarding the characteriza-
tion of RC have involved the consideration of laboratory produced cement pastes, 
avoiding the challenging stage of concrete separation. Recently Bogas et al. [40] 
have patented a novel easily implementable and cost-effective separation process 
that is reported to yield waste cement with less than 12% aggregate contamination, 
by volume, and high quality recycled sand with as low as 3% of adhered cement 
paste [41].

In a second stage of RC production, waste cement is subjected to gridding, usu-
ally by means of ball milling as done in the cement industry [42, 43]. Some authors 
opt to previously oven dry the waste cement before gridding, since it reduces the 
baling phenomenon and wall mill adhesion [36, 44, 45]. In other studies, the RC 
grinding was performed after thermal activation [42, 46–49], however this turns 
the thermal process less effective and may lead to less homogeneous RC.

The increase of RC fineness enhances its rehydration reactivity, which leads 
to denser microstructures [50, 51]. Moreover, reducing the particle size of porous 
RC particles decreases their absorption properties. Therefore, it is recommended 
to produce RC with at least the same fineness range of OPC. However, this goal is 
not easily achieved in laboratory mills, especially when large amounts of RC are 
required. For this reason, most studies have considered particle sizes up to 150 μm. 
Zhang et al. [43] suggested the intergrinding of waste cement with slag (of higher 
hardness) in order to prevent the waste cement agglomeration and improve the 
fineness level.

The RC production conditions adopted by different authors are summarized 
in Table 1. The thermal treatment typically follows a thermal curve initiated by a 
heating rate of 5–10°C/min, followed by a residence time at maximum temperature 
and the respective cooling. It is expected that a lower heating rate will favor a more 
effective dehydration, but optimization of this parameter has never been reported 
[26]. However, the maximum treatment temperature and respective residence 
time are the main factors affecting the complete dehydration process at a given 
stage [59].

The first studies in this domain considered a wide range of thermoactivation 
temperatures, from as low as 200°C to over 900°C [46, 49, 60]. Later research has 
been focused on a narrower range, between 500 and 800°C [19, 33, 35, 43, 47, 61, 62], 
in order to comprise the phases of C-S-H dehydration and CH dehydroxylation, 
without relevant decarbonation. Optimal treatment temperatures have been 
reported to be in the range of 600–700°C, ensuring high rehydration ability and low 
thermal energy consumption [2]. The residence time has ranged from 1 to 8 hours 
in literature, although 2–3 hours is most often adopted [44, 46, 48, 49, 54, 55, 60]. 
The influence of the residence time and treated temperature on the mechanical 
strength of mortars produced with 25% of RC from the cement fraction of waste 
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mortar was analyzed by Kalinowska-Wichrowska et al. [63]. The maximum com-
pressive strength was attained for RC treated at 650°C for 80 minutes.

The cooling procedure may occur inside the kiln at low cooling rates or may be 
accelerated by means of cooling devices, following the same philosophy adopted in 
OPC production [45, 48, 54, 61]. Serpell and Zunino [56] did not find significant 
changes when the cooling rate was accelerated.

3. Dehydrated thermoactivated recycled cement

After thermoactivation, the dehydrated RC particles are characterized by a 
porous structure and rough surface with high surface area, which is up to 15 times 
higher than that of OPC particles [21, 57]. In opposition, common OPC particles are 
non-porous and with smooth surface [42]. The helium particle density of RC tends 
to be slightly lower than that of OPC, ranging between about 2400–3200 kg/m3 
depending on the treatment temperature [2, 21, 33].

Dehydrated waste cement is usually characterized by the absence of tricalcium 
silicate (C3S), as well as the significant presence of free lime (CaO) or calcite 
(Figure 2) [1]. In fact, considering the main hydration reaction of calcium silicate 

Thermal treatment conditions Refs.

Temperature (°C) Residence time 
(hours)

Heating rate 
(°C/min)

Cooling

200, 500, 800 1 10 cooling to room 
temperature

[35]

400, 650, 900 1 ND accelerated cooling [52]

750 1 ND accelerated cooling [48]

700, 750, 800 1.5 10 cooling to room 
temperature

[19]

650 4 10 accelerated cooling [53]

600, 700, 800, 900 2 ND ND [44]

200, 400, 600, 800 2 5 ND [46]

300, 500, 650 2 10 accelerated cooling [54]

660–940 2.5 10 cooling to room 
temperature

[55]

700, 800, 900 1.5 10 600°C/min [56]

120, 450, 750 8 7 cooling to room 
temperature

[42]

600 4 ND cooling to room 
temperature

[42]

500 2 ND ND [57]

400, 500, 600, 700, 
800, 900

5 20 cooling to room 
temperature

[58]

400, 450, 500, 600, 
650, 700, 750, 800, 900

3 10 cooling to room 
temperature

[2]

ND, not disclosed.

Table 1. 
Thermoactivation procedure of RC according to various authors.
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compounds of OPC Eqs. (1) and (2), the obtained C-S-H may be assumed to 
present an average C/S ratio (CaO/SiO2) of about 1.7 [64]. Considering the reverse 
dehydration of the obtained hydration products, a C/S ratio lower than 2 would be 
expected for the new calcium silicate as well as the presence of free clime (CaO). 
Based on chemical and 29Si NMR analysis of RC treated at 750°C, Alonso and 
Fernandez [24] estimated the value of 1.78 for the C/S ratio of the new nesosili-
cate, concluding that the dehydrated phase coefficients pertained to a structure 
close to C2S.

 3 1.7 1.36C S 2.66H C SH 1.3CH+ → +  (1)

 2 1.7 1.36C S 1.66H C SH 0.3CH+ → +  (2)

(H – H2O; C – CaO; S – SiO2)

The RC is also composed by other phases, such as dehydrated calcium alumi-
nates and carbonated compounds, besides unreacted original anhydrous OPC 
grains and eventual residual hydration products [42, 49, 54, 58]. Table 2 summa-
rizes the main dehydrated phases identified by XRD in the literature.

Shui et al. [35] analyzed the dehydrated phases developed in RC treated at 
200°C, 500°C and 800°C, by means of thermogravimetry (TG) and X-ray dif-
fraction (XRD) analysis. Up to 500°C, RC was essentially composed of partially 
dehydrated C-S-H and CH, as well as CaCO3 and C2S, besides other amorphous 
dehydrated phases. Over 500°C free lime was progressively formed from the CH 
dehydroxylation and at 800°C the CaCO3 was also decomposed into free lime. 
Similar conclusions regarding these major transformations with increasing tem-
perature were also documented by other authors [1, 2, 42]. However, Wang et al. 
[42] reported a higher content of CaCO3 after treatment at 450°C than in the source 
cement paste. The increase of carbonated products after thermoactivation was also 
documented by other authors [24, 46, 52, 65], attributing this phenomenon to the 

Figure 2. 
XRD of anhydrous OPC, hydrated cement paste (RCP, 20°C) and RC treated at 350 and 650°C (RCP, 350°C or 
RCP, 650°C) [1].
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partial carbonation of dehydrated CH at intermediate temperatures. In addition, a 
higher content of carbonation products in RC is expected, because old concrete is 
prone to carbonate [2, 58].

Naturally, the free lime content tends to increase with the treatment tem-
perature, especially after the decarbonation stage [25, 66]. The free lime must be 
taken into account during RC rehydration, since it contributes to the increase of 
heat release, consumption of mixing water and false setting [2, 55, 67]. Due to the 

Temperature (°C) Precursor Dehydrated phases Refs.

200 RCF C-S-H, CH, C2S, CaCO3, 4CaO.Al2O3Fe2O3 [35]

500 CH, CaO, C2S, CaCO3, 4CaO.Al2O3Fe2O3

800 CaO, C2S, CaCO3, 4CaO.Al2O3Fe2O3

400 CP β-C2S, CH [52]

650 β-C2S, CaO

900 β-C2S, CaO

600 AAC quartz, tobermorite, CaO, β-C2S, CaAl2Si2O8 [44]

700 quartz, tobermorite, β-C2S, CaAl2Si2O8, CaO, CS

800 quartz, β-C2S, CaAl2Si2O8, CaO, CS, α-C2S

900 quartz, β-C2S, CaAl2Si2O8, CaO, CS, α-C2S

200 CP CH, CaCO3, C2S, C4AF [46]

400 CH, CaCO3, C2S, C4AF

600 CH, CaCO3, anhydrite II, C2S, C4AF

800 CH, CaCO3, anhydrite II, C2S, C4AF

660–940 CP α’-C2S, β-C2S, CaCO3, C4AF, CaO [55]

700 CP α’H-C2S, α -C2S, CH, C12A7, C4AF, CaSO4 [56]

800 α’H-C2S, β-C2S, CaO, C12A7, C4AF

900 β-C2S, α’H-C2S, CaO, Ca5(SiO4)2SO4, C4AF

120 CP CH, 1.2 nm tobermorite, jennite, CaCO3 [42]

450 0.96 nm tobermorite, disordered jennite, CaCO3

750 C2S, CaO, CS

500 CP quartz, CaMg(CO3)2, CaCO3, C2S, CH [57]

400 CP CH, tobermorite [2]

450 CH, CaCO3

500 CH, CaCO3

600 CH, C3A, α’L-C2S, CaO

650 CH, C3A, C4AF, α’L-C2S

700 CH, C4AF, α’L-C2S, CaCO3

750 CH, C4AF, α’L-C2S, CaO

800 CH, C4AF, α’L-C2S, β-C2S, CaO

900 C4AF, α’L-C2S, β-C2S, CaO

RCF, recycled concrete fines; CP, cement paste; AAC, autoclave aerated concrete.

Table 2. 
Dehydrated phases of RC identified through XRD according to various authors.
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high hydration susceptibility of free lime, its previous partial hydration has been 
reported during the stages of cooling or storage [2, 58]. It was also suggested that 
these newly formed CH presented lower bonding energy than the original CH in 
waste cement.

Wang et al. [42] reported the presence of tobermorite and jennite within the 
temperature range 120–450°C. The former gradually dehydrated with increasing 
temperature, reducing the C-S-H layer spacing from 1.2 nm to 0.96 nm up to 450°C. 
Above 450°C, the diffraction peaks of tobermorite and jennite disappeared, sug-
gesting the full depolymerization of C-S-H. At 750°C poorly crystalized peaks of 
wollastonite (CS) and larnite (C2S) were identified, both presenting lower reactivity 
than partly dehydrated C-S-H phases [42].

In another study, Lü et al. [52] documented the full dehydration of C-S-H at 
400°C. This was confirmed through 29Si NMR analysis, in which incipient Q0 peaks 
started to replace the disilicates and chain silicates (Q1, Q2) of the C-S-H structures. 
Over 650°C, Q0 peaks were predominant, indicating a relevant decomposition of 
C-S-H into what was termed as poorly crystallized β-C2S. Similar findings were 
obtained by Alonso and Fernandez [24] in RC treated at 750°C, but the Q0 peaks 
were attributed to a new nesosilicate of higher reactivity than β-C2S. Finally, at 
900°C, only sharp Q0 peaks were identified by Lü et al. [52], suggesting the forma-
tion C2S of low reactivity. The identification of β-C2S peaks from XRD at 900°C was 
also reported by Serpell and Lopez [55], which become progressively sharper up to 
940°C. However, at lower temperatures in the range 660–800°C, the presence of C2S 
was attributed to the high temperature polymorph α’-C2S, which is usually unstable 
at room temperature. The formation of this polymorph of higher reactivity than 
β-C2S allowed to explain the better performance of RC treated at this temperature 
range than over 900°C, as also found by Shui et al. [49]. Based on XRD Rietveld 
analysis, Serpell and Zunino [56] later explored the development of different C2S 
polymorphs in thermoactivated RC, for the range 600–800°C. According to the 
authors, the fraction of β-C2S increased with the treatment temperature, substitut-
ing the polymorphs α’H-C2S and, with less relevance, γ-C2S. The low temperature 
formation of α’H-C2S was attributed to the direct decomposition of C-S-H into this 
polymorph. These new polymorphs of higher surface area and lower crystallite size 
presented higher reactivity [56].

Considering a wide range of RC treated between 400°C and 900°C, Real et al. 
[2] confirmed the partial dehydration of C-S-H to tobermorite 9 Å up to 500°C, as 
well as the absence of ettringite. Up to this temperature, only incipient C2S peaks 
were detected by XRD, indicating the onset of C-S-H transformation into C2S 
crystalline polymorphs. After 600°C, the intensity of these peaks was increased and 
the C-S-H depolymerization was confirmed through 29Si NMR analysis. The new 
nesosilicate form was identified as possible α’L-C2S or α’H-C2S. Finally, above 800°C, 
the C2S peaks were more intense and sharper, indicating a higher crystallinity and 
β-C2S was progressively formed, suggesting the generation of a less reactive product 
as also reported by other authors [52, 55].

The influence of the residence time and cooling rate in the RC thermoactiva-
tion has barely been studied. Based on a surface response model, the influence of 
these parameters on the formation of C2S polymorphs was analyzed by Serpell and 
Zunino [56]. For cooling rates ranging 187°C/h to 1925°C/h only a slight reduction 
of strength development was found at higher rates. The formation of dehydrated 
phases was significantly affected by varying the residence time between 40 and 
130 minutes, increasing the fraction of α’H-C2S for RC treated at nearly 700°C. 
However, for higher temperatures, this factor assumed less relevance.

The phase composition of dehydrated RC is also affected by the composition 
of the precursor source material. From XRD analysis, Vyšvařil et al. [46] analyzed 
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the relative amount of crystalline phases in different cement pastes (only OPC; 
20% ground granulated blast furnace slag (GGBFS); 20% fly ash (FA)) subjected 
to dehydration temperatures between 200°C and 1200°C. In all samples C2S was 
identified and mayenite appeared in GGBFS and FA pastes treated over 800°C. 
Calcium sulfoaluminate AFt and AFm phases were not identified at any tempera-
ture and treated material. However, these compounds are expected to be present in 
an amorphous form. This was observed by Baldusco et al. [57] from SEM images.

In sum, these studies suggest the development of a more reactive calcium silicate 
polymorph at intermediate temperatures, which becomes less reactive for tempera-
tures higher than about 800°C. Overall, optimal thermoactivation temperatures are 
defined for the range 600–800°C. The final complex composition of RC depends on 
the thermal activation curve and the precursor source waste material [46, 49]. Other 
factors, such as the cooling rate and residence time may also affect the phase com-
position of RC, but further research is needed [56]. There is still some uncertainty 
in the characterization of the phase composition of anhydrous RC, which is  
affected by the different thermoactivation procedures and the limitation of the 
available techniques in identifying and quantifying the formed compounds 
(Table 2).

4. Rehydration of RC

The hydration mechanism of RC has yet to be fully understood. As discussed in 
Section 3, the dehydrated phase composition depends on the treatment temperature 
of RC, thus affecting the phase composition after rehydration. From XRD analysis, 
Xuan and Shui [60] characterized the crystalline phase composition of hydrated 
RC treated up to 800°C. The main phases identified in common hydrated OPC were 
also confirmed in RC, namely CH, CaCO3 and residual C2S and C4AF, but associated 
to broader and less intense peaks. From SEM analysis, the authors found that at 
400°C the RC pastes presented a looser microstructure with fine bundles of C-S-H 
intermixed with visible Aft phases of ettringite. However, for high temperatures up 
to 800°C more rehydration products were developed, and the microstructure was 
densified, but also with a rough and irregular morphology.

In rehydrated pastes treated up to 600°C, Vyšvařil et al. [46] also reported the 
presence of CH, CaCO3, ettringite, C2S and C4AF. However, at 800°C ettringite 
peaks were absent and gismondine (CA2S2H4) was identified above 600°C. Wang et 
al. [42] found that CH was almost absent in rehydrated RC treated at 450°C, con-
firmed by TG and XRD analysis. This was compensated by the increase of CaCO3 
content when compared to the source hydrated paste. From SEM/EDS analysis, 
RC presented a distinct morphology, characterized by massive nanosized clusters 
of C-S-H gel and CaCO3, also evidencing the presence of calcium carboaluminates 
resulting from the reaction between calcite and aluminates. Baldusco et al. [57], for 
paste thermoactivated at 500°C, also reported the development of carboaluminates. 
In a recent work of the authors of this chapter [67], it was also confirmed the pos-
sible development of carboaluminates in regions where the calcium/carbon ratio 
measured by SEM/EDS was nearly 4.

According to Zhang et al. [68] the rehydration mechanism of RC implies the 
C-S-H formation, attributed to the repolymerization of partly dehydrated C-S-H 
in the presence of Ca2+ and water, as well as the hydration of β-C2S. In addition, the 
formation of portlandite from CaO and calcium aluminates (possible C2AH8) from 
dehydrated aluminate phases was identified by the authors.

Real et al. [2] analyzed the phase composition of RC pastes after testing different 
temperatures, between 400°C and 900°C, through TG, XRD and 29Si NMR analysis. 
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In general, the authors found that the rehydration was effective for any treatment 
temperature, presenting a similar amount of binding water as reference OPC. 
However, incomplete depolymerized RC, treated up to 500°C, failed to provide sig-
nificant cohesive bonding between anhydrous particles. Above 600°C, the weakly 
formed CH presented less binding energy than the original ones in source OPC 
pastes. The authors found slight differences between RC and reference OPC from 
TG analysis, namely related to the formation of higher amounts of carbonate/sul-
fate Afm phases, a lower amount of CH and a higher amount of CaCO3 in RC pastes. 
XRD analysis also confirmed the formation of similar crystalline phases in RC and 
OPC pastes, supporting the adequate rehydration ability of thermoactivated waste 
cement, especially above 600°C. The 29Si NMR analysis clearly evidenced the effec-
tive depolymerization and rehydration of pastes treated above 600°C. Rehydrated 
RC treated between 600 and 900°C presented mean silicate chain lengths (MCL) 
between 3 and 6, which indicates the formation of C-S-H with a C/S ratio over 1.2 
[51, 69]. Moreover, the MCL and Q2/Q1 ratio were of the same order in OPC and 
RC pastes treated at 700–800°C, suggesting the development of the same type 
of C-S-H in both materials. However, the estimated coefficient of hydration was 
higher in RC pastes, indicating the formation of a higher volume of C-S-H, at least 
up to 28 days. This was attributed to the higher surface area of RC and the develop-
ment of interparticle products as discussed later in Section 7. Noteworthy was the 
slightly higher MCL and Q2/Q1 ratio reported for RC treated at 600°C, indicating a 
higher reactivity of this product with α’-C2S in its constitution, which was able to 
form a greater amount of C-S-H of longer chain length. On the other hand, above 
800°C an opposite trend was found in the MCL and Q2/Q1 ratio, confirming the 
slower rehydration capacity of RC associated with the formation of less reactive C2S 
polymorph.

From the above studies, it is concluded that the rehydration of RC involves the 
generation of C-S-H, as found in OPC, and AFt or Afm phases associated with 
sulfoaluminate and/or carboaluminate compounds. The type and morphology 
of hydrated phases depend on the treatment temperature of RC. The carbonated 
products tend to be more abundant in RC pastes, due to residual carbonation 
products in source waste cement paste and the possible carbonation that occurs 
after thermoactivation.

5. Kinetics of RC hydration

The hydration mechanism of RC has yet to be fully understood. As discussed in 
Section 3, the dehydrated phase composition depends on the treatment.

The mechanism and kinetics behind the hydration process of RC are still 
barely understood and subject of current research. Based on isothermal calorim-
etry (IC) tests, Wang et al. [42] analyzed the rehydration kinetics of RC heated 
at 200–1010°C. A significant initial heat release rate immediately upon contact 
with water was observed, followed by an induction period of a few hours and an 
acceleration stage with a maximum peak at about 10 hours. After the acceleration 
stage, the heat release rate was lower in rehydrated RC than in Ref. OPC. Among all 
tested temperatures, RC treated at 450°C showed the highest peak of heat release, 
as well as the highest cumulative hydration heat. The high reactivity for 450°C was 
attributed to the faster rehydration of partly dehydrated tobermorite and jennite 
(Section 3). This seems to have been triggered by the high calcite content that may 
have also provided nucleation and filler effects. Similar findings were reported by 
Angulo et al. [54] for RC treated at 500°C, then presenting less reactivity at 650°C. 
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As discussed in Section 4, other studies have shown higher RC reactivity for treat-
ment temperatures above 600°C.

Carriço et al. [58] also found that similarly to OPC, the hydration mechanism of 
RC treated at 700°C involves four main stages corresponding to the initial hydro-
lysis, induction, acceleration and deceleration. However, RC shows a remarkably 
higher initial heat rate, especially up to 90 minutes, in which the heat release was 
nearly three times higher than that of reference OPC. This phenomenon was in line 
with the observation of a lower setting time in RC. However, the long-term heat 
release of RC tended to be lower than that of OPC, suggesting the formation of less 
hydrated products over time.

Real et al. [2] analyzed the hydration heat evolution of RC treated between 
400 and 900°C through IC analysis. The maximum heat release and acceleration 
peak were attained for RC treated at 600°C. The authors also observed that RC 
required longer periods to initiate the acceleration stage and reach the maximum 
heat peak than OPC, especially those cements treated above 800°C. Moreover, the 
RC heat release during the acceleration stage was significantly lower than that of 
OPC, regardless the treatment temperature. RC treated at 400°C had no signifi-
cant long-term reactivity, explained by the low depolymerization level of this 
product. The low reactivity of RC treated at 900°C was related to the low reactiv-
ity of the C2S polymorph obtained at this temperature. Overall, it was concluded 
that RC pastes tended to present longer induction periods and less intense  
acceleration stages.

In all these studies [2, 42, 54, 58] the IC analysis were carried out after external 
mixing, preventing the determination of the heat released during the first few min-
utes of hydration. This initial higher hydration heat release of RC was attributed by 
various authors to the exothermic reaction of CaO [36, 42, 54]. However, according 
to Baldusco et al. [57] the high initial hydration cannot be solely attributed to the 
hydration of CaO, because high hydration rates are observed even in RC treated at 
as low as 500°C, in which the amount of free lime is not as significant. The authors 
suggest that as stated by Shui et al. [49], this phenomenon is better explained by the 
high surface area and instable nature of dehydrated RC phases, which are ready to 
repolymerize, despite the high calcium aluminate content of RC.

Taking into account the thermoactivation at 500°C of a waste binder composed 
by OPC and GGBFS, Balsusco et al. [57] documented a different shape for the IC 
curve. In this case, the curve was characterized by a high initial peak of heat release 
followed by a continuous deceleration, without the identification of typical induc-
tion and acceleration stages. According to the authors, instead of a dissolution-
precipitation mechanism, the rehydration followed an instantaneous re-adsorption 
of water. These apparently contradictory results may be explained by the partly 
dehydrated state of RC anhydrous phases at 500°C. Indeed, the same behavior was 
found by Real et al. [2] for RC treated at 400°C. As the IC analyses were prepared 
with internal mixing, allowing to record the heat release upon contact with water, 
the cumulative heat was higher in RC than in OPC. Zhang et al. [43] also recorded 
the initial heat release of RC treated at 600°C, reporting that this was 10 times 
higher than in Ref. OPC paste. In this case, the addition of gypsum was not success-
ful in reducing the initial reactivity of RC. In another study, Zhang et al. [68] tested 
other set retarders in order to control the hydration evolution of RC. For RC treated 
at 500°C the authors found that 1–1.5% of sodium borate was able to reduce the 
initial peak of heat release and extend the initial setting time.

In sum, although it is generally accepted that RC is responsible for a significant 
initial heat release upon contact with water, the kinetic mechanisms and involved 
rehydration reactions are still under debate.
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6. Fresh properties of recycled cement

Two main obstacles that have been hindering the application of RC are its high 
water demand [43, 46, 48, 53] and fast setting time [49, 58, 67]. The high water 
demand is essentially attributed to the high surface area [57] and porous nature 
[2, 43, 48, 58] of RC, and in a second plan to the free lime content [49, 53, 55, 60] and 
particle agglomeration [53]. Therefore, for a given workability the RC pastes usually 
require a high water/binder (w/b) ratio.

Shui et al. [49] found that the amount of water required for normal con-
sistency increased from 0.48 to 0.68 with increasing treatment temperature 
between 300°C and 900°C. These values were about 1.8 to 2.5 times higher than 
those obtained for OPC. The free lime and high surface area of RC were the main 
reasons attributed to this phenomenon. Both factors increased with increas-
ing temperature. Xuan and Shui [60] studied the influence of the source paste 
composition (w/c ratio) on the water demand of RC treated at 200–900°C. The 
authors found that increasing the w/c of the source paste from 0.3 to 0.5 led to 
a 10–20% increase of the RC water demand, regardless of the treatment tem-
perature. This may be explained by the higher porosity and higher amount of 
dehydrated products, with subsequent increase of the specific surface area, in RC 
treated from high w/c waste paste.

Yu and Shui [53] confirmed the great propensity for RC particles to agglomerate, 
which is encouraged by their high surface area. The particles are agglomerated by 
capillary action, trapping the mixing water between them. Therefore, part of the 
mixing water becomes unavailable and the water demand is increased for a given 
workability. After sonication, the authors found a slight increase of workability due 
to the partial dispersion of RC particles.

However, the authors found that the water demand was not significantly 
affected up to 50% replacement of OPC with RC treated at 700°C. The reported 
increase in water demand was 1.4 and 2.5 times higher for 50% and 100% RC incor-
poration, respectively. According to the authors, the lubrication effect provided by 
the fine OPC particles aided the reduction of the friction between coarser particles, 
partly compensating the adverse effect of RC. In a later study, Real et al. [2] found 
that RC treated between 400°C and 900°C may present 2 to 3 times higher water 
demand than OPC pastes of equal normal consistency, increasing with the treat-
ment temperature. A more significant increase was found above 800°C, which was 
attributed to the higher free lime content, after decarbonation.

In order to reduce the effect of free lime on the water demand, Serpell and 
Lopez [55] suggested a two-stage mixing procedure. First, water is added in order 
to slake the free lime and the additional water is added to compensate the water 
loss by evaporation, which is measured by weight difference. Nevertheless, the 
reported increase for RC heated between 650 and 850°C was lower than 2%, 
which is not significant. Similar values were reported by Carriço et al. [58]. It was 
concluded that the surface roughness and porosity of RC were the most influential 
parameters.

Most studies report lower initial and final setting time in RC than in OPC [1, 35, 
43, 48, 49, 55, 58, 60, 62, 68]. The initial setting time may be as low as less than 
20 minutes, which makes it less viable for building applications [49, 58]. The low 
setting times in RC are associated to the fast rehydration of RC, owed to their higher 
surface area and higher reactivity [43, 49, 57].

The low setting time is also attributed to the free lime content [24, 46]. 
According to Vyšvaril et al. [46] this may explain the decrease of setting time with 
increasing dehydration temperature. In addition, Serpell and Lopez [55] suggested 
that the apparent rapid setting of RC is related to a “false setting” phenomenon that 
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may disappear after a while. A similar phenomenon is confirmed by Carriço et al. 
[58] for RC treated over 700°C.

The reduction of the setting time with the treatment temperature up to 800°C 
has been reported by various authors [43, 49, 57, 60]. Shui et al. [49] found that the 
initial setting time decreased from 42 to 17 minutes when the treatment tempera-
ture was increased from 300–800°C. This phenomenon was attributed to the quick 
repolymerization of new C-S-H, which does not involve the dissolution-precipi-
tation process of OPC. Carriço et al. [58] found that the potential setting time of 
RC treated at 900°C was 2 times longer than that treated at 600°C, confirming the 
lower reactivity of RC for high dehydration temperatures. Similar findings were 
reported by Real et al. [2]. The authors also found that the potential replacement 
of OPC with up to 50% RC only slightly affected the setting time (less than 10%). 
However, Yu and Shui [53] reported a progressive reduction of the setting time with 
the incorporation of up to 30% RC. The same trend was documented by Yu et al. 
[61], for replacement percentages between 5 and 25%.

However, less expected high setting times in RC than in OPC were found by 
some authors [1, 2, 46]. The authors attributed this phenomenon to the possible 
agglomeration of RC, as well as the eventual pre-hydration of RC during cooling 
and storage. Setting times over 2 times higher in RC than in OPC are reported by 
Real et al. [2].

Taking into account source cement pastes of distinct w/c, Xuan and Shui [60] 
found lower setting times for high w/c cement pastes, attributed to the greater 
amount of dehydrated phases.

As well known, the setting time of OPC pastes is governed by the dissolution 
rate of C3A and its combination with added calcium sulphate [51, 70]. However, in 
RC the lack of knowledge regarding the morphology of the dehydrated aluminate 
phases at different temperatures and their reaction mechanism does not allow to 
consider the same reasoning. As mentioned in Section 5, Zhang et al. [68] explored 
the use of different set retarders in RC treated at 600°C. The authors found that the 
addition of 4% gypsum only slightly increased the setting time. It seems that the 
dissolution of gypsum in RC can be slower than the reaction involved in the rehy-
dration of dehydrated compounds. Contrary to OPC, in which the gypsum dissolu-
tion prevents the formation of CAH from C3A, its addition showed to be ineffective 
in RC [15, 68]. Nevertheless, Sun et al. [62] documented a 6-fold increase of the 
setting time when 8% gypsum was added to RC thermoactivated at 550°C.

The above studies underline the challenging task of controlling the fresh behav-
ior of RC pastes, still without an efficient solution to overcome their high water 
demand and non-standard setting time. Further research is needed in this domain, 
contributing to higher confidence in using RC.

7. Microstructure of RC pastes

Few works have been published concerning the microstructure characteriza-
tion of RC cement-based materials. Most studies only involved simple qualitative 
scanning electron microscopy (SEM) analysis [55, 57, 68], where the phase mor-
phology and global porosity were poorly assessed and only for a limited range of 
temperatures.

From SEM analysis, Shui et al. [49] documented the morphology of rehydrated 
phases of RC treated at 600°C, as fine bundles of C-S-H intermixed with honey-
comb shape structures over the surface of dehydrated RC particles. In opposition, 
C-S-H in OPC presented a typical foil and fiber morphology. Overall, the RC pastes 
presented a looser structure than reference OPC pastes.
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Zhang et al. [43], for RC treated at 600°C, also reported a highly porous 
hydrated paste with a weak bonding between phases. In a later study, Baldusco et al. 
[57] etermined the total porosity of pastes produced with RC treated at 500°C from 
blended OPC and GGBFS. Based on water saturation-vacuum tests it was found 
that RC pastes developed higher total porosity at 7 days than reference OPC pastes. 
This was essentially explained by the higher intrinsic porosity of dehydrated cement 
particles. Noteworthies are two recent studies developed by Bogas et al. [67] and 
Real et al. [2], where the microstructure of RC pastes was deeply characterized over 
time and for different dehydrated temperatures, respectively.

Bogas et al. [67] analyzed the microstructure and phase evolution of cement 
pastes with RC thermoactivated at 700°C, by means of TG, XRD, SEM, quantitative 
backscattering electron (BSE), mercury intrusion porosity (MIP) and nitrogen 
adsorption (NA) analysis. Tests were performed in pastes with 8, 14 and 24 hours, 
as well as after 3,7 and 28 days. The RC showed effective rehydration with the 
formation of C-S-H, AFm, AFt and other carbonation phases since early ages. 
Contrary to common OPC, AFm phases were developed, at least since 8 hours, 
associated with the formation of sulfoaluminates and carboaluminates. It was con-
firmed the progressive increase of CH and C-S-H over time, which shows that the 
hydration mechanism extends in time. The authors described the RC paste micro-
structure as a “dual structure”, where the intraparticle porosity is surrounded by a 
bulk interparticle matrix, in which the available space is lower. Basically, part of the 
mixing water is retained by inner hydration products, reducing the amount of water 
and w/b ratio between RC particles. This leads to a greater proximity between RC 
particles, increasing the packing density and paste cohesion, and consequently the 
early mechanical strength. Compared to OPC pastes, RC pastes showed higher reac-
tivity up to 3 days, higher volume of hydrated products and more refined porosity, 
especially at early age. However, at 28 days the compressive strength was 32% lower 
in RC pastes, with less development of long-term interparticle hydration products. 
The total porosity was only slightly lower in RC and OPC pastes of equal w/b. The 
higher final setting time of RC was attributed to the very early formation of inter-
particle hydration products that do not contribute to the cement paste cohesion.

Following this work, a comprehensive study was carried out by Real et al. [2], 
where the influence of the dehydration temperature, between 400°C and 900°C, on 
the hydration and microstructure of RC pastes was analyzed by means of TG, XRD, 
29Si NMR, MIP and SEM analysis. Due to the above mentioned “dual microstruc-
ture” of RC pastes, a denser microstructure was found for RC pastes tested over 
600°C than in Ref. OPC pastes. However, due to the insufficient repolymerization, 
pastes tested up to 500°C developed very loose microstructures associated with 
coarse porosity and low mechanical strength. On the other hand, RC treated above 
800°C was less reactive, resulting in a less dense C-S-H network. It was thus con-
cluded that the optimal treatment temperature was within the 600–650°C range. 
Similar to the previous work, the compressive strength was higher in RC pastes than 
in OPC pastes until 3 days and 27% lower at 28 days.

8. Mechanical properties of cement-based materials with RC

Various studies have already been carried out concerning the mechanical char-
acterization of pastes or mortars produced with incorporation of 100% RC. For 
different dehydration temperatures and a wide range of w/b ratios the reported com-
pressive strength varied as much as between about 4 and 30 MPa (Table 3). Besides 
these factors, the compressive strength is also affected by other parameters, such as 
the characteristics of the precursor material, grinding fineness and agglomeration 
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level of RC. When available, the relative compressive strength of RC versus that of 
reference OPC of equal w/b (fc,Rc/fc,OPC) is also indicated in Table 3. In all cases, the 
28 days compressive strength of RC tended to be lower than that of OPC, confirming 
the development of a less dense net of interparticle hydration products, as discussed 
in Section 7.

When RC was directly thermoactivated from recycled concrete fines (RCF), 
the 28 days compressive strength was under about only 10 MPa (Table 3). This is 
related to the lack of effective separation methods allowing the increase of rehy-
dratable compounds in the precursor material. Therefore, the development of new 
methods for the efficient individualization of waste concrete constituents is a prior-
ity goal in waste cement recycling. Following the new patented method of Bogas et 
al. [40], Real et al. [2] could retrieve cement paste from waste cement with only up 
to 12% aggregate contamination by volume. In this case, concrete produced with 
up to 30% incorporation of RC from waste concrete showed similar behavior to RC 
directly obtained from pure laboratory waste cement paste of equal composition.

As mentioned, most authors have opted to conduct their works using lab-made 
well-hydrated paste as precursor materials, in order to avoid the complex stage of 
concrete separation. Moreover, the full potential of RC is better accessed through 
non-contaminated waste precursors.

Xuan and Shui [60] showed that the mechanical strength of RC pastes is also 
affected by the w/c of the waste material. It was found that higher strength would 

Thermal treatment conditions Cementitious material Refs.

Precursor 
material

Temperature 
(°C)

Duration 
(min)

Type w/c fcm,28d 
(MPa)

fc,Rc/
fc,OPC

CP 500 60 paste 0.40 8.0 ND [35]

CP 800 150 paste 0.64 19.5 ND [49]

CP 800 150 paste 0.50 20.0 ND [60]

AAC 700 120 paste 0.45 4.2 ND [44]

CP 800 120 paste 0.75 16.5 ND [46]

CP 755 140 paste 0.70 31.2 ND [56]

CP 500 120 paste 0.60 18.0 68% [45]

CP 450 480 paste 0.55 32.3 85% [42]

CP 650 180 paste 0.72 19.2 72% [2]

RCP 500 60 mortar 0.26 4.7 ND [35]

C 750 60 mortar 0.50 12.3 21% [48]

CP 800 150 mortar 0.93 11.6 ND [55]

CP 500 120 mortar 0.48 7.6 18% [54]

CP 600 180 mortar 0.50 30.3 62% [43]

CP 650 180 mortar 0.68 8.3 19% [1]

C 650 180 mortar 0.81 0.9 2% [1]

CP 700 300 mortar 0.58 21.6 54% [58]

CP 650 180 concrete 0.65 33.2 83% [2]

ND, not disclosed; RCF, recycled concrete fines; CP, cement paste; AAC, autoclave aerated concrete; C, concrete.

Table 3. 
Maximum values for the 28-day compressive strength of 100% thermoactivated recycled cement pastes, mortars 
and concrete reported in the literature.
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be obtained using waste cement pastes with lower w/c, of 0.3 instead of 0.5. This 
was attributed to the higher amount of unhydrated cement particles in less hydrated 
low w/c pastes, which may contribute to the subsequent development of more 
hydrated products. Another reason may also be related to the possible production 
of more interparticle hydration products in these systems with less porous RC 
obtained from low w/c pastes.

Different trends may be found in the literature regarding the evolution of the 
compressive strength as a function of the treatment temperature. In some studies, 
the maximum mechanical strength was attained for dehydration temperatures 
around 500°C [42, 45, 54]. For an optimal temperature of 450°C, Wang et al. [42] 
explained the obtained highest strength by the quick rehydration of partially 
dehydrated tobermorite and disordered jennite. For higher temperatures, the pres-
ence of wollastonite and crystalline larnite reduced the subsequent reactivity of RC. 
However, in most cases the optimal mechanical strength has been reported to be 
attained within the range of 600–800°C [19, 44, 49, 56, 58, 60].

A maximum compressive strength of as high as 32 MPa was achieved by Serpell 
and Zunino [56] for RC treated at 750°C. As discussed in Section 3, at this tempera-
ture range the authors identified the formation of a more reactive polymorph form 
of dicalcium silicate (α’H-C2S), which progressively turned into the less reactive 
α-C2S at higher temperatures. From various studies, including those exploring the 
use of 29Si NMR analysis to characterize the structure of C-S-H in RC [2, 52], it 
seems reasonable to conclude that below 600°C the phase dehydration is incomplete 
and at higher levels the reactivity of the anhydrous Q1 phases are highly dependent 
on their morphology and crystallinity. It also seems evident that over a maximum 
optimal treatment temperature the compressive strength is reduced [2, 42, 46, 49, 
54, 56]. In fact, various studies in the literature suggest that above about 800°C 
the RC dehydrated phases react slowly and compressive strength is reduced [2, 42, 
49, 55].

Lü et al. [52] first demonstrated that at 900°C the dehydrated SiO2 tetrahedrons 
of α -C2S were not significantly repolymerized upon water contact. Similar findings 
were obtained by Real et al. [2].

Bogas et al. [1] showed that the compressive strength of RC mortars might be 
increased when the maximum particle size of RC is reduced from 250 μm to 63 μm. 
Similar findings were obtained by Letelier et al. [36], comparing the performance of 
mortars with RC of 150 μm and 300 μm. However, taking into account RC with up 
to 75 μm or 150 μm, the authors did not find significant differences in the compres-
sive strength. One reason for these differences is attributed to the agglomeration 
state of RC particles in the upper particle size range.

The agglomeration issue related to fine RC particles is documented by various 
authors [1, 2, 43]. From SEM analysis, Shui et al. [49] confirmed the poor disper-
sion of fine RC. Then, the same authors [53] demonstrated that the compressive 
strength could be almost doubled when RC was previously dispersed through 
sonication.

As discussed in Section 6, the increase of the treatment temperature increases 
the w/c ratio needed for a given workability. Naturally, this leads to a reduction of 
the compressive strength when compared to reference OPC of equal workability. In 
fact, Real et al. [41] reported a reduction of about 15% in the compressive strength 
when only 15% OPC was replaced with RC treated at 650°C. To compensate this, 
high dosages of superplasticizer have been considered in RC cement-based mate-
rials [2, 33, 61, 68]. According to Real et al. [41], the superplasticizers (SP) are 
also effective in reducing the mixing water in RC concrete, but the SP saturation 
point tends to be higher due to the porous nature and high surface area of RC. 
Nevertheless, the authors report that when SP is adopted, a better dispersion is 
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attained, and a high percentage of RC may be incorporated without significantly 
affecting the mechanical strength.

Regarding the strength evolution, there is an almost general consensus that the 
hardened properties are developed faster in RC than in OPC [41, 43, 57, 67]. Shui et 
al. [49] found that pastes with RC treated between 400°C and 800°C showed hydra-
tion degrees at 1, 3 and 28 days of 70, 80 and 90%, respectively. Moreover, the com-
pressive strength of RC pastes at 3 days could be higher than that of reference OPC 
pastes. After this point, the relative strength of RC progressively decreased to 60% of 
that of OPC, at 28 days. Similar findings were obtained by Bogas et al. [67] and Real 
et al. [2]. As mentioned in Section 7, the compressive strength at 3 days was similar to 
higher in RC pastes than in OPC pastes but was about 30% lower at 28 days.

On the other hand, Baldusco et al. [45] reported that the 3 days compressive 
strength of RC paste could be about twice that of OPC. This was explained by the 
hydration of residual unhydrated calcium silicate grains, as well as the fast rehy-
dration properties of RC. After 3 days, the strength evolution was not significant, 
being only 6% higher at 28 days. As discussed in Section 7, the authors suggested 
the formation of a long-term looser microstructure in RC pastes than in OPC pastes. 
According to Zhang et al. [43] in RC pastes, the compressive strength at 28 days is 
limited by the weaker RC particles of porous nature and low hardness. However, 
Bogas et al. [1] suggested that the strength evolution may be severely affected by 
the size and agglomeration state of RC particles, explaining the delayed strength 
evolution beyond 7 days found in RC mortars produced by the authors.

In order to access the potential use of RC as cement addition, various authors 
have explored various partial substitution percentages of OPC with RC. In a first 
study, Bogas et al. [1] analyzed the mechanical strength of mortars produced with 
20–100% RC treated at 650°C. A progressive reduction of the compressive strength 
was observed, but up to 20% replacement the strength was similar to that of refer-
ence OPC mortars.

In mortar with 10 to 30% replacement of OPC with RCF treated at 500°C and 
800°C, Florea et al. [33] confirmed the decrease of the compressive strength with 
increasing RCF content. Up to 10% replacement of OPC with RCF treated at 800°C, 
strength was little affected, but for 30% replacement, the reduction was as high 
as 35%. However, Xinwei et al. [48] reported more optimistic results for pastes 
with 40% replacement of OPC with RC treated at 750°C, leading to only a slight 
reduction of 12% in the compressive strength compared to reference OPC pastes. 
However, for 60% replacement, the compressive strength was 36% lower. Similar 
replacement ratios were studied by Araújo et al. [71] for RC treated at 700°C. The 
authors confirmed a slight reduction of the 28 days compressive strength for 40% 
replacement (of about 14%) but a significant decrease for 60% replacement. In 
another study involving pastes produced with 5–15% RC treated at 650°C, Yu and 
Shui [53] found maximum compressive strengths for 5% replacement, being 30% 
higher than that of OPC paste. The strength was further increased by about 15%, 
when the RC dispersion was improved by the addition of ethanol and a sodium-
based dispersant followed by sonication.

So far, only a few studies have been published regarding the mechanical strength 
of concrete with RC. Letelier et al. [36] analyzed the mechanical strength of 
concrete produced with 5–15% of RCF treated at 400°C, 500°C and 900°C and 20 to 
40% recycled aggregates. No significant compressive strength reduction, below 1%, 
was observed when OPC was replaced with up to 15% RCF. The strength reduction 
was more affected by the substitution of natural aggregates with recycled aggre-
gates than by the OPC replacement with RC.

Carriço et al. [58] studied the influence of the incorporation percentage and 
dehydration temperature on the physical and mechanical behavior of RC mortars. 
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For replacement percentages with up to 20% RC the workability and compressive 
strength were not significantly affected. Mortars with RC treated at 600–800°C 
showed the best mechanical performance. For up to 50% incorporation, the 
mechanical strength was only 12 to 23% lower than that of reference OPC mortars 
of equal w/b. Moreover, even for a high w/b of about 0.6, mortars with 100% RC 
were able to attain as high as 27 MPa at 28 days. It was found that RC can be compa-
rable to the low grade OPC of class 32.5.

Qian et al. [72] analyzed the production of ultra-high performance concrete 
produced with lime powder, silica fume and different replacement percentages of 
OPC with RC treated at 650°C. The authors found that up to 25% OPC replacement 
the concrete workability was only minorly affected. Regarding the compressive 
strength, it generally decreased with the incorporation of RC. The increased air 
content caused by the loss of workability was the main reason attributed to this 
reduction, especially for incorporation percentages over 25%. Nevertheless, at 
7 days the compressive strength of concrete with up to 12.5% RC was higher than 
that of OPC concrete.

In a more recent study, Real et al. [41] investigated the mechanical strength 
behavior of concrete produced with RC treated at 650°C, obtained from waste 
cement paste or waste concrete. Concretes were produced with total or up to 
40% RC incorporation. Up to 15% RC, workability was not significantly affected. 
Over this level, SP had to be incorporated in RC concrete production. Overall, 
the mechanical strength was not significantly affected or even increased by the 
incorporation of up to 40% RC. Even for 100% RC, the strength reduction was only 
17%. It was thus concluded that the eco-efficient RC might have great potential as 
a supplementary cementitious material. Moreover, the RC concrete showed higher 
3 days compressive strength than OPC concrete, regardless of the RC content. As 
expected, the modulus of elasticity decreased with the RC content due to its lower 
hardness and stiffness than OPC.

9. Conclusions

In this chapter, some of the most relevant research and main challenges concern-
ing the production of low-carbon eco-efficient thermoactivated recycled cement 
were addressed. It is shown that recycled cement has a great potential for the 
efficient reuse of the large amount of waste concrete generated worldwide and the 
production for the very first time of fully recycled concrete, towards a truly circular 
economy. So far, recycled cement comparable to the low-grade Portland cement 
class 32.5 can be achieved and 28-day mortar compressive strengths over 20 MPa 
may be easily obtained, even considering their high w/b ratios. The main challenges 
that must be overcome are the high-water demand and non-standard setting times 
of RC. However, these issues are less relevant if RC is used as supplementary mate-
rial for up to 40% replacement. In addition, other issues related to the optimization 
of the thermal activation process, effective separation of concrete constituents, 
and a deeper understanding of the dehydration and hydration process, as well as 
the physical, mechanical and durability behavior of recycled cement based materi-
als need to be further addressed. However, although further research is needed, a 
significant step forward has been already achieved with the development of a more 
eco-efficient recycled binder able to respond to the very demanding environmental 
goals of the cement industry’s road map. The aim is to supply the concrete industry 
with a very promising low-carbon binder, addressing the more efficient use of 
resources, the waste disposal issue and the decrease of the carbon footprint and 
associated quota.
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More Sustainable Concrete 
Alternatives
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Abstract

As important as it is, sustainability related with the concrete material is more 
than reducing the amount of cement in concrete mixes. In effect, there can be other 
types of contributions to a sustainable development using this fundamental mate-
rial. The purpose of this book chapter is to analyse some of these approaches, in 
particular, concrete durability, reducing the amount of required concrete (and then 
cement) through innovative structural design, and reducing the amount of aggre-
gates used in the concrete material. More specifically, examples and results obtained 
in Chile with biological self-healing concrete, thinner concrete pavements and 
concrete with industrial and domestic waste as partial aggregate replacement are 
included in the chapter. Due to its importance, the geo-dependency of the concrete 
material is addressed as well.

Keywords: sustainability, concrete with waste, concrete durability, thinner concrete 
pavements, self-healing concrete, life-cycle

1. Introduction

Concrete is the most widely used building material due to its strength, adapt-
ability, low maintenance requirements during the lifetime of structures, and the 
economic and extended accessibility of its components [1], which makes it very dif-
ficult to replace in many infrastructure applications [2]. In fact, globally, concrete 
production is estimated at approximately 25 billion tonnes per year [3].

However, a relevant challenge is the amount of harmful emissions produced by 
concrete [4]. Actually, cement manufacturing and concrete production account for 
6–9% of global man-made CO2 [5, 6]. Furthermore, by 2050, this value is projected to 
increase by 4% due to an increase of 12–23% in cement consumption [7]. Cement pro-
duction generates, as well, high NOx and SOx emissions, which contribute to the devel-
opment of acid rain, deterioration of public health and global climate change [8, 9].

Additionally, the high demand for natural aggregates used in the concrete mix 
generates a loss of vegetation and fauna, a decrease in air quality due to emissions 
of particulate matter, loss of fertile soil, risks of contamination of groundwater 
and deterioration of the life quality of people living near the extraction sites [10]. 
Furthermore, the extraction of aggregates can cause morphological alterations in 
the shape of the channel, bottom and banks, which has repercussions upstream 
through rebound erosion, generating a considerable increase in the velocity and 
shear stress of the flow and favouring the erosion processes in the riverbed [11].
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The negative impacts related with the concrete material can be minimised by 
adopting a sustainable approach [12], where sustainability is understood as meeting 
the needs of the present without compromising the ability of future generations 
to meet their own needs [13]. In this context, sustainable engineering implies not 
only the use of sustainable materials, but a sustainable engineering system, where 
different engineering stages and processes can include factors such as reduction 
of environmental impacts, economic accessibility and access to the engineering 
solution regardless of the geographical location [14]. Therefore, from this holistic 
approach, the result is an alternative with ae technical, environmental, economic 
and social balance [15].

As important as it is, sustainability related with the concrete material is more 
than reducing the amount of cement in concrete mixes. Actually, sustainable 
characteristics have been reported by optimising the design of structures [16–18], 
replacing natural aggregate with different types of waste such as recycled crushed 
concrete, marble waste [19] or waste foundry sand [20] and incorporating non-
traditional materials such as fibres [21, 22], biological material [23], hazardous 
waste material [24] or nanomaterials into concrete [25].

The objective of this book chapter is to analyse different types of contributions 
to a sustainable development using the concrete material. Although some examples 
are mentioned for the case of reducing the amount of cement directly in the concrete 
mixes, the analysis is focussed on the other approaches presented in Section 3 and 
analysed in Section 4 using different examples, most of them proposed from the 
concrete laboratory of the University of Concepción, Chile. Related with this, Section 
2 presents the fundamental concept of geo-dependency, which is directly related 
with the development of practical and useful sustainable concrete alternatives.

2. Geo-dependency of the concrete material

Concrete is composed of local raw materials. This characteristic is one of the 
explanatory factors of the massive use of concrete in the construction industry. 
However, this geo-dependency means that the specific types of cement used, the 
aggregates and the water influence the final behaviour of the concrete.

The aggregates represent between 70% and 80% of the volume of concrete and 
almost 90% of the total concrete weight. Therefore, the shape, surface roughness 
and mineralogical type of the aggregate plays a relevant role in defining the thermal 
and mechanical properties of the concrete [26].

Similarly, the composition of the cement and the fineness with which it is 
ground in its manufacture have significant effects on the concrete behaviour. For 
instance, in the heat of hydration, which can have effects on the durability and 
service life of concrete structures [27, 28].

Furthermore, the performance of concrete in service is also influenced by condi-
tions of the site environment such as levels of chlorides, sulphates, humidity, pH, 
CO2 and thermal amplitude.

Hence, the concrete is a geo-dependent material because its functional perfor-
mance is determined by the raw materials used in its manufacture and the local 
construction conditions. In this way, concrete mixes produced in two different 
regions of the planet are different, even though they can have the same strength.

Geo-dependence is also crucial when dealing with waste materials incorporated 
in concrete, especially because these alternative solutions must be practical and 
feasible to implement in order to effectively reuse the waste [29]. Therefore, they 
must be feasible not only from a technical point of view, but from an economic 
perspective, as well, including all associated costs.
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In effect, if the final purpose is to efficiently reuse waste by incorporating it into 
concrete, geo-dependency leads to an evaluation of the performance of these solutions 
according to the local context. In this way, the results obtained contribute to the opti-
mal use of waste and then to sustainable development, which can be adopted in other 
regions as well. For instance, regions with similarities, that can be in the type of cement 
composition, cement substitute materials and/or characteristics of the aggregates.

3. Sustainable approaches related with the concrete material

3.1 Approaches based on the phases of the concrete material life-cycle

The methodology to assess the environmental impact of a material, includes the 
calculation of the related emissions generated and energy required in the different 
phases of the material life-cycle, i.e. from the extraction of raw materials to the end 
of the first life. Therefore, the use of the life-cycle phases of the concrete material 
results especially useful to analyse different contributions to more sustainable 
alternatives of this massive use material.

Evaluating the energy consumption and generated emissions of material 
alternatives allows to quantify sustainable benefits at different stages of the life-
cycle. For instance, in the material production stage, alternatives can be generated 
to reduce the amount of cement and natural aggregates used in the concrete mix. 
And in the product manufacture stage, benefits can be achieved by implementing 
optimised design and construction procedures that reduce the amount of concrete 
or alternatives with less demanding maintenance interventions, or with better 
thermal insulation and then less demanding of heating energy. Furthermore, more 
durable concrete can be produced in such a way that at the end of the first life the 
material can be reused.

In the present section some of those different approaches are introduced (Figure 1).

3.2 Reducing the amount of cement in the concrete mix

An alternative to minimise the harmful emissions generated by concrete is to 
directly reduce the consumption of cement in the mix. For that purpose, supple-
mentary cementitious materials have been developed to replace part of the required 
cement [31].

Figure 1. 
Material life-cycle [30].
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These alternative materials include the reuse of waste such as fly ash, which 
can replace 15–30% of cement [32–36] and silica fume which replace cement by 
5–25% [37, 38]. There are other residues as well that have been used, such as ground 
granulated blast furnace slag [39], metakaolin [40, 41], sewage sludge ash [42, 43], 
rice husk ash [44], which can replace up to 20% of cement.

Alkaline activated cements can be used to replace more than 50% of conven-
tional cement [45–48]. This material is a product with cementitious properties 
generated from the reaction of a powdery material with an aluminosilicic nature 
and an alkaline agent [49]. Alkaline cements are mainly characterised by low 
hydration heats, high mechanical performance, good durability against different 
chemical attacks, often using industrial waste as the only raw material and not 
requiring high energy consumption compared to the Portland cement manufactur-
ing process [50].

Even a “cementless concrete” can be produced by implementing a sub-group 
of alkaline-activated materials called geopolymers [50]. In this regard, the main 
author of this chapter has the experience of design and making geopolymer mate-
rial with Chilean aggregates in the Microlab TU Delft. The results were optimal, 
obtaining without problems the design strength.

However, the implementation of the technology of actively alkaline cements and 
geopolymers requires great care in their production. In addition, the polymerisation 
reaction is very sensitive to temperature and requires the curing of the geopolymer 
concrete to be at an elevated temperature under a strictly controlled temperature 
regime [51, 52]. These aspects coupled with the lack of standardisation of the 
material make the practical implementation of this technology limited to particular 
engineering solutions such as the construction of prefabricated structures like 
sewer pipes and marine members.

3.3 Implementation of optimised designs

Another approach to reduce the environmental impact of concrete is to imple-
ment sustainable design features. For instance, optimised structures requiring 
fewer concrete material to satisfy the in-service demands or optimised structures 
requiring less conditioning energy during their use phase. Optimisation has been 
applied in the design of hydraulic structures as dams [16–18]. Actually, Deepika and 
Suribabu used differential evolution algorithm to find the best optimal shape of a 
gravity dam reducing 20% the demand of concrete [53].

Similarly, Hashemian proposed a cambered curve beam which requires 20% less 
concrete than the conventional prismatic beam [54].

Other possibility of optimization is to take better advantage of intrinsic properties 
of the concrete material in the design of structures. An of example of is the concrete 
thermal inertia, which is the characteristic of taking a long time to warm up, but, once 
warm, taking a long time to cool down, and vice versa. This property incorporated in 
building design can result in structures that maintain a comfortable internal tem-
perature by means of a better interaction with the environment [55, 56]. As a result, a 
reduction of the conditioning energy over the lifetime of the building is achieved.

3.4 Improving the concrete durability

From a sustainable and technical perspective, the greater the durability of the 
concrete material, the greater the benefits. Certainly, it is not the same to have a 
concrete material, for the same application, enduring 15 or 60 years. If the struc-
ture has good durability, then it will require less significant interventions and the 
service life can be extended. In this regard, the ICRI Committee 160 mentions that 
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the most effective sustainability strategy for concrete and masonry structures is to 
avoid the need of repairing [57].

A particular case is reinforced concrete, where it is very important to avoid or 
reduce the entrance of atmospheric agents that can corrode the reinforcement [58–60]. 
This can prevent advanced deterioration and damage, which repair works, require 
substantial resources. For example, in the UK the annual cost of repairing reinforced 
concrete structures near coastal areas is £755,000,000 [61]. Similarly, between 1991 
and 2001, the cost of corrosion repair of reinforced concrete structures in the United 
States was $276 million, representing 3.1% of the gross domestic product [62].

In order to prevent corrosion deterioration, it is essential to reduce the formation 
and propagation of micro-cracking generated by the concrete shrinkage phenom-
ena at early age [60, 63, 64]. As alternatives to limit the micro-cracking and thus 
increase the concrete durability, Jonkers et al. developed a promising self-healing 
concrete technology based on the application of mineral produced by bacteria 
included in the mix [23]. This method allows to repair from inside the material 
without requiring external agents to activate the process.

Another widely evaluated alternative is the incorporation of fibres in the con-
crete, which can reduce the number, size and propagation of microcracks [21, 22]. 
In this case, compared to man-made fibres, natural fibres are less expensive, locally 
available (in some cases as industrial waste), renewable, lightweight, biodegradable 
and less energy intensive to produce [65–67].

3.5 Reducing the amount of natural aggregates in the concrete mix

The concrete industry generates a high demand for natural aggregates, due to the 
massive use of concrete, and the fact that approximately 70% of the volume of this 
material is composed by aggregates [68]. Uribe mentions that aggregate extraction 
processes generate loss of vegetation cover and soil [10]. Consequently, the land-
scape and the habitat of the existing fauna in the area are altered. Moreover, soil fer-
tility and air quality are reduced due to emissions of particulate matter. Therefore, 
the life quality of the people living near the extraction sites is affected as well.

Another direct impact relates to construction costs. Indeed, as aggregates are a 
finite resource, they can become scarce, which can increase the cost of acquiring 
and transporting materials from more distant locations.

Globally, up to 17.5 Gt of aggregates have been consumed annually for concrete 
manufacturing [69]. In the United States, two billion tonnes of aggregates are 
produced annually [70]. Similarly, it is estimated that in Chile, aggregate extraction 
amounts to 7 million 500 thousand cubic metres produced annually, of which five 
million correspond to gravel and sand [71].

Therefore, in order to preserve natural resources and, at the same time, contribut-
ing to solve waste disposal problems, it has been evaluated to replace natural aggre-
gates by different types of waste such as recycled crushed concrete, crushed bricks, 
recycled glass, rubber, ceramics, marble waste, textile effluent sludge [19], waste 
foundry sand [20], steel slag [72], copper slag [73], blast furnace slag, ferrochrome 
slag, class F fly ash, palm oil clinker [68] and various types of plastic waste [74].

4. Examples of sustainable concrete alternatives

4.1 Case studies

Based on life cycle approaches, the concrete laboratory of the Universidad 
de Concepcion in Chile has made efforts to contribute to the development of 
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technologies that decrease the harmful impact generated by the concrete industry. 
This section describes these technologies and presents the relevant results of 
each study.

4.2  Reduction of the amount of cement by means of optimised structural 
pavement design

Since all the desired objectives and requirements of an engineering structure are 
specified in the design phase [75], in the case of concrete pavements, the structural 
design plays an important role in improving the sustainability of the road infra-
structure [76]. In this regard, the design method of short slab Jointed Plain Concrete 
Pavements (JPCP) is a patented alternative that proposes to shorten the slabs size in 
such a way that there is only one set of wheel loads per slab [77, 78]. Therefore, the tra-
ditional configuration where the slab can support the full vehicle load does not occur. 
The benefits of this design include, as well, a reduced slab curvature. In this way, the 
pavement thickness can be reduced up to 10 cm [78], which means than less concrete 
is required, and then the demand of cement, aggregates and water decreases.

Additionally, it is postulated that the primary method of transferring loads 
between slabs is the aggregate interlock mechanism, and then, dowel bars are not 
part of the standard design.

These features result in savings of approximately 20% of the construction cost, 
which makes concrete pavements with optimised geometry a competitive solution 
compared to asphalt pavements when only construction costs are considered in the 
analysis, i.e. without life-cycle costs [78]. This is especially relevant in developing 
countries, where construction costs can be the main limit to the application of more 
durable pavements with less maintenance intervention requirements than asphalt 
pavements [79, 80]. In fact, promising experiences with concrete pavements with 
optimised geometry have been carried out in developing countries such as Chile, 
Guatemala, Nicaragua and Peru [78, 81–83]. Moreover, evaluations of short slab 
test sections in the United States indicate that these pavements have the ability to 
maintain in-service performance similar to traditional concrete pavements up to 
51.3 million equivalent axle loads (ESAL) [84].

In order to estimate the benefit of this engineering innovation, the emissions 
generated in 18 short slab projects and their traditional JPCP equivalents were 
compared [85]. The assessment was based on environmental management prin-
ciples and measures the impact on the environment and human health [86, 87]. 
Furthermore, it is assumed that the design hypotheses are fulfilled and then the in-
service performances of both pavement alternatives are equivalent. For this reason, 
the evaluation is focused from the material procurement stage to the construction 
phase, which presents differences between the two design philosophies.

The results indicate that, for all cases evaluated, the concrete pavements with 
optimised geometry generate lower harmful impacts (Figure 2). Regarding envi-
ronmental impacts, all indicators presented reductions above 10%, with global 
warming, acidification and ozone depletion showing the highest reductions with 
33%, 27% and 24%, respectively. In terms of human health impacts, short slab 
pavements reduce, as well, exposure to carcinogenic, non-carcinogenic and respira-
tory pollutants by 26%, 23% and 27% respectively.

The reduction in these indicators reflects that concrete pavement with optimised 
geometry contribute to a more sustainable construction. The visible advantages of 
short slab pavements are related to their ability to maintain a performance similar 
to a traditional JPCP while using thinner slabs. This reduction means less cement 
consumption, which is the main generator of emissions.
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4.3 Increasing durability to reduce the concrete demand

4.3.1 Natural fibres to control concrete microcracking

In order to prevent internal corrosion of reinforced concrete, it is essential to 
reduce the formation and propagation of microcracking generated at early age 
by the concrete shrinkage phenomena [60, 63, 64]. Traditionally, little attention 
has been focused on microcracks due to their low immediate structural impact. 
However, from a sustainable development perspective, the control of microcracks 
is fundamental to limit the entrance of atmospheric agents that can corrode the 
rebars. Hence, the reduction of microcracks results in more durable concretes, 
which is a direct contribution to sustainability.

Microcracking concrete control is especially attractive in regions with aggressive 
environments for reinforcement corrosion, such as coastal areas. In this sense, due 
to its geography and the length of its coastline (6,435 km), Chile is a country that is 
particularly suitable for the application of these concretes. In fact, of the ten largest 
cities of the country, 6 are located in coastal areas.

The traditional process to limit the number and size of microcracks in concrete 
is the incorporation of industrial fibres [88–90]. However, abundant virgin raw 
materials are required to manufacture steel, glass, or plastic fibres. In this context, 
natural fibres have lower embedded energy, are cheaper, renewable, biodegradable 
and locally abundant [65–67]. In fact, they may be available as waste, which makes 
their use in concrete even more attractive.

Research developed by Soto et al. [91] and Okeola et al. [92] show that sisal 
fibres limit the propagation of microcracks in concrete. However, the incorpora-
tion of natural fibres can reduce the compressive strength. Indeed, the reduction 
is greater if the amount of fibres increases [93]. This has been observed in coconut 
fibre with reductions in compressive strength between 11% and 13% [94], jute 
fibre with reductions between 6% and 35% [95] and sisal fibre with reductions in 
compressive strength between 4.22% and 25.30% [92].

Considering that the mechanical properties, and in particular the compres-
sive strength, is fundamental for the massive use of concrete, it is fundamental 
the evaluation of those properties if a particular type of natural fibre wants to be 
considered to control concrete microcracking. In particular, at the University of 
Concepción, a study has been developed in order to evaluate mechanical properties 
of concrete with Eucalyptus Globulus bark fibre, which is a waste product of the 
forestry industry widely available in Chile [29, 96].

Figure 2. 
Percentage of emission reduction with short slabs [85].
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Figure 4. 
Compressive strength results of concrete samples [29].

A total of four fibre inclusion percentages were evaluated with respect to the 
weight of cement: 0.5%, 1.0%, 2.0%, and 5.0%. In order to study the potential influ-
ence of fibre absorption on the performance of the samples, the fibres were included 
in dry and saturated state.

The study considered, as well, the evaluation of the potential effects on the 
durability of the fibre when impregnated with a paraffin emulsion. This is because 
modification of the fibre surface with chemical or physical agents is a strategy 
to mitigate the potential degradation caused by the alkaline environment of the 
cementitious matrix (Figure 3).

The results indicated that there is no significant difference between incorporat-
ing the fibre in a dry or saturated state. Therefore, it is not essential to dry the fibre 
before incorporating it into the mixture. With respect to the fibres treated with 
paraffin emulsion there are no strength advantages related with their application.

In regard to mechanical behaviour, samples with 05% Eucalyptus Globulus bark 
fibre have a remarkably performance, although it is lower compared to samples 
without fibre. For instance, by incorporating 0.5% dry fibre (CD-0.5), the compres-
sive strength after 28 days only differs by 0.98 MPa from the control sample without 
fibre (CC), which is very close to the standard error of 0.82 MPa. This trend does 
not agree with that reported by other researchers, which indicate significant reduc-
tions in the strength of concrete with natural fibres [91, 94, 95]. A similar behaviour 
was observed in the flexural strength, where the saturated samples (CS-0.5) 
showed a reduction of 0.20 MPa, being 0.22 MPa the standard error, i.e. the differ-
ence cannot be considered significant. Furthermore, the samples with dry fibres 
(CD-0.5) show a reduction of 0.7 MPa (Figure 4).

Figure 3. 
Samples with E. globulus bark fibres: (a) top view; (b) side view [29].
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Although the limitation of microcracking in concretes was not specifically inves-
tigated, the addition of fibres is an accepted technique to control micro-cracking 
[88–90]. Moreover, Soto et al. [91] and Okeola et al. [92] demonstrated this using 
natural fibres. In particular, Araya-Letelier et al. [97] demonstrated the possibility 
of limiting the number and size of concrete microcracks using Chilean cements and 
natural fibre with 54% lower tensile strength than Eucalyptus Globulus bark fibres.

4.3.2 Incorporation of end-of-life tyre rubber into concrete

End-of-life tyres (ELT) represents a social and environmental problem due to 
the large accumulation in landfills. In fact, more than 1000 million tonnes of ELT 
are generated annually and more than 50% of that amount is destined to landfill 
or left as untreated garbage [98]. Moreover, this material produces concentra-
tions of rats, larvae, mice and insects, increases the risk of fires difficult to 
extinguish [99]. This condition is aggravated by its lack of reutilisation. For 
instance, in Chile more than 140,000 tonnes of ELT were produced in 2019 and 
only 17% was recycled [100].

An attractive use of this waste is its incorporation in concrete mixes. Indeed, 
concrete with rubber improves properties such as energy absorption, due to its 
increased plasticity and ductility [101], which improves its impact behaviour and 
durability. However, the addition of rubber reduces the mechanical strength of the 
concrete [102, 103]. Therefore, to mitigate this effect, it is necessary to treat the rub-
ber prior to its incorporation [104–106]. For instance, García et al. [107] evaluated 
the effects of three different treatments applied to ELT rubber before its incorpora-
tion in cement mortar samples. The treatments were hydration, oxidation-sulpho-
nation and contact with hydrogen peroxide. The results indicate that it is possible 
to replace up to 5% of the fine aggregate weight with ELT rubber. Furthermore, the 
incorporation of hydrated ELT rubber proved to be the best treatment option from a 
technical, practical and economical point of view.

As the purpose is to produce a useful improvement in concrete properties and uti-
lise waste efficiently, it is important to consider the geo-dependence of the concrete 
material [29]. This is particularly evident in samples made with cement containing 
local fly ash (Great Concepción, Chile). Indeed, this cement has a similar market 
cost to others national cements. However, the samples with ELT and fly ash cement 
are able to provide mortars that can satisfy the design requirements. Therefore, it is 
possible to reduce the amount of clinker while reusing a local industrial waste.

Furthermore, the adequate strength obtained in the experimental evaluation 
makes ELT rubber concrete an attractive alternative to improve the in-service perfor-
mance of structures such as concrete crash barriers. Since rubber concrete is able to 
increase impact resistance and energy absorption [101], the durability of these safety 
elements is increased. Actually, studies indicate that concrete barriers with recycled 
rubber ELT have a service life 2.6 to 3.2 times longer than traditional barriers [108].

Due to the extensive road networks of the countries the benefits of this type 
of barrier represent not only a massive use of an industrial waste, but also bring 
economic, safety, and environmental benefits to the country or region where they 
can be applied. For instance, only in Chile the national road network roads exceed 
85,000 kilometres [109].

Although the importance of geo-dependency, the results obtained in this 
research may be useful for other regions as well. For example, where it is possible 
to replace part of the cement with fly ash (produced or imported), or another 
cement substitute, producing similar results. If the substitute is a waste product 
such as fly ash, the contribution is not only technical and economic, but also it is a 
contribution to a sustainable development.
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Figure 5. 
Concrete sample with self-healing process activated [115].

4.3.3 Biological self-healing concrete

A promising approach to mitigate durability problems and control micro-
cracking of concrete is to incorporate biological elements that self-heal the 
material. This technique was originally developed by Dr. H. Jonkers at Delft 
University of Technology, who incorporate into the concrete a bacterium that 
has the ability to segregate calcium carbonate, sealing concrete microcracks 
[110]. This can represent an increment of 20% in the lifetime of a concrete 
structure [111]. If the same structure but with traditional concrete will need 
rehabilitation, and then more concrete, during its life to endure the same period 
of time than the self-healing concrete. Therefore, the amount of CO2 emitted 
into the environment decreases compared to structures built with conven-
tional concrete. Indeed, Van Belleghem et al. [112] report that the lifetime of 
structures with self-repairing concrete can reduce the environmental impact 
by 56–75%.

Due to the biological nature of this technology and its interaction with the 
components of the concrete mix and the local environmental conditions, geodepen-
dence is relevant to the performance of the self-repair process. Indeed, if the ideal 
conditions of moisture, salinity and temperatures are not present, then the bacteria 
will not have sufficient stimulus to secrete calcium carbonate and the crack sealing 
will not be produced [113]. Similarly, cements with a higher amount of pozzolan 
decrease calcium carbonate precipitation which reduce the self-healing capacity of 
concrete [114].

In collaboration with Dr. Jonkers, bacterial growth, spore formation and pro-
duction of concrete samples were developed with two types of Porland pozzolanic 
cements commonly used in Chile [115]. The Bacillus pseudofirmus bacteria solution 
was impregnated into expanded clays and incorporated into the concrete as a partial 
replacement of fine aggregate. These specimens were subjected to three different 
environments simulated in the laboratory: fresh water, salt water and 90% relative 
humidity, all at 20°C. The results at 28 days show some areas where the self-healing 
was 100%. Although in other cases the recovery was lower, about 90% of the 
specimens showed traces of calcium carbonate as a sign of the activation of the 
self-healing process (Figure 5).

The results confirm that biological self-healing of concrete can be produced 
with Chilean materials and regional environments simulated in the laboratory. In 
particular, the aggregates and cements used in the research were different from 
those used in the investigations of Jonkers [23, 116, 117].
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4.4  Incorporating waste into the concrete as a mean of reducing the demand for 
natural aggregates

4.4.1 Cooper slag as a partial replacement of concrete fine aggregates

Copper slag (CS) is a vitreous substance generated in the copper smelting 
process. Globally, the copper industry produces approximately 24.6 million tonnes 
of slag [118]. In this regard, Chile is the world’s largest copper producer [119, 120], 
generating 2.2 tonnes of CS for one tonne of copper produced. This creates signifi-
cant accumulations of slag, negatively impacting the environment.

Considering the mechanical and chemical characteristics of CS, their use in con-
crete mixes as a partial replacement of aggregates has been evaluated. In fact, stud-
ies indicate that replacing up to 40% of fine aggregate in concrete samples results 
in higher or equivalent strengths compared to samples without slag [121–123]. 
Similar results were reported by Al-Jabri et al. [124] and Borkowsky [125] on mortar 
samples with 40% and 50% fine aggregate replacement, respectively. This percent-
age of replacement were experimentally verified by Pérez [126] for Chilean cement 
and aggregates. In addition, and in order to quantify the environmental benefits of 
this technique, a sustainability assessment based on the five-step method of Ashby 
et al. [30] was performed by Pérez [126] as well. The assessment estimates the 
percentage of CS that could be recycled, and then, the reduction of sand demand of 
cement mortars and concrete. Different scenarios were considered in the analysis 
that the copper smelters and the aggregate extraction plants are at similar distances 
from the concrete plants.

The results of the sustainability analysis indicate that in the most optimistic 
scenario, it is possible to reuse between 58% and 64% of the CS volume produced 
annually. This represents an annual saving of approximately 0.7 million tonnes of 
sand and an annual energy saving of 210409 GJ,1737905 kg CO2 eq, 11.89 kg Sb eq, 
23549348 MJ ADP, 0.08 kg CDC-11 eq, 704.14 kg C2H4 eq, 12016 kg SO2 eq and 
1563 kg PO4–3 eq. For instance, shows the benefits achieved for one of the cases 
evaluated (Figure 6).

These results are relevant since, in Chile, approximately 60% of building 
surfaces are made of concrete and 12% of masonry [127]. Therefore, there is a great 
opportunity to reuse this industrial waste.

Figure 6. 
Percentage of recycled CS [126].
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Currently, the investigation continues at the concrete laboratory of Universidad 
de Concepción, with promising results in replacing more than 50% of the of the 
fine aggregate with CS.

4.4.2 Recycled plastics as a partial replacement of concrete fine aggregates

Various types of plastic waste have been incorporated into concrete to avoid 
direct contact with the environment [128–130]. In particular, in the Biobio region 
of Chile, the acrylonitrile butadiene styrene (ABS) is not being recycled and then 
its incorporation into concrete as a partial replacement of fine aggregate has been 
studied at the concrete laboratory of the Universidad de Concepcion (Biobio 
Region).

The ABS is a plastic used in the production of computer keys, appliance 
and power tool housings, plastic plug protectors and automotive parts such as 
dashboards and bumpers [131]. However, in Chile, the ABS accounts for only 
2% of national plastic recycling [132], which can lead to serious waste disposal 
problems.

Preliminary results show that it is possible to replace up to 50% of the fine aggre-
gate for applications as lean concrete, simple foundations, false floors and subfloors. 
However, optimal results were obtained when replacing 25% of the fine aggregate 
with ABS plastic.

Considering that concrete is a material with a high demand for natural aggre-
gates, the strategy of using products with post-consumer recycled content, such as 
ABS plastic to replace sand in concrete, reduces the environmental impacts result-
ing from the initial stage of the concrete life cycle, extraction and processing of 
virgin materials.

5. Conclusions

As important as it is, sustainability related with the concrete material is more 
than reducing the amount of cement in the mixes. Actually, in this book chapter 
other approaches have been presented and analysed, starting with the phases of the 
concrete material life-cycle where the proposed alternatives present lower environ-
mental impacts than the traditional ones.

Although the article mentions different examples of the approaches to develop 
more sustainable concrete alternatives, it goes more in details in the ones studied 
(or under study) at the concrete laboratory of the Universidad de Concepción. In 
this way, the article analyses how it is possible to reduce the demand of concrete, 
and therefore cement, by optimising the designs of concrete pavements. Another 
approach is the replacement of concrete aggregates by industrial waste such as 
copper slag or ABS plastic, which not only reduces the demand for the natural 
resource, but it contributes to solving a waste disposal problem. Finally, it is pro-
pose the incorporation, during the production stage, of natural fibres, ELT rubber 
or biological elements that can increase the concrete durability, which is a direct 
contribution to sustainability.

Hence, it is possible to develop more sustainable alternatives than the 
traditional ones applied in the concrete industry, which is especially relevant 
considering the massive use of the concrete material. However, for the devel-
opment of viable alternatives, it is necessary to consider the geo-dependence 
of concrete. Indeed, the physical and chemical properties of the concrete 
components, together with the site conditions, can influence the concrete 
performance.
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Chapter 5

Bearing Capacity of Concrete
Filled Steel Tube Columns
Anatoly Krishan

Abstract

Concrete filled steel tubes columns of circular cross section (CFST) have
significant constructive, technological, economic advantages. Therefore, CFST are
increasingly used in construction practice. Due to the complex nature of CFST load
resistance, regulations of the Europe, Australia, Brazil, India, Canada, China, the
USA, Japan, and of a number of other countries recommend using empirical for-
mulas for calculating their bearing capacity. Despite the large number of the exper-
iments, serving as a basis for these formulas, they do not always allow to obtain
valid results. Besides, these methods, as a rule, do not allow the calculations of
compressed CFST elements, which have any differences from a “classical” design,
for example, the presence of a high-strength rod and (or) spiral reinforcement,
various types of concrete, the effect of preliminary lateral compression of a concrete
core, etc. The purpose of this monograph is to propose the method of deformation
calculation of the bearing capacity of compressed CFST elements under short-term
load action based on the phenomenological approach and the theoretical positions
of reinforced concrete mechanics.

Keywords: concrete filled steel tube columns, spiral reinforcement,
method of deformation calculation, strength, deformation, flexibility

1. Introduction

Concrete filled steel tubes columns (CFST) are composite structures. They fea-
ture a variety of advantages. CFST have significant constructive, technological,
economic advantages and at the same time an architecturally expressive appearance
[1–5]. Such obvious CFST advantages as decreased labor consumption of their
production due to lack of forms and reinforcement cages and high speed of building
erection are quite attractive for construction specialists. Besides, mechanical fea-
tures of a steel shell and a concrete core combine quite rationally in these columns.
The strong steel shell serves as a reliable frame for the concrete core ensuring good
volumetric load conditions for it. Due to this, concrete strength of columns with
circular cross-section increases 1.8÷2.5 times in average. Concrete, in its turn, pro-
tects the walls of the steel shell from loss of stability and corrosion from inside. As a
result, concrete and steel mutually increase load-carrying ability of each other and
that of the whole element.

In case of emergency (explosions, earthquakes, etc.), another important feature of
such columns, high survivability, comes to the fore. It is ensured by high deformability
of the concrete core, which, together with its high strength, ensures absorption of
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large amounts of energy during strength resistance of the construction. Therefore,
CFST of circular cross-section are increasingly used in construction practice.

The high strength and deformability of the concrete core ensure its main advan-
tages, especially for short centrally loaded circular cross-section concrete-filled
tubular elements. Due to the complicated nature of CFST load resistance, regula-
tions of the Europe, Australia, Brazil, India, Canada, China, the USA, Japan, and a
number of other countries recommend using empirical formulas to calculate their
bearing capacity.

Despite the large number of the experiments serving as a base for these formulas
they do not always allow to obtain valid results [6, 7]. They have significant limita-
tions in the field of application. They were obtained either from the results of
specific laboratory sample testing, or due to statistical processing of the relevant
data. First, these formulas are valid only for normal concrete. They give unreliable
results for the columns from other types of concrete (for example, fine-grained
ones). Secondly, these methods, as a rule, do not allow the calculations of eccentri-
cally compressed concrete filled steel tube elements, which have any differences
from a “classical” design, for example, the presence of a high-strength rod [8, 9]
and (or) spiral reinforcement [10–12], the application of various types of concrete
[13], the effect of preliminary lateral reduction in a concrete core [14], etc.

According to the results of researches carried out by many scientists, the most
reliable calculations of the strength of CFST columns can be performed based on the
recommendations of the EN 1992-1-1 standard. Moreover, a simplified method is
often used in the calculations. But it is based on empirical formulas and is very
limited in scope. It is proposed to consider the general case of calculation as well.
For its implementation, the following assumptions are made:

• internal forces are determined by elasto-plastic analysis;

• plane sections may be assumed to remain plane;

• contact strength between steel and concrete components must be maintained
up to column failure;

• the tensile strength of concrete is neglected.

Design of column structural stability should take into account second-order
effects including residual stresses, yielding of structural steel and of reinforcement,
local instability, cracking of concrete, creep and shrinkage of concrete, geometrical
imperfections.

However, there are no specific methods for practical implementation of such a
calculation.

The purpose of this monograph is to propose the method of deformation calcu-
lation of the bearing capacity of compressed CFST under short-term load action
based on the phenomenological approach.

2. Basic design provisions

2.1 Initial provisions

Initially, the diameter d and wall thickness δ of the tube should be assigned
for CFST. Taking into account the research results [7] for columns of circular
cross-section, it is recommended to use the following restrictions:
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where fy is a yield stress of the steel shell, MPa.
For monolithic columns, the possibility of loss of stability of the tube wall at the

stage of installation of the supporting structures of the frame should be taken into
account. The steel tube can be used as a supporting structure for several overlying
floors even before it is filled with concrete, which significantly speeds up the
process of constructing a building. In this case, local buckling is impossible when

d
δ
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:

s
(2)

If condition (2) is not met, it is necessary to check the stability of the tube walls
under the action of corresponding loads. For this purpose, for example, the recom-
mendations of European norm procedure (EN 1993-1-1 Steel Design) can be used.

For a short centrally loaded CFST column, the cross-sectional strength is usually
determined. Most researchers use a fairly simple formula for this

N ¼ f ccAþ σpzAp, (3)

where fcc is strength of volumetrically loaded concrete core;
σpz is axial direction compression in the steel shell in CFST limit state;
A and Ap are cross-section areas of the concrete core and the steel shell.
Thus, in order to calculate the CFST strength, it is necessary to know the values

of the strength of the volumetrically loaded concrete core and the compression in
the steel shell. Various approaches and relationships for determining f cc and σpz are
recommended. They are reviewed below.

2.2 Known approaches for determining the strength of a concrete core

Compression strength is a very important mechanical attribute of CFST concrete
core. In the limiting state centrally loaded circular section column, concrete is in the
conditions of three-axis compression by axial direction strain σсz and transverse
strain σсr.

A quite simple relationship, being in fact the Mohr-Coulomb strength condition,
is most often used in calculations for such conditions

f cc ¼ f c þ kσсr, (4)

where fc is concrete unconfined compression strength;
k is coefficient of lateral pressure.
Considering experiments, the value of the k coefficient is usually taken as con-

stant in this formula: k = 4,1 or k = 4,0.
Though the Eq. (4) was recommended by American researches F. Richard, A.

Brandtzæg and R. Brown as far back as in 1929, it is currently used by many
researches, including for designing columns with different types of confinement
reinforcement. The relationships to determine the volumetrically loaded concrete
recommended by regulations in many countries have been obtained based on this
very formula. However, the gained new experimental materials evidence that the
Eq. (4) does not always allow to get a valid result.
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This is caused by many reasons. One of them is inaccuracies in determination of
lateral strain σсr. The second reason is ignoring the scale factor. Since CFST fre-
quently have significant cross-sectional dimensions (630… 1000 mm and more for
high buildings), this factor shall be considered. The research [4] devoted to a review
of a government program of concrete-filled tubes research carried out in the end of
the 20th century in Japan introduces the following relationship

f cc ¼ γс f c þ kσcr, (5)

in which γс scale is factor coefficient determined by the formula

γc ¼ 1, 67 � d�0,112
c ≥0, 85, (6)

where dс is concrete core diameter in mm.
A similar dependence was proposed in [15].
Regarding such approach as conceptually correct, it is worth mentioning a quite

limited range of CFST cross section diameters, where usage of relationships (6)
allows to obtain a result acceptable for practical purposes. According to this
formula, first, γс ≈ 1 when the concrete diameter is 100 mm, and а γс ≈0.95 when
dс = 150 mm. In most countries, square-sided cube test pieces or cylinders with a
cross-sectional diameter of 150 mm are considered reference concrete. In this case,
the regulations provide that γс ¼ 1.05 when dс = 100 mm. Secondly, one has to take
γс ¼ 0.85 already when the cross-section diameter exceeds 300 mm, which does not
correspond to experimental data of researches of large scaled samples with cross
section diameters between 630 and 1020 mm.

Considering the results of the research [16], the coefficient γс is recommended to
be determined by the formula

γс ¼ 0, 75þ 0, 25
d0
dc

� �0,5

, (7)

where dо is reference cylinder diameter taken equal to 150 mm.
This formula does not need any limitations in a quite wide range of dс = 100 to

3000 mm, which is convenient for practical calculations.
Another reason of the results obtained by the Eq. (4) not always corresponding

to experimental data is the value of the coefficient of lateral pressure k = 4.1 taken as
constant here. The research [17] shows theoretically that this value is variable. Our
researches [16] found that the lateral pressure σсr reaches sometimes a value of
10÷15 MPa and more for CFST concrete cores before concrete destruction. Mean-
while, the values of the coefficient of lateral pressure can be within a range k =2,5÷7.
Therefore, it is obvious that even insignificant inaccuracies in determination of k
frequently lead to significant errors in determination of concrete core strength f cc
and load-carrying ability of a designed element.

Some of researches recommend considering this point. For example, in the
research [18] it was correctly mentioned that, other factors being equal, the value of
the coefficient of lateral pressure decreases while this pressure increases. A formula
is recommended for its determination

k ¼ 6, 7 σсrð Þ�0,17: (8)

However, recently a formula of J. Mander has been used more frequently than
others [19].
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f cc
f c

¼ 2, 254
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 7, 94

σcr
f c

r
� 2

σcr
f c

� 1, 254: (9)

This formula was received based on the results of statistical processing of a
large amount of experimental data and is usable for not only medium- but also
high-strength concrete with f c of up to 120 MPa.

However, two main disadvantages of the Eq. (9) should be mentioned. First,
lateral pressure σсr shall be known in CFST limit state to use it. As previously noted,
this pressure is unknown when the load-carrying ability of such columns is calcu-
lated. Experiments with 180 samples of concrete-filled tubular elements [16]
showed that σсr depends on geometry and design parameters of a designed column
and may vary in wide limits. In addition, the relationship (9) is correct only for
normal concrete. E.g. it is well known that fine grain concrete resists volumetric
compression somewhat worse [17]. That is why other relationships shall be
obtained for other concrete types, which causes certain inconveniences in
calculations.

Processing of a number of experimental data evidences the existence of a stable
relationship between σсr and a constructive coefficient of concrete-filled tubes ξ
determined with use the formula

ξ ¼
f yAp

f cA
: (10)

The appropriate formulas are used in Chinese Technical Code for CFST
structures (GB50936–2014).

2.3 State of stress in steel tube

Two methods to assess state of stress in a steel shell are known. The first one
hypothesizes that a steel tube acts only transversely in limit state. In this case, the
axial direction compression in the steel shell σpz is equal to zero. Then hoop stress
determining the value of the lateral pressure in concrete reaches the yield stress of
steel σpτ ¼ f y. However, in general, it does not correspond to the real state of stress
in a steel shell. Most researchers believe that the value of stress σpz depends on
geometry and design parameters of CFST.

In the limiting state, the stress intensity in the steel shell reaches the yield point.
During the central compression of a short CFST element, the steel shell experiences
a compression-tension-compression stress state. Radial compressive stresses in the
wall of steel tubes with d/δ ≥ 40 are small and they are usually neglected. Then the
plane stress state “compression-tension” is considered for the tube. For this case,
the Hencky-Mises yield criterion is written as follows:

σ2pz þ σ2pτ � σpzσpτ ¼ f 2y, (11)

where σpτ is the steel tube hoop stress in CFST limit state.
Then the stress σpz can be calculated using the formula

σpz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2y � 0, 75σ2pτ

q
� 0, 5jσpτj: (12)

Let us mention that the Eq. (12) is correct for thin-shell tubes when d/δ ≥ 40.
These very tubes are generally used as steel shells for CFST.
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The hoop stresses averaged by thickness in the steel shell for thin-shell tubes can
be expressed through the lateral pressure by the following relationship with
accuracy sufficient for practical calculations

σpτ ¼ �2σcr
A
Ap

: (13)

Consequently, the axial direction compression in the steel shell depend on its
yield stress f y, the value of the lateral pressure from the concrete core σcr, and ratio
of the column reinforcement.

2.4 Central compression strength

The literature review shows that obtaining a reliable formula for determining the
strength of volumetric compressed concrete of CFST elements is not an easy task.
Most often, empirical formulas, which have significant limitations depending on the
conditions of carried out experiment, are used. In case of structural changes or the
use of new types of concrete and steel grades, other formulas will be needed. In this
case, it is necessary to correctly determine the lateral pressure of a steel tube σcr on
concrete, which directly affects both the strength of the concrete f cc and the stress
in the tube σpz.

In this regard, it is important to obtain theoretically based, universal formulas
for determining f cc, σpz and the strength of CFST. The solution to this problem is
proposed on the basis of the known strength function of volumetric compressed
concrete [17]. In the case of uniform lateral pressure, the result of solving this
function is Eq. (5) with a variable value k depending on the level of lateral pressure
m ¼ σсr= f cc and the type of concrete. For its determination, a formula is
recommended

k ¼ 1þ a� am
bþ с� bð Þm , (14)

where a, b are material coefficients determined based on experiments;
c is a parameter determining the nature of strength surface in the area of

all-around compression (for a dense concrete core, the strength surface is open,
and c = 1).

The average values of strength of normal concrete, calculated with a reliability
of 50%, correspond to the coefficients b = 0.096 and a = 0.5b.

The analysis of relationship (14) shows that with high levels of sidework (with
m ! 1Þ, the value of the lateral pressure coefficient is k ! 1. In such cases, concrete
destruction will be of shear nature, according to Coulomb’s law. With the above-
mentioned coefficients k for CFST, volumetrically loaded concrete destruction
occurs due to combinations of break and shear, which corresponds to numerous
experimental data.

Inserting the Eq. (14) into the Eq. (5) and performing some transformations, we
will obtain:

f cc ¼ αcγc f c; (15)

αс ¼ 0, 5þ 0, 75σ þ 0, 25
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ � 2ð Þ2 þ 16σ=b

q
, (16)

where σ is a relative value of the lateral pressure from the steel shell on the
concrete core in limit state σ ¼ σcr= γc f c

� �
.
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Using the relationship (12) and performing some little manipulations, we can
write the Eq. (12) as follows

σpz ¼ γc f c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξ2 � 3σ2

q
� σ

� �
A
Ap

: (17)

The formula for σ calculation is received from solving the task of determination
of the maximum compression force received by a short centrally loaded column.
Inserting (15), (16) and (17) into the Eq. (3), we obtain the following equation

N ¼ γс f cA 1þ σ � 2
4

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ � 2
4

� �2

þ σ

b

s
� σ

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξ2 � 3σ2

q0
@

1
A

2
4

3
5: (18)

It is obvious that the total axial force received by concrete and steel with stan-
dard cross-section depends only on relative lateral pressure σ with fixed values of
geometry and design parameters of CFST ( f c, f y,A,Ap). For illustrative purposes,
Figure 1 represents diagrams of changes of relative forces received by concrete
Nс and the steel shell Np and their sum N depending on σ value. All forces are
determined here in relation to the destructive load.

Figure 1 shows that the graph of the total force change has a maximum point.
The maximum compressive force can be found from the equation d

dσ N σð Þð Þ ¼ 0:
After determining the derivative we have the equation

b σ � 2ð Þ þ 8
ffiffiffi
b

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b σ � 2ð Þ2 þ 16σ

q � 12σffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξ2 � 3σ2

p � 1

0
B@

1
CA ¼ 0: (19)

As a result of solving Eq. (19), the following formula was obtained

σ ¼ 0, 48e� aþbð Þξ0:8: (20)

Thus, the necessary formulas to calculate the strength of a short centrally loaded
CFST have been received.

Figure 1.
Diagrams of changes of relative compressive forces received by concrete (1) and the steel shell (2) and their sum
(3) depending on σ value.
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2.5 Strength calculation of elements with spiral reinforcement

The construction of CFST columns can be improved by placing spiral reinforce-
ment in the concrete core (Figure 2). This will have a positive effect on the strength
and survivability of columns. A spiral, installed at some distance from the inner
surface of the steel tube, can also increase the fire resistance of columns.
Experimental studies [10, 11, 20] confirm the high efficiency of such structures.

The widespread practical use of reinforced CFST columns is constrained by the
lack of reliable methods for determining their strength. In work [12], a numerical
finite element analysis of the load resistance of compressed CFST elements with spiral
reinforcement was carried out. But empirical formulas were used here to determine
the strength of concrete and lateral pressure on concrete in the limiting state.

The strength of short centrally compressed reinforced CFST column can be
determined by formula:

Nu0 ¼ f cсAc þ σpzAp þ σsAs, (21)

where σs is the compressive stress in longitudinal reinforcement in the limiting
state of element;

As is cross-sectional area of the longitudinal reinforcement.
Under the action of axial compressive force N, lateral pressure on the concrete

takes place due to the restraining effect of the outer steel tube and spiral reinforce-
ment. It is impossible to determine this pressure by the superposition principle,
since the current problem is physically nonlinear. Therefore, the following
calculation method is proposed.

First, the load resistance of a spirally reinforced concrete element that does not
have an external steel tube is considered. As a result, the strength of concrete with
confinement reinforcement f cs is calculated. At the second stage of the calculation,
the interaction of this element and the outer steel shell is taken into account.

To determine the strength of the concrete core f cs, Eq. (15) and (16) are used
with the replacement of σ by σsc.

The value of relative lateral pressure σsc is calculated by the formula:

σsc ¼ ρsc
σsc
γc f c

, (22)

where ρsc is coefficient of confinement reinforcement by spirals;

Figure 2.
Reinforce concrete filled steel tube column construction.
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σsc is tensile stress in the spiral reinforcement, which can be determined from
the formula:

σs,c ¼ εscEs,c ≤ f y,c, (23)

where εsc is tensile strain of spiral reinforcement;
Es,c is modulus of elasticity of steel of spiral reinforcement;
f y,c is yield point of steel of spiral reinforcement.
The following formula for calculating the value εsc by consecutive approxima-

tions is derived in the work [11]:

εsc ¼ � υzr
qνcsEc

f cs, (24)

in which,

q ¼ 1� Es,c

Ec
ρsc 1� υrrð Þ, (25)

νcs is the coefficient of elasticity at the maximum stress of concrete with con-
finement reinforcement.

The value νcs is calculated using the formula:

νcs ¼ f cs
εcsEc

, (26)

where εcs is the strain of concrete with confinement reinforcement at the max-
imum stress.

The values of coefficients of transverse deformations υzr and υrr are calculated
using the formulas obtained in work [16]. The strain εcs is calculated using the
formula obtained below.

Then the strength of spirally reinforced concrete core f cс1, which has an outer
steel shell, is determined. For this purpose the Eq. (15) is used, in the right-hand
side of which the value γc f c is substituted by f cs. The relative lateral pressure σ1
depends on constructional coefficient ξ1, calculated by the formula:

ξ1 ¼
f yAp

f csA
: (27)

The lateral pressure on the concrete from the steel tube acts outside the diameter
of the spiral deff . This pressure is calculated using the formula (20), but with the
replacement of the coefficient ξ by ξ2. Constructive coefficient ξ2 is determined
from the formula (10) when the strength of concrete is γc f c:

Depending on σ2, the strength of the concrete of the peripheral zone f cс2 is
calculated.

In order to simplify the calculations it is offered to use the averaged design
compressive strength of concrete core f cс for the method of limiting forces. It is
determined from the formula:

f cc ¼ f cc2 1� β2c
� �þ f cc1β

2
c, (28)

where βc is the coefficient determined using the formula βc ¼ deff=dc.
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The stress σpz in the steel tube is calculated by the following formula:

σpz ¼ γc f c ξ22 � 3σ2m
� �1=2 � σ2m

h i A
Ap

, (29)

in which σm – averaged value of relative lateral pressure of concrete core,
calculated by the formula:

σm ¼ σ1βс þ σ2 1� βсð Þ: (30)

The compressive stress in the longitudinal reinforcement σs should be determined
from the condition of its combined deformation with the concrete core εs ¼ εсz.

3. Deformation calculation of strength

3.1 General provisions

In a number of earlier published works it is shown that the most reliable calcula-
tions of the bearing capacity of CFST columns, taking into account their design
features, can be carried out on the basis of nonlinear deformation model. The calcu-
lation sequence of similar designs for deformation model is in detail stated in [16].

The calculations are based on the assumptions specified in the EN 1992-1-1
standard. They are listed in the introduction. While processing the experimental
data the values of random eccentricity are taken three times less than the values
recommended by standards for design purposes. Thus, the centering of the samples
along the physical axis is taken into account.

The calculation is based on the relationships between stresses and strains for the
concrete core σсz � εсz, steel tube σpz � εpz and reinforcement (if any) σs � εs. The
concrete core and steel tube operate under conditions of volumetric stress state, which
can change quantitatively and qualitatively with increasing load (Figure 3). The
accuracy of calculations largely depends on the reliability of the adopted diagrams. At
that, the diagrams contained in the regulatory documents are not suitable to evaluate
the strength resistance of a concrete core and a steel shell. Therefore, reliable diagrams
σсz � εсz and σpz � εpz need to be constructed initially. The form of a diagram set is
recommended to be multipoint one. It is shown in [17] that such a method is the most
universal one. At the second stage the strength of the compressed CFST is calculated.

3.2 The first stage of calculation

At the first stage, the deformation diagrams of the concrete core and the steel
tube are constructed for the axial direction of the element. For this purpose, the load
resistance of a short centrally compressed CFST element is considered. Load is
imposed quickly. The concrete core is considered as a transversely isotropic body.
The steel tube is considered to be an isotropic body. In the tube the stresses arise in
the axial, circumferential and radial directions – σpz, σpτ, σpr. The stress signs of
the concrete core and steel shell depend on the load level. At low load levels, the
value of the coefficient of transverse strains of steel exceeds the value of the
coefficient of transverse strains of concrete. For these levels, there is no triaxial
compression of concrete (Figure 3b). When the value of the coefficient of trans-
verse strains of concrete exceeds the value of the coefficient of transverse strains of
steel, the volumetric compression of concrete takes place (Figure 3c).
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Curvilinear deformation diagrams are accepted for the concrete core. The coor-
dinates of vertex of each diagram depend on the lateral pressure on the concrete
from the steel tube. It is assumed that with an increase of the compressive force N,
the lateral pressure on the concrete σcr goes up from zero to a certain limiting value.
Therefore, the calculation requires the use of many such diagrams (Figure 4).

The coordinates of vertex of each diagram determine the strength of the con-
crete core (uniaxially compressed f c or volumetrically compressed f cc) and its
strain (εс1 or εcc1 respectively).

There are many proposals for determining the strain εcc1 in the literature. The
main disadvantage of the above formulas is that they are all obtained from the results
of the corresponding experiments. It greatly limits the scope of their application.

Let’s show how one can get the corresponding formula based on the phenome-
nological approach.

Figure 5 shows the stress–strain diagram of compressed concrete, corresponding
to the maximum reached stress and compare it with the uniaxial compressed con-
crete diagram. It follows from the above that the initial modulus of elasticity Eс for
both diagrams is the same.

The strain εcc1 at the vertex of the diagram σсz � εсz is made up of elastic εel and
plastic εpl components

εcc1 ¼ εel þ εpl: (31)

Elastic strain εel is associated with the elastic part of the strain of uniaxially
compressed concrete ε0el by the following relationship:

Figure 3.
Tension of steel tube and concrete core of the central compressed CFST column: a – scheme of loading; b – at low
loading levels; c – at high loading levels.

Figure 4.
Branch of concrete deformation charts at step-by-step strengthening of axial deformations: 1 - uniaxial
compression, 2,3 - volume compression at the intermediate stages of deformation; 4 - volume compression in a
limit state.
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εel ¼ ε0el
f cc
γc f c

: (32)

Plastic strain εpl is associated with the plastic part of the strain of uniaxially
compressed concrete ε0pl by a similar relationship:

εpl ¼ ε0pl
f cc

γc f c

� �m

, (33)

where m is the exponent, m > 1.
The parameter m takes into account the fact that the increase in strains of

volumetrically compressed concrete is more intense than the increase in its
strength.

Thus, the total deformation of the volume-compressed concrete at the maxi-
mum stress is determined by the formula

εcc1 ¼ εc1α
m
c 1� γc f c

εc1Ec
1� α 1�mð Þ

с

� �� �
: (34)

The performed statistical analysis showed that the best match with the results of
the experiments corresponds to a value of m, calculated by the formula

m ¼ 1:7 þ 3:5ffiffiffiffiffiffiffiffiffi
γc f c

p , (35)

where fc is in MPa.
According to the recommendations of [21] the ultimate strain of a volume-

compressed concrete is determined by the formula

εcc2 ¼ εc2
εcc1
εc1

, (36)

where εc2 is the ultimate strain for uniaxial compressed concrete.

Figure 5.
The graphs of deformation for uniaxial compressed (1) and volume-compressed (2,3) concrete.
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When coordinates of parametric points of the deformation charts of volumetri-
cally compressed concrete are known, it is possible to calculate the bearing capacity
of CFST columns based on the deformation model analysis.

To construct the diagrams σсz � εсz and σpz � εpz, a step-by-step increase in the
strains of the concrete core and steel tube is carried out while ensuring the condition
εсz ¼ εpz. All components of the stress–strain state of concrete and steel are
calculated at each j-th step.

The analytical relationship between strains and stresses for any point of the
concrete core is written in the form of a system of equations:

εcz

εcr

� �
¼ 1

Ec
� ν�1

cz �2υzrν�1
ci

�υzrν�1
ci ν�1

cr � υrrν�1
ci

� �
" #

� σcz

σcr

� �
: (37)

The elastic–plastic properties of concrete are taken into account by the coeffi-
cients of elasticity νck (k = z, r, i) and variable coefficients of transverse strains
υzr, υrr. The subscripts z and r are used for axial and transverse directions, and the
subscript i is used for the coefficient of elasticity depending on the intensity of
stress and intensity of strain.

The values of the intensity of stresses and strains are calculated using the well-
known formulas of solid mechanics. Using the coefficients of elasticity νсi and
transverse strains υzr, υrr, the strains along one direction (axial or transverse)
depending on the stresses of the other direction are calculated in a matrix of system
pliability (37).

The stress state of a steel tube obeys the hypothesis of a uniform curve [22]. In
accordance with this hypothesis, the dependence σpi-εpi, obtained under uniaxial
tension, is accepted for complex stress states. Here σpi is the intensity of stresses,
and εpi is the intensity of strains.

The initial diagram “σp � εp” is recommended to be tri-linear (rules of Russia -
CR 266.1325800.2016). However, when modelling steel sections under a complex
stress state, it is advisable to use a deformation diagram calculated using the gener-
alized parameters σpi ¼ σpi= f y and εpi ¼ εpiEp= f y (Figure 6). The coordinate values
of the characteristic points of the generalized diagram can be taken from Table 1.

Communication between strains and stresses for any point of an external steel
shell in elastic and elasto-plastic stages can be presented the following equations
system:

εpz

εpτ

εpr

8><
>:

9>=
>;

¼ 1
νpEp

�
1 �υp �υp

�υp 1 �υp

�υp �υp 1

2
64

3
75�

σpz

σpτ

σpr

8><
>:

9>=
>;
: (38)

Here σpz, σpτ, σpr are normal (main) stresses in a tube in the axial, circumferen-
tial and radial directions; εpz, εpτ, εpr are strains of a steel tube in the corresponding
directions; Ep is the initial module of tubes elasticity; νp is coefficient of steel
elasticity; υp is coefficient of tubes cross strain.

The stresses and strains acting on the principal planes are used in Eqs. (37) and
(38). Experiments show [16] that in the stage of yield Chernov-Luders lines appear
on the surface of the steel tube. These lines are angled 45° to the longitudinal axis of
the CFST. Therefore, shear stresses and shear strains are equal to zero here.

The stress–strain states of the concrete core and steel tube largely depend on the
values of the coefficients of transverse strain and the coefficients of elasticity of the
materials. Therefore, their reliable determination is very important when
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calculating the strength of CFST columns. Formulas for calculating these
coefficients are given in work [16].

The solution of the Eqs. (37) and (38), taking into account the joint deformation
of concrete and steel tube, allows obtaining the formula for calculating the lateral
pressure

σcr ¼
υp � υzr

dc
dcþδ

νcz
νci

� �
εcz

Kp þ Kc
, (39)

in which Kp and Kc are the parameters defining condition of steel shell and
concrete core.

Kp ¼
0, 5υp
νpEp

υp
d
δ
� 1

� �
� d

δ
þ 1

� �� �
; (40)

Kc ¼ βr
νciEc

2υ2zrνcz
νci

þ υrr � νci
νcr

� �
: (41)

When the strain εсz and lateral pressure σcr are known, all other components of
the stress–strain state of CFST column can be calculated. The strains are incremen-
tally increased until the stress σсz reaches the strength of volumetrically compressed

Figure 6.
Generalized calculation diagram of steel, operating under conditions of complex stress state.

Parameter of diagram Steel classes according to the set of rules Russia - SP 16.13330.2018

S245, S255 S285 S345, S345К, S375 S390 S440 S590, S590К

εel 0,80 0,80 0,80 0,90 0,90 0,90

σelp 0,92 0,92 0,92 1,00 1,00 1,00

εop 1,70 1,70 1,70 1,70 1,70 1,70

σyp 1,00 1,00 1,00 1,00 1,00 1,00

ε2p 14,0 15,0 16,0 17,0 17,0 18,0

Table 1.
Coordinates of characteristic points of the generalized steel deformation diagram, constructed in the axes
σpi � εpi.
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concrete f nð Þ
cc (Figure 4), previously calculated using formulas (15) and (16). The

calculation is performed on a computer.
After that we compare the last value of strain εсz with the strain calculated on a

formula (34) ε nð Þ
cc1 in top of the deformation chart of concrete. In the existing

incoherence εcz � ε nð Þ
cc1

���
���>Δε (Δε� the accuracy of calculations set by the estimator)

we specify value of an exponent m in a Eq. (34) and repeat all calculations.
Upon termination of calculations we receive arrays of numerical data for defor-

mation charting of concrete core εczf g � σczf g and steel shell εpz
� �� σpz

� �
.

3.3 The second stage of calculation

At the second stage, the bearing capacity of the eccentrically loaded CFST
element is calculated. The design scheme of the normal section of element is shown
in Figure 7.

In the calculation process, the deformation of the most compressed fiber of the
concrete core εcmax is increased step-by-step. At each step, using the Bernoulli
hypothesis, the diagram of strain fiber of the steel tube εpmin . The search for this
value is carried out with a gradual shortening strain decrease (starting from εcmax )
or the build-up of the elongation strain εpmin (starting from zero).

The normal section of the calculated element is conditionally divided into small
sections with areas of concrete Aсi and steel shell Apk. In the presence of longitudi-
nal reinforcement, the cross-sectional area of each bar is designated as Asj.

The origin of coordinates is aligned with the geometric center of the element’s
cross section. If the Bernoulli hypothesis is observed, there is a strain in the center of
each section of concrete and steel tube. With known strains, the corresponding
stresses are determined according to the results of the first stage of the calculation.
The stresses are assumed to be evenly distributed within each section of concrete

Figure 7.
Design model of the normal section of the CFST element deformations of the normal cross section is designed,
corresponding to the equilibrium condition of the calculated element. In order to develop such a diagram it is
required to find the corresponding value of the strain of the least compressed (stretched).

93

Bearing Capacity of Concrete Filled Steel Tube Columns
DOI: http://dx.doi.org/10.5772/intechopen.99650



and steel tube. After each step of strain εcmax increasing, it is necessary to ensure
that the equilibrium conditions are met:

Nz ¼
X
i

σcziAci þ
X
k

σpzkApk þ
X
j

σsjAsj; (42)

Nze0 ¼
X
i

σcziAciZcni þ
X
k

σpzkApkZpnk þ
X

σsjAsjZsnj, (43)

in which Zcni, σczi � the coordinate of the gravity center of the i-th section of
concrete and the stress of the axial direction at the level of its gravity center; Zpnk,
σpzk � the coordinate of the gravity center of the steel shell k-th section and the
stress of the axial direction at the level of its gravity center; Zsnj, σsj � the coordinate
of the gravity center of the of the longitudinal reinforcement j-th bar and the stress
in it.

When both equilibrium conditions are met, the value of the compressive force
Nz corresponding to the given strain εcmax is fixed. Next, the strain of the most
compressed fiber of the concrete core increases and all calculations are repeated.
The limiting values of this strain εccu can be accepted according to the recommen-
dations [21].

The problem of determining the strength reduces to finding the value of the
strain of the most compressed fiber εcmax ≤ εcc1, corresponding to the maximum
value of the compressive longitudinal force Nu. The calculation results show that
under certain design parameters of CFST columns, the strain εcmax does not reach
εcc1. Then the stress in the concrete σсz cannot achieve its strength at triaxial com-
pression. This design situation occurs when using low strength concrete and a
strong steel shell with a small ratio d /δ. Therefore, the criterion for the loss of the
strength of the column is the achievement of the maximum value of compressive
force in the process of increasing the strain of the most compressed fiber.

The proposed method makes it possible to limit the axial strains of the columns.
It is known from experiments that the strain of compressed CFST elements can
reach 5 ÷ 10% [16]. With such strains, the operation of the columns of the buildings
becomes impossible. Thus, excessive strain can determine the ultimate limit state of
the CFST column. The maximum permissible values of these strains can be set by a
structural engineer, depending on a specific design situation for a designed building
or a structure.

3.4 Calculation of flexible elements

Due to the complex nature of load resistance of CFST columns, in design prac-
tice, as a rule, the simplified methods of calculation of their bearing capacity are
used. At that, flexibility is usually taken into account by the coefficient of longitu-
dinal bending, determined according to empirical relationships. In the monograph
we consider the deformation calculation of CFST column bearing capacity.

A rod of a circular cross-section with a constant length, loaded by a compressive
force N applied to the ends with the same initial eccentricity e0 (no less accidental
than ea) and hinged at its ends is regarded as a basic case. The deformation scheme
of such a rod is shown on Figure 8.

According to the known positions of structural mechanics, if we apply force N
along the axis that coincides with the physical gravity center of an elastic rod cross-
section, the rod will remain a rectilinear one until the force reaches the value of the
critical load Nu corresponding to the moment of stability loss. Only after that the
middle part of the rod will receive the corresponding deflection f cr.
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A bending momentMwill appear in any section along the length of the bar from
the compressive force N. The moment M is calculated by the formula

M ¼ N e0 þ yð Þ, (44)

where y is the horizontal displacement value of the cross-section in question.
With the increase of the bending moment, the strength of a compressed rod

normal section decreases, which must be taken into account during the calculation.
On the other hand, the axial load increase to a critical value in the columns of great
flexibility can lead to a very significant increase of transverse deformations - the
loss of stability of the second kind. With a certain transverse deflection, the com-
pressive load reaches a maximum value, after which its decrease is observed with a
further deflection increase (Figure 9). At the same time, the strength properties of
materials from which the column is made will not be implemented fully.

Figure 8.
The scheme of a compressed rod deformation.
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The main assumptions that are directly relevant to this study are the following
ones:

• the calculation is based on the theory of small displacements;

• the shear deformations are neglected in comparison with the bending
deformations of the rod axis;

• the distribution of deformations along a cross section corresponds to the
hypothesis of plane cross sections.

The flexibility of the column is determined for the reduced cross-section. For the
base case under consideration, this flexibility can be approximated by the following
formula:in which l is the estimated length of the rod; (EI)eff, (EA)eff are effective
stiffness of the most loaded reduced section for bending and compression.

λeff ¼ l �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EAð Þeff
EIð Þeff

s
: (45)

It is recommended to calculate the stiffness EIð Þeff and EAð Þeff in the first
approximation by the following formula:

EIð Þeff ¼ 0, 5EсIс þ 0, 5EpIp þ EsIs; (46)

EAð Þeff ¼ 0, 5EсAс þ 0, 5EpAp þ EsAs, (47)

where Iс, Ip, Is are the moments of inertia of a concrete core, a steel tube and a
longitudinal reinforcement; Eс,Ep,Es are the moduli of elasticity of concrete, steel
case and longitudinal reinforcement.

Figure 9.
The dependence of compressive force on deflection
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Flexibility can have a significant effect on the load capacity of compressed
elements when the condition λeff > λ0 is performed, in which the threshold value of
flexibility is calculated by the following formula

λ0 ¼ π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0, 01 EAð Þeff=Nu0

q
, (48)

where Nu0 is the strength of a short, centrally compressed CFST element.
The compressive stress in the longitudinal reinforcement σs is determined from

the condition of its joint deformation with the concrete core. This takes into account
the limitation σs ≤ fy,s.

The calculation is based on the step-iteration method. During the second stage,
an eccentrically loaded compressed element is divided along its length into n equal
segments, at that n ≥6 (Figure 10). Normal sections at the end of each segment are
divided into small sections conventionally with the areas of concrete Aci and steel
Apk tube.

The area of one rod of longitudinal reinforcement is Asj. Then the calculation
process is performed in the following sequence. First, only one normal cross-section
of a rod is considered, in which the maximum bending moment arises. This cross
section is located in the middle of the column height for the articulated column
loaded by a compressive force N with the initial eccentricity e0. The strain of the
most compressed fiber of the concrete core εczmax is increased stepwise in this
section.

At each step, the relative deformation of the least compressed (stretched) fiber
εczmin is determined, corresponding to the conditions of equilibrium cross section.
The equilibrium conditions are written in the form of the following equation
system:

N ¼ EAð Þeff ε0; (49)

N e0 þ fð Þ ¼ EIð Þeff
1
r
, (50)

where N is the longitudinal compressive force corresponding to the accepted
deformation diagram; ε0 is a fiber relative deformation located at the gravity center

Figure 10.
The design scheme of a flexible pipe-concrete column: a - the decomposition of the compressed rod along the
length; b - distribution diagrams of concrete relative deformations in Section 2 and 3.
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of calculated section; f is the deflection at the point of maximum bending moment;
1
r is the curvature of the longitudinal axis in the considered cross-section, deter-
mined by the following formula

1
r
¼ εczmax � εczmin

d� 2δ
: (51)

Cross-section stiffnesses EAð Þeff and EIð Þeff are found taking into account the
corresponding elastic coefficients of concrete and steel [7].

The effect of longitudinal bending is taken into account via the eccentricity of
the longitudinal force increase by the amount of rod deflection f in the calculated
section. In the first approximation, the deflection value is determined depending on
the curvature of the calculated normal section. Taking into account the dependence
(51), we can write the following formula

f ¼ l2

π2
εczmax � εczmin

d� 2δ
, (52)

where l is the estimated length of the considered rod.
An improved deflection value f should be found at each calculation step for a

more reliable calculation of a compressed rod longitudinal bending. This can only be
done by adjusting the stiffness along a rod length.

The numerical solution of the problem of calculating the deflection [16] with the
number of partitions n = 6 allows us to obtain the following formula

f ¼ l20
266

1
r0

þ 6
1
r1
þ 12

1
r2

þ 8
1

rmax

� �
, (53)

where 1
r0

� �
is the curvature of the element on the upper (lower) supports; 1

ri

� �
is

the curvature of the element in the i-th section; 1
rmax

� �
is the curvature in the middle

of the height.
The problem under consideration is solved as follows. The deviations y of the

longitudinal axis of the compressed rod from the vertical are calculated in the
sections at the boundaries of each segment into which an element is divided with
the deflection found in the first approximation according to the formula

y ¼ f sin πz=lð Þ: (54)

Then the distribution of the relative deformations is established for these cross-
sections, using the Eqs. (49) and (50) and by the replacement of f into y. Moreover,
during the determination of εczmax and εczmin for each section, it is necessary to
satisfy two conditions:

• the equilibrium of the normal section, i.e. the observance of equalities by the
Eqs. (49) and (50);

• the constancy of the longitudinal force value, which is assumed to be the same
as for the mean most stressed section.

Let’s note that the stiffness characteristics EAð Þeff and EIð Þeff depend on the
parameters of the strain diagram. Therefore, they will be different for each section.
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After the determination of εczmax and εczmin according to the Eq. (51), the
curvatures in the support and intermediate sections of the rod are found, and by the
Eq. (53) the deflection f is specified. The process of deflection refinement can be
repeated until a predetermined calculation accuracy is achieved.

They record the value of the compressive longitudinal force N for the assumed
value of the relative strain of the most compressed fiber of the concrete core εczmax

of the average cross-sectional rod and the refined deflection f. Then the strain of the
most compressed fiber of the concrete core εczmax is increased and the whole
procedure of calculations is repeated. Thus, the dependence “N � f” is developed
(see Figure 9). The maximum value of the longitudinal force Nu, perceived by the
rod, is taken as the bearing capacity.

4. Comparison of calculated bearing capacity with experimental data

According to the proposed method, the algorithm for estimate the stress–strain
state and calculate the load-bearing capacity of compressed concrete filled steel tube
elements was developed and this algorithm was implemented in the computer
program. The results of the calculations are compared with the experiment data of
CFST samples made of normal concrete. These data were obtained by many
researchers for 569 experiments with short centrally compressed columns, 512
flexible centrally compressed columns and 292 eccentrically compressed elements.

Experimental data was taken from research works [16, 23, 24].
In order to obtain more objective information, the experimental data of

samples were analyzed with a large range of geometric and structural parameter
variation:

• an outer diameter of an outer steel shell � d = 89 ÷ 1020 mm;

• the thickness of an outer steel shell wall � δ = 0.8 ÷ 13.3 mm;

• the yield point of a shell steel � Rs = 165.8 ÷ 853 MPa;

• the prismatic strength of the initial concrete � Rb = 11.7 ÷ 127 MPa;

• various concretes (normal, ultrahigh-strength, pre-stressing);

• length to diameter ratio l/d =2÷49;

• the relative eccentricity of the longitudinal force e0/d =0÷0.94.

The results of the comparison show a completely satisfactory coincidence of
experimental destructive loads with theoretical values (Table 2).

The data in Table 2 show a good agreement between theory and practice.
According to the results of the data of work [23], the calculations according to

Eurocode 4 (EN 1994-1-1: 2004) have a slightly worse accuracy. However, the main
advantage of the proposed calculation method is its versatility. In particular, when
using this method, one can take into account the presence of a high-strength rod
and (or) spiral reinforcement, the effect of preliminary lateral compression of the
concrete core [16]. The research work [13] verified the acceptability of the EN
1994-1-1: 2004 method for calculating the strength of compressed CFST made of
various types of concrete: normal, ultrahigh-strength, self-compacting, light-weight
concretes and engineered cementitious composite. It is concluded that the
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calculation accuracy is satisfactory only for normal concrete. The proposed method
makes it possible, with an appropriate selection of the material coefficients a and b
in Eqs. (14), (16) and (20), to provide the required accuracy of calculations.

Based on the results of the carried out analysis, the following values of the
coefficients of materials for various types of concrete can be recommended:

• for fine grained and for ultrahigh-strength concrete – b=0.13 and а=0.5b;

• for self-compacting concrete – b = 0.098, a =0.5 b;

• for lightweight concrete and for engineered cementitious composite – b = 0.3,
a = 0.5 b.

Given recommendations are preliminary and need to be clarified, since they
have been obtained on the basis of processing a very limited amount of
experiments.

5. Discussion

The analysis of the results of the carried out researches shows that there are very
significant advantages of the nonlinear deformation model in comparison with the
currently used methods for calculating the bearing capacity of CFST columns. The
proposed calculation method takes into account the complex stress state of the
concrete core and steel tube, which is constantly changing with increasing load, and
the physical and geometric nonlinearity of the structure. In the course of the calcu-
lation, it is possible to obtain a clear picture of the stress–strain state of the structure
at various stages of loading.

The main dependences for finding the strength and strain characteristics of a
concrete core and a steel tube are obtained phenomenologically. They correspond to
the basic principles of solids mechanics. The resulting formulas are more universal
than empirical dependencies. For example, they are true for different types of
concrete. In principle, the developed method is applicable for calculating the bear-
ing capacity of composite columns with various cross-sectional shapes and various
variants of reinforcement of a concrete core. Differences in designs are easily taken
into account when developing calculation algorithms for specific tasks.

The use of a multi-point method for constructing the diagrams of concrete
deformation allows improving the accuracy of calculations. Previously, these dia-
grams were accepted either for uniaxially compressed concrete, or for volumetri-
cally compressed concrete at the stage of ultimate equilibrium of the structure. In

Type of tested elements No of tests Average Test/Calculate Stand. Deviation
Test/Calculate

Short No Moment 569 1.04 0.068

Long No Moment 512 1.08 0.077

Long and Short with Moment 292 1.06 0.072

The overall 1373 1.07 0.073

Table 2.
Summary of Comparison of Calculated Bearing Capacity with Experimental Data.
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the first case the value of the bearing capacity turned out to be underestimated, and
in the second case - overestimated.

The proposed criterion for achieving the bearing capacity of CFST columns is
important for practical calculations. The use of this criterion makes it possible to
identify the cases when the strength properties of a concrete core cannot be fully
used. Calculation by the method of limiting efforts does not always reflect the
physical essence of the process and can lead to significant errors.

From the point of view of modern concepts of solid mechanics, steel-reinforced
concrete structures refer to nonlinear and non-equilibrium deformable systems.
The feature of such system calculation is the need to refine the values of the existing
forces and displacements consistently, since the internal forces and the rigidity of
the structures are interdependent.

The proposed method of CFST load capacity calculation allows to take into
account these features. Considering flexibility the higher stiffness of the com-
pressed rod is taken into account at the sites located closer to its supports. In this
regard, it is obvious that the correct implementation of this method in practice will
allow to obtain more reliable calculation results in comparison with the currently
used semi-empirical approach.

Besides, this method makes it possible to perform the calculations of normal
cross section and stability strength from a unified point of view. During the calcu-
lation, it is possible to track (in terms of longitudinal deformation value) the
completeness of concrete and steel strength property use. If the material deforma-
tions reach the maximum permissible values, it can be concluded that the strength
of the structures is lost. If this is not observed in the loss of the load-bearing capacity
of the structure, a conclusion can be made about the loss of stability of the second
kind.

It is especially important, that the proposed method with an appropriate refine-
ment can be used for calculating the compressed structures made of various
constructional materials.

One more important circumstance should be noted. It is known that in CFST
columns, even before the onset of complete loss of bearing capacity, axial deforma-
tions can reach excessively large values at which the operation of real structures
becomes impossible. In these cases, the limiting deformation can become dominant,
determining ULS. In this regard, during the calculation of bearing capacity the axial
deformations of the compressed CFST elements should be limited. This approach
can be implemented only when calculating with the use of a nonlinear deformation
model of reinforced concrete.

The proposed method can be effectively used to calculate long-term load
columns [25].

6. Conclusions

A new technique to determine the strength of compressed CFST was proposed.
Based on the known principles of deformation calculation, it takes into account the
specific features of CFST adequately. The methodology uses new dependencies to
determine the strength and the ultimate deformation of a concrete core, as well as
the way of concrete deformation diagram development. It allows to perform the
combined calculation of CFST strength, taking into account their flexibility and the
calculation of possible stability loss. There is no need for an empirical formula to
determine the critical force proposed by modern design standards for composite
structural steel structures in the practical application of the method.
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The versatility of this method should be emphasized separately. The method is
acceptable for CFST columns made of various types of concrete using various
technologies.

The practical use of the proposed method gives a reliable estimate of the
stress–strain state and the strength of concrete filled steel tube columns.
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Chapter 6

Concrete Performance in Cold 
Regions: Understanding Concrete’s 
Resistance to Freezing/Thawing 
Cycles
Mohammed A. Abed and György L. Balázs

Abstract

This Chapter provides a detailed better understanding of the freeze/thaw effect 
on concrete, it is discussing the attack mechanism for both types of freeze/thaw 
deterioration: Internal frost damage and Surface scaling. Freeze/thaw attack is a 
serious problem for concrete but the most common physical deterioration type 
that shortening the life of concrete in cold environments. An Air-entraining agent 
is one of the solutions for reducing the effect of freeze/thaw cycles on concrete. 
Meanwhile Using supplementary cementitious materials in the production of 
concrete has different effects on the behavior of concrete exposed to freeze/thaw 
cycles. This chapter is discussing five of the common supplementary cementitious 
materials and their effect on concrete resistance to freeze/thaw cycles.

Keywords: freeze/thaw cycles, supplementary cementitious materials,  
internal frost damage, surface scaling

1. Introduction

The effect of freezing/thawing is one of the most common physical deteriorations 
of concrete in cold environments, which causes serious damages and induces cracks 
in concrete structures. This effect is clear in such European countries where the 
temperature drops below 0°C and ice start to form. The freezing of water inside the 
capillary pore structure causes an increase in the volume of approximately 9%, thus 
causing severe cracking and disruption of the concrete, especially if the pores in the 
concrete are close to saturation [1, 2]. Using high-quality and adequate amount of 
supplementary cementitious materials can enhance the concrete resistance to such 
issues. Thus, sustainable solutions can be useful not only for environmental aspects, 
but also for enhancing the concrete resistance to freeze/thaw cycles. Fly ash, silica 
fume, blast furnace slag, and Metakaolin are good examples for waste materials that 
enhance concrete’s resistance to freeze/thaw cycles if used in appropriate amount.

2. Theoretical explanations of freeze/thaw attack

It was originally thought that the small, entrained air voids (deliberately intro-
duced concrete to provide frost resistance) worked by providing sinks for the water 
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displaced by the volume change associated with the transformation of water into 
ice, but it was subsequently realized that the voids serve as nucleation sites where 
ice crystals can grow without constraint. During the freezing process ice crystals in 
the air voids suck liquid from the small pores of the paste, this suction creates nega-
tive pressure in the pore liquid which puts the entire solid matrix into compression; 
thereby inducing compressive stress into the concrete, Figure 1. The shown figures 
have been presented at the concrete & cast stone conference in Boston, USA (2008) 
as well fib bulletin 53 [3].

Pore system characteristics plays an essential role in the transport properties 
of concrete as well as the behavior of concrete when it exposes to frost action. 
Capillary forces determine the absorbed water in concrete and by ice expanding 
hydraulic pressure increases and damage occurs. The process is directly propor-
tional to the rate of temperature decrease, in addition, forming crystals of ice could 
interact with the walls of the capillary pores [4–6].

3. Types of freeze/thaw deteriorations

The cement paste combines several types of voids which directly affect its 
properties. The typical scales of both the voids and the solid phases in the hydrated 
cement paste are shown in Figure 2. While the hydration reaction progresses, the 
spaces that are initially filled with water, are replaced by the hydration product this 
residual space is called capillary pore [8]. According to Table 1, capillary pores are 
divided into three groups: small, medium, and large capillary pores.

Since the pores which are smaller than 10 μm in diameter have less influence 
on permeability, capillary pores are defined as medium and large capillaries, with 
diameters from 10 nm to 10 μm. The pores in this range would mostly affect the 
permeability and diffusivity of the cement paste. The hydrated product occupies 
more volume than the cement particles, and with the development of the hydra-
tion reaction, in the gel form continues to expand into the capillary system. 
Physical deterioration and damage-inducing processes causing cracking and other 
effects in concrete structures can arise from various causes including freeze/thaw 
effects. Concrete structures are periodically exposed to the deteriorating effect 
of freezing/thawing damage and that comes in two types [7, 11, 12]: internal frost 
damage and surface scaling. The former is caused by the freezing water inside the 

Figure 1. 
Left (original concept): Air voids prevent excessive pore pressure by providing sinks for displaced water. Right 
(revised concept): Air voids provide a site for nucleation and growth of ice crystals drawing in liquid from pores [3].
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concrete body, as a result of internal frost damage; weight change and compres-
sive strength loss can occur. When the concrete surface comes into contact with 
weak saline solutions, surface scaling occurs and causes small flakes or chips of 
concrete on the surface.

The two types of freezing/thawing damages are visualized in Figure 3. The adop-
tion of air-entraining admixtures is one of the best solutions for enhancing the freeze/
thaw resistance of concrete [11]; the addition of a specific amount of appropriately 
sized air voids allows for the accommodation of any increase in water volume in case 
of freezing. As shown in Figure 4, air-entraining agent enhances the concrete’s resis-
tance to freeze/thaw cycles, as sample A (with air-entraining) experience less deterio-
ration after 300 freeze/thaw cycles than sample B (without air-entraining) [14].

However, the result of such treatment is not always satisfactory, and the 
debate is ongoing. Thus, standards have recommended limitations regarding 
air void parameters, such as the spacing factor between voids and minimum air 
content of the fresh mixture [15, 16]. The recommended level of air-entraining is 
about 5%, which already causes a reduction in mechanical properties. It is neces-
sary to compensate for this loss by technological steps to retain the required class 
of concrete.

Figure 2. 
Typical dimensions of different phases in the hardened cement paste [7].

Name Type of pores Diameter Paste properties affected

Micro pores “inter layer”

Gel pores 

Up to 0.5 nm Shrinkage, creep at all RH

Micro pores “inter layer” 0.5 nm to 
2.5 nm

Shrinkage, creep at all RH

Small (gel) capillaries 2.5 nm to 
10 nm

Shrinkage between 50% 
and 80% RH

Medium capillaries

Capillary pores 

10 nm to 50 nm Strength, permeability, 
shrinkage at high RH, >80%

Large capillaries 50 nm to 10 μm Strength, permeability

Entrained air 0.01 mm to 
1 mm

Strength

Table 1. 
Classification of pores in hydrated cement paste [9, 10].



Sustainability of Concrete with Synthetic and Recycled Aggregates

108

4. Factors that affected the freeze/thaw resistance

Susceptibility to freeze/thaw damage is affected by the concrete’s composition, 
permeability, porosity, type, moisture content, age, air-entraining admixtures, 
workability, exposure environment, and aggregate type. Where it observed that 
the key factors relevant to freeze/thaw durability are the air void characteristics 
especially in the case of using admixtures, they should compatible, in concrete and 
high quality of aggregate. As well as mix design limitations according to BS EN 
206:2013 + A1:2016 [17] are to be considered necessary [18].

Yet not sufficient conditions for achieving high frost resistance of concrete, 
especially when exposed to severe frost, wet conditions, and high levels of de-icing 
agents. Thus, following the principles transpiring from the literature’s observations 
during the design of freeze/thaw resistance concrete can be highly beneficial. Some 
of these observations have been concluded as [11]:

• High-quality aggregate should be used featuring appropriate frost resistance 
tested in NaCl solution and water, high resistance to fragmentation, continuous 
grading, and minimal water requirement.

Figure 3. 
The two main types of internal frost damage [13].

Figure 4. 
Specimens A and B after 300 freeze/thaw cycles, where B without air-entraining agent but A with an 
appropriate air-entraining agent (0.2) [14].
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• When specifying admixtures like Supplementary cementing materials, to 
concrete it is necessary to check their compatibility by valuating the air void 
characteristics in hardened concrete, and this concerns in particular air-
entraining and water-reducing admixtures.

The severity of freezing (minimum temperature); rate of fall of air tempera-
ture (rate of freezing); change of air temperature during periods of freezing; 
the number of freeze/thaw cycles and the presence of de-icing salts is the major 
environmental aspects and critical factors that are participated in the developing of 
freeze/thaw damage.

5. Evaluation of the freeze/thaw deterioration

There are many test methods by which the internal damage and surface scaling of 
concrete can be evaluated. ASTM C 666 [19] and ASTM C 672 [20] are the typical tests 
by which the internal damage of the concrete specimen and the scaling of the speci-
men surface in the presence of de-icer salts can be assessed prospectively. However, 
numerous national freeze/thaw tests resemble the previous direct tests performed 
by using actual freezing and thawing loads. In the following two sections the used 
procedure for testing the internal frost damage and surface scaling test is explained.

5.1 Internal frost damage

The following procedure is usually used to apply the internal frost damage test:

• Submerging concrete cubes in water until full saturation.

• Lifting reference concrete cubes in water and placing the rest in a laboratory 
freezer until a specific number of freeze/thaw cycles.

According to CEN/TR 15177 [21] each freeze/thaw cycle includes (two hours 
of cooling, two hours of freezing at − 20°C, two hours of thawing, and 2 hours 
at + 20°C). Concrete cubes are surrounded by air in the freezing phase, while sur-
rounded by water in thawing phase.

• Lifting the concrete cubes in water for three days after specified number of 
freeze/thaw cycles, which are determined based on the purpose of the study. 
This is to prevent any residual freezing from occurring inside the concrete cubes.

• Finally, testing the residual compressive strength and/or determining the 
weight change.

Figure 5 shows the time–temperature curve in the centre of the concrete sample, 
where: 1 / freeze/thaw cycle; 2 / temperature range in the reference; Y / temperature 
in °C; and X / time in h.

5.2 Surface scaling

In accordance with CEN/TS 12390–9 [22] (slab test) surface scaling is evaluated. 
The main idea the test is to determine the scaled materials amount after exposing 
the concrete surface to 56 freeze/thaw cycles, where the tested concrete surface 
should be in contact with a 3% NaCl solution. The testing procedure begins by 
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cutting concrete cubes in half and using the sawn surface to come into contact 
with 3% NaCl solution, while the other surfaces must be isolated. For each speci-
men (half concrete cube), 5 mm thickness of 3% NaCl solution should be placed 
in contact with the sawn surface sand placed in freezer to start the freeze/thaw 
cycles. Each freeze/thaw cycle includes (six hours of cooling, six hours of freezing 
at −20°C, six hours of thawing, and six hours at +20°C). After a specified number of 
freeze/thaw cycles, up to 56 cycles, the scaled material is collected from the tested 
surface and weighed, the higher the weight, the higher the scaling.

Figure 6 shows the time–temperature curve in the freezing medium at the centre of 
the test surface, where: 1 / temperature range at the centre of the test surface, whereby 
the time of temperature > 0°C is 7 to 9 h; Y / temperature in °C; and X / time in h.

6. Internal frost damage mechanisms

The durability of concrete refers to its ability to withstand deterioration due to 
harsh environmental conditions. These conditions can act alone or together and 

Figure 5. 
The time–temperature curve in the Centre of the concrete sample [21].

Figure 6. 
Time–temperature curve in the freezing medium at the Centre of the test surface [22].
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include heating and cooling, freezing and thawing, wetting and drying, chemical 
attacks, and abrasion. Deterioration due to freezing/thawing causes D-cracking 
to occur [23]. Under harsh service conditions, the durability of reinforced con-
crete structures is related to concrete frost resistance. Frost resistance tests are 
accompanied by the accumulation of residual dilation deformations affected by 
temperature-humidity stresses, ice formation and other factors. It is affected 
directly by the porosity, which is an integral part of the concrete structure which is 
formed as a result of cement hydration [24]. If the porous material is so wet that the 
theory of hydraulic over-pressure governs the freezing phenomenon, pore water is 
squeezed into the larger air-filled pores and the external environment surrounding 
the sample and causes there an abrupt increase of relative humidity. However, if the 
pore system is not filled with pore water to the extent that hydraulic pressures are 
induced into the material then after the first freezing of the pore water an under-
pressure is formed in the pore system and the sample contracts [25], Figure 7.

D-cracking is a type of freeze/thaw damage in concrete pavements, it occurs due 
to the poor-quality coarse aggregates. By increasing the wet level of coarse aggre-
gate reaching saturation, it becomes more susceptible to damage during freezing/
thawing cycles. Pressure builds up inside of the coarse aggregate as a result of water 
freezing inside its pores. If the pressure due to the expansion of the water within 
the pores of the coarse aggregate is higher than its internal strength, the coarse 
aggregate will crack. Then the deterioration process accelerated due to the increased 
potential water availability, where the interfacial transition zone between the coarse 
aggregate and cement matrix is supposed to be slightly thicker. Its porosity can be 
100% and that increases and accelerates the freeze/thaw deterioration [23, 26, 27].

Sicat et al. [28], investigated experimentally the real-time deformational behav-
ior of the interfacial transition zone in concrete during freeze/thaw cycles. They 
observed that due to its high porosity and weak strength of the interfacial transi-
tion zone, its deformation is higher than that of cement matrix and aggregate. The 
deformation has been experimentally proven by taking a closer look at the unbroken 
sections of the interfacial transition zone of the specimens by electron microscope 
after the freeze/thaw cycles in Figure 8. This deformation is clearer in the case of 
wet specimens as well as much significant in higher water to cement ratios.

It is observed that the deterioration due to freeze/thaw cycles increases by 
increasing the number of cycles, and sometimes a certain number of freeze/thaw 
cycles is required before the deterioration occurs, and that could be the effect 

Figure 7. 
Water transfer mechanisms in the freezing theories of wet porous materials [25].
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of fatigue. As each freeze/thaw cycle is added to cumulative internal deteriora-
tion this is similar to the normal mechanical fatigue with constant load cycles. 
However, it considers as low-cycle fatigue, where normally the freeze/thaw cycles 
are less than 300.

The reason behind the fatigue hypothesis is that one often notices a development 
of damage of the type shown in Figure 9 when the material is tested in so-called 
“open” freeze/thaw, i.e. in a test where the specimen has access to water, during 
freezing and/or during thawing. In some cases -curves D, P, C in Figure 9 damage 
increases progressively with the number of freeze/thaw cycles already from the first 
cycle, in other cases, all other curves a certain number of freeze/thaw cycles are 
needed to initiate.

The residual compressive strength of concrete after the effect of the freeze/thaw 
cycle is tested by Lu et al. [30] as shown in Figure 10, Left. It shows the changing of 
compressive strength after 0, 25, 50, and 75, freeze/thaw cycles respectively when 
the strain rate remained constant. They observed that the compressive strength 
decreased linearly with an increasing number of freeze/thaw cycles, where after 

Figure 8. 
Interfacial transition zone after freeze/thaw cycles (from left to right 30%, 50%, and 70% w/c); (a) dry 
conditions, (b) saturated conditions [28].

Figure 9. 
Reduction in E-modulus of cement mortar specimens repeatedly frozen in the air to −15°C and thawed at water 
+5°C, 2 cycles per day [29].
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repeated freeze/thaw cycles, the cracks in the concrete will pass through each 
other, and their strength will gradually decrease, and finally even completely lost. 
However, the compressive strength increases with strain rate in a nearly linear 
progression as shown in Figure 10, Right. Under freeze/thaw cycles, crack propaga-
tion becomes faster with a higher stress rate, however, enhancement of concrete 
strength could happen due to the coarse aggregate that stops the crack extension.

They find a decrease in the residual compressive strength of concrete if the con-
crete was subjected to a fatigue compression loading prior to freeze/thaw cycling 
and this reduction was increased by increasing the fatigue cycles. Fatigue cycles 
cause microcracks and that increase in the irreversible tensile strain due to freeze/
thaw cycles afterwards. Han and Tian [31], presented the stress–strain relationships 
after different freeze/thaw cycles as plotted in Figure 11. They concluded that the 
concrete deformation experienced four deformation stages: compaction, elastic 
deformation, plastic deformation, and finally fracture. The peak load decreases 
as the freeze/thaw cycling increase where microcracks occurs as a result of freeze/
thaw cycling, its number affects the microcrack number and width.

7. Mechanism of action of the air-entraining admixtures

For adequate resistance of concrete to the freezing/thawing cycles; air voids 
should not have a spacing factor (the maximum distance between two air voids in 

Figure 10. 
Left: Compressive strength versus freeze/thaw cycles. Right: Compressive strength versus strain rates [30].

Figure 11. 
Typical stress–strain curves for concrete at strain rate 1.0 × 10–2/s under different freeze/ thaw cycles [31].
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concrete) larger than 0.2 mm or 0.008 in. For a given air content, the size of the air 
voids cannot be too large if the proper spacing factor is to be achieved. The specific 
surface should be greater than 24 mm2/mm3 [32], where the air void system con-
sists mainly of three parameters: the void’s size, the space factor, and the void size 
distribution [33, 34]. As previously mentioned, to produce freeze/thaw resistant 
concrete; a proper air-void system is required in the concrete to accommodate the 
volume extension of water when it freezes without causing damages.

Artificially, the use of effective air-entraining admixtures can ensure the stabi-
lization of the air-void system and produce air-entrained concrete which is one of 
the greatest advancements in concrete technology [35]. The term “air-entrainment” 
refers to the air deliberately introduced into concrete by adding air-entraining 
admixture. In the case of using air-entraining admixtures, the entrained air voids 
reduce the hydraulic pressure by behaving as expansion chambers despite the 
volume increment when water turns into ice [36, 37]. The schematic mechanism of 
the performance of concrete (with and without air-entraining admixture) exposed 
to freezing is shown in Figure 12. Šelih [39] and Wang et al. [40], investigated the 
freeze/thaw resistance of concrete with air-entraining admixture and low water 
content and they experienced a better performance of 10 times lower mass loss 
comparing to the normal one.

Air-entraining admixture is either surfactant that reduces the surface tension of 
water, or substances that produces a water-repellent precipitate which is required to 
produce the air voids dispersed throughout the concrete and that ultimately pro-
vides durability in freezing/thawing situations. Surfactant air-entraining admixture 
secured the best overall air void characteristics, followed by salt-type air-entraining 
admixture containing tall oil, and then, salt type air-entraining admixture contain-
ing Vinsol resin and wood rosin. However, some types of air-entraining admixtures, 
including vinsol resin, sodium adipate, sodium oleate, do not reduce the surface 
tension of water [16, 41]. The fresh state of concrete seriously affected its freeze/
thaw resistance like the flowability and setting time of concrete. Air voids have a 
lifetime and should not be unstable, where they could be collapsed due to different 
fundamental physical mechanisms. Such as the diffusion of air from a void to a 
larger one, the void coalescence due to capillary flow, or the rapid hydrodynamic 
drainage of liquid between voids [33].

Other types of chemical admixtures are usually used to control the flowability and 
viscosity of concrete such as superplasticizers and viscosity modifying admixtures, 
which also affect the hardened properties of concrete and generally they affected the 

Figure 12. 
Performance of normal and air-entrained concrete exposed to freezing a) cumulative hydraulic pressure over-
saturated voids b) mitigating hydraulic overpressure condition by the distribution of air bubbles [38].
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dosage rate of air-entraining admixtures. Viscosity modifying admixture increases 
the mix viscosity and its mode of action depends on the type and concentration of the 
polymer in use, while the superplasticizer causes a reduction in total air void surface 
areas and increases in air void spacing factors [31, 42]. Meanwhile, polycarboxylate 
superplasticizers usually have an air-entraining effect, wherewith the use of poly-
carboxylate superplasticizers; the air voids characterize with smaller diameters than 
voids formed as a result of lingosulphonicor naphthalene superplasticizers [41, 43].

The usage of admixtures such as viscosity modifying admixtures and superplas-
ticizers can reduce the ability of an air-entraining admixture to create a proper air 
void system. Where the air content seems to be decreased with the increase of vis-
cosity modifying admixture content and that will probably necessitate greater addi-
tions of air-entraining admixture to secure a given air volume [44, 45]. However, 
and generally; because of the complexity of modern air-entraining admixtures and 
other chemical admixtures, it is impossible to generalize the effects of their interac-
tions with surfactants on the air entrainment.

8.  Effect of supplementary cementitious materials on freeze/thaw 
resistance

Recently, the use of supplementary cementitious materials has dramatically 
increased due to an increase in environmental awareness. Incorporation of vari-
ous mineral admixtures, supplementary cementitious materials, into concrete 
as one of the cement-based composites is a generally well known and frequently 
used approach. Supplementary cementitious materials are usually employed for 
partial replacement of cement in the production of concrete, where their use brings 
significant ecological and economic benefits [12].

Fly Ash, blast furnace slag, silica fume and metakaolin are commonly used sup-
plementary cementitious materials for the purpose of enhancing the performance 
of concrete from a different point of view, such as enhancing the concrete’s proper-
ties, value, and cost. They have a clear effect on the fresh, mechanical and durability 
performance of concrete, and thus on its Freeze/thaw resistance. Several studies 
conducted on the effect of supplementary cementitious materials on concrete 
performance have been reviewed [46–48]. Most of these studies have indicated that 
adding supplementary cementitious materials helps in resisting deleterious effects, 
such as alkali-silica reactivity, freeze/thaw deterioration, random cracking, and 
permeability. Supplementary cementitious materials enhance the frost resistance 
through reducing the macro capillary porosity of cement matrix and form stable 
gel-like hydration products [24].

8.1 Cement type

Concrete is rich in alkali and therefore it reacts actively with acidic gasses and liq-
uids, freeze/thaw resistance of hardened cement paste plays an important role in the 
resistance of concrete to the freeze/thaw cycles. Especially in the case of using high-
quality coarse aggregate with low porosity. The freeze/thaw resistance of cement 
paste depends on its porosity, the size of pores, capillaries, and their distribution 
[49]. Skripkiūnas et al. [50], tested the freeze/thaw resistance of concrete made with 
different types of cement, the effect of four types of cement on the freeze/thaw 
resistance of concrete has been investigated by them: CEM I type Portland cement, 
CEM II/A-S 42.5 N and CEM II/A-LL 42.5 R contained 6–20% of blast furnace and 
limestone, and CEM III/B 32.5 N-LH contained 66–80% of slag. They concluded 
that concrete containing slag cement CEM III/B 32.5 N-LH has the highest freeze/
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thaw and de-icing salt scaling resistance. While concrete containing Portland cement 
CEM I 42.5 R has the lowest freeze/thaw and de-icing salt scaling resistance.

The ductility of concrete made of cementitious composites decreased remark-
ably and the cement containing slag is freeze/thaw resistant [51]. Deja [52] observed 
a high salt scaling resistance of concrete containing cement rich in granulated blast 
furnace slag and by using air-entraining admixture even at relatively high values 
of w/c ratio. Skripkiūnas et al. [53] investigated hardened cement paste made of 
CEM I 42.5 R cement modified with synthetic zeolite admixture, the mass loss 
and deformations freezing/thawing cycles were much lower in concrete modified 
with synthetic zeolite which modifies the morphology of hardened cement paste. 
However, in other research for Skripkiūnas et al. [54], they investigated the freeze/
thaw resistance of concrete made of CEM I 42.5 R cement modified with sodium 
silicate solution and found that the destruction after 56 freeze–thaw cycles and 
exposure do de-icing salt solutions is smaller in hardened cement paste modified 
with sodium silicate solution. It may be used to improve the durability of hardened 
cement paste and concrete used in road building.

8.2 Fly ash

Fly ash is one of the most popular mineral additives that used in the concrete 
industry, it helps in improving the consistency of fresh concrete and reducing the 
hydration heat. The use of fly ash has been investigated extensively in the literature 
and it is found that it is beneficial for the durability of concrete, and it enhances the 
permeability properties. Replacement cement by over 40% of fly ash causes a seri-
ous reduction in the service life. Fly ash has a low carbon content and very variable 
properties, thus its effect on freeze/thaw resistance is not clear. Despite of the com-
plexity of defining the influence of fly ash on freeze/thaw resistance, it is favorable 
due to its positive effect on the long-term durability of concrete [47, 48, 55].

8.3 Blast furnace slag

Blast furnace slag is a by-product formed during pig iron production. The incor-
poration of ground blast furnace slag into concrete is very beneficial because of its 
positive effect on the durability properties [56]. Blast furnace slag has a positive effect 
on many engineering properties, such as bleeding, consistency of the fresh mixture, 
the heat of hydration and permeability. The relatively high bulk density of a cement 
matrix modified by slag frequently leads to a decrease in the frost resistance, however, 
the results of experimental studies are inconsistent [57]. This could be partly a result of 
the different experimental procedures and also because of the use of modifying agents 
such as plasticizers, which significantly affect the character of the porous system.

8.4 Silica fume

Using silica fume as a substitution of cement usually does not exceed 5–10%. 
Therefore, its effect on the frost resistance seems to be marginal, provided the air 
content is maintained on a level, that is high enough. Besides, the long-term tests 
indicate, that a negative effect occurs only when the amount of silica fume exceeds 
10% [13], Figure 13.

8.5 Metakaolin

Metakaolin has been generally used as a filler or supplementary cementitious 
material in concrete, and it was proved to be able to enhance its performance. 
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The introduction of metakaolin into concrete as a supplementary cementitious 
material can improve its freeze/thaw resistance significantly. Where metakaolin 
decreases the total porosity and improves the pore structure of concrete which is 
directly related to the mechanical properties [58]. It was found that the freeze/thaw 
resistance corresponds to the content of insoluble hydrates in the cement paste. 
However, the used binder system also significantly affects the character of the con-
crete capillary system. In general, modern concrete mixtures with reduced water to 
cement ratio exhibit increased frost resistance; nevertheless, this approach tends to 
increase the autogenous shrinkage, which could cause propagation of surface cracks 
during hardening in the case of a poor curing regime, resulting in the reduction of 
the durability and especially the frost resistance [51, 55].

9. Conclusions

This chapter discusses theoretically the freeze/thaw attack of concrete in terms 
of its mechanism affected factors. Two types of freeze/thaw attack were discussed, 
Internal frost damage and Surface scaling. Either type of freeze/thaw attack, 
increasing the number of freeze/thaw cycles leads to deteriorating the properties of 
concrete, owning that to the weakened bond between aggregates and paste caused 
by the development of internal cracks in the cement paste with repeated cycles. 
Using high-quality aggregate and/or supplementary cementitious materials can 
enhance the concrete resistance to such issues. However, checking the compatibility 
of the used materials in terms of evaluating the air void characteristics is mandatory 
in particularly when the air-entraining agent is used. Fly Ash, blast furnace slag, 

Figure 13. 
Result of exposure tests on the long-term behavior of air-entrained concrete containing fly ash, blast furnace 
slag and silica fume [13].
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Chapter 7

Production of Sustainable 
Concrete by Using Challenging 
Environmentally Friendly 
Materials Instead of Cement
Abebe Demissew Gashahun

Abstract

The environmental problems accompanying concrete come from cement. This 
means that the final product i.e., concrete is an environmentally sociable material 
by itself. This guides us to play on the concrete constituents which cause the largest 
environmental impact, which is cement. Therefore, if we can abate cement amount 
and increase cementing materials which can substitute cement for concrete, we will 
be able to minimize the concrete impact on the environment. The saving of cement 
quantity in concrete can be realized by substituting it with diverse extra cementi-
tious materials which are a by-product of another industry and waste of agriculture.

Keywords: Cement, Concrete, Cementous Materials, Sustainable

1. Introduction

The industry of construction is one of the booming economic sectors on the 
planet now a day. The sector comprehends constructions of horizontal and vertical 
structural elements. In Ethiopia, it was happened the same, since the governmental 
policy support infrastructure development projects to realize the transformation 
to the industry from agricultures. Due to this an exploitation of naturally depos-
ited resources for concrete imputes becomes the main agenda for the government 
advanced than the other. Beyond this, concrete is concrete a blend of aggregates 
that id either crushed stone or gravel or sand or blending of them and cement past 
which mixture of cement, water, chemical admixture, and cementitious materials. 
The paste contains cement and water and sometimes other cementitious and chemi-
cal admixtures, whereas the aggregates contain sand and gravel or crushed stone. 
The cement paste in the concrete helps to make strong bonds between aggregate 
particles. Aggregates, major ingredients of concrete by volume, are comparatively 
inactive fillers material that has a share of about 68–85% of concrete and can 
therefore be expected to influence its properties. The cement which is among the 
main concrete ingredient plays an excellent role but is that the costliest and environ-
mentally inimical material.

Since that cement production requires high consumption energy and leads to 
discharges of greenhouse gas, there continues to be a global search for new binders 
and admixtures that could partially replace traditional ordinary hydraulic cement 
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and improve the environmental sustainability and sturdiness of concrete structures. 
The application of left-over by-products in construction materials as replacement of 
concrete constitutes become an attractive alternative to disposal and an eco-friendly 
solution to the challenges concerning the exploitation and shortage of non-renew-
able natural resources in the globe.

Sustainability is demarcated as a combination of environment, economy, and 
society, and among this parameter for development with sustainability, the envi-
ronment is the dominant one due to deterioration of our environment is driving the 
current worldwide focus on sustainable development. Generally, almost all scholars 
agreed definitions of sustainability are “Meeting the desires of the present genera-
tion without compromising the ability of future generations to meet their needs.” 
As shown in Figure 1, to have sustainable construction outputs, there should be a 
balance among environmental (ecological), social and economic aspects of building 
(construction) activities.

2. Construction industry

The term construction is mostly accustomed designate the physical (tangible) 
infrastructure and related facilities, every type of activity associated with the 
erection and repair of immobile structures & facilities. Construction is creating or 
assembling of something from something and it produces a one-of-a-kind product, 
it’s complex and undertaken through cooperation by a short-lived organization, 
and it’s essential to the growth of a given country and a crucial sector within the 
nation’s economy (in Ethiopia, about 60% of the federal capital budget is channeled 
to this sector for Physical infrastructures, 70% of the capital budget is allotted for 
Transport & Communication and Buildings cover only 13% of the capital budget). 
The sector has a significant and dynamic part in transforming the aspirations and 
desires of individuals into reality by physically implementing various construction 
development projects. The products of construction contribute extensively towards 
the creation of wealth and consequently the quality of the lifetime of the population.

The construction business furnishes capital improvements to countries, which 
is incredibly much allied with the event of investments to supply future benefits 
to nations. Since the industry primarily represents an investment, construction 
activities drop quite other industries during recessions. The construction industry 
often makes skills more immediately rewarding which is why most workers during 

Figure 1. 
Inter-relations among the ecological, economic, and social impact of construction.
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this industry became more prosperous professionals than in other industries. The 
industry is pigeonholed by converging (many components and lots of flows going 
together into one object), temporary (project being funded only for one object), 
highly fragmented with significant negative impacts, more complex & often 
associated with changes & uncertainties, amplified reaction in financial conditions, 
labor-intensive and land dependence. Outside this, it’s challenged by low produc-
tivity, cost and time target failure, quality failures (increase construction costs 
in rework alone), conflicts and disputes, leading to claims and time-consuming 
litigation, waste during construction (Unnecessary material handling & material 
waste, rework, poor material allocation, lack of constructability, etc.), image (it 
is a sector having the worst public image among industrial sectors, Dirty, dull, & 
environmentally insensitive), have the very best incident rate of fatal accidents 
and somber injuries of all industries and also the furthermost environmentally 
unfriendly industries.

Beyond its role in the nation’s development, the sector incorporates a negative 
bearing on the built-up and its surrounding milieu or sustainable development. The 
industry affects sustainability in its major five phases: (1) pre-design phase (mate-
rial selection, building program, project budget, team selection, partnering, project 
schedule, codes, standards, laws, research, and site selection); (2) on-site phase 
(site analysis & assessment, site layout and development, watershed conservation 
and management, equipment and materials on-site); (3) design phase (passive 
solar design, materials & specification, indoor air quality): (4) construction phase 
(environmentally conscious construction, preservation of features & vegetation 
waste management and source control practices): (5) operation and maintenances 
phase (maintenance plans, indoor quality, energy efficiency, resource efficiency, 
renovation, housekeeping & custodial practices).

3. Concrete productions

Concrete construction demands land and hence the sourcing of materials for 
construction activities (aggregates, cement, waters, admixtures, etc.) from quarry 
sites and borrows pits can potentially end in the whole removal of vegetation and 
virgin materials. Additionally, the displacement of individual, concrete ingredients 
production resalted for losing of important ecological resources for local people, 
vegetation that gives watershed protection, and as a result the diminution of biodi-
versity of national or regional or global importance.

The aggregate manufacturing steps have many considerable environmental 
impacts. The foremost obvious environmental effect resulted from stone, aggre-
gates, and mineral mines for industries is the degraded quality of air, and related 
health effects, sourcing from airborne emission from both stack and also disturbed 
areas at these mines. Natural deposits sources of aggregates are being depleted and 
causing a heavy threat to the environment and likewise to society. Because of a high 
rate of natural aggregates depletion from its source beds causing lots of problems 
such as loss of strata of water-retaining, bank slides, exposing water supply scheme 
intake wells, dropping underground water table levels which become a cause for 
agricultural effect and aquatic life disturbances.

In emerging nations like Ethiopia, due to rapid urbanization and infrastructure 
projects, there is a wide expansion of cement industries that releasing this pol-
lutant to the surrounding. Apart from these environmental concerns regarding 
CO2 emission during cement manufacturing, natural resource-demanding also 
makes cement expensive when compared with aggregates and water for concrete 
productions. Consequently, to overcome these problems, searching for more 
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environmentally friendly and economical materials that have cement properties 
has prolonged attention in other such types of materials that can be used fully or 
partially substitute normal Portland cement.

4. Cementiouse materials

Cement is a material with cohesive and adhesive characteristics that make it 
capable of bonding mineral fragments into a compact whole and having major roles 
in concrete for the construction industry. But in the reveres, it is not environmental-
friendly and the most expensive concreting materials.

Usage of concrete mix design with optimum cement content, enhancement of 
concrete durability, and use of supplementary cementing materials are the focus 
areas for sustainability in concrete industries.

Therefore, requirements for durable, economical, and more environmental-
friendly ingredients for concrete, particularly for cement, have stretched curiosity 
to other cementing construction materials which can be used as partially or fully 
replaced the normal Portland cement for the sustainable construction industry.

The cement which is one of the basic ingredients of concrete is the fine gray 
powder and when it reacted with water it forms to harden, rigid and stable struc-
tures which bonded aggregates together acting like glue and gives the desired 
strength of concrete. The first invention of cement started when Romans, mixed 
lime (CaCO3) with volcanic ash, producing cement mortar which was used during 
the construction of monumental structures as coliseum [1]. In accumulation to this, 
cement is defined as a mineral chemical produced by mixing a well-defined ratio 
of raw materials at highly elevated temperatures. Cement is a universally known 
and applicable construction material throughout the world. Besides, the depletion 
of inputs raw material for manufacturing of cement is one of the environmental 
effects, there is plenty of emissions of CO2 to the atmosphere. It is believed that 
one tone of cement clinker production creates almost an equivalent ton of CO2 and 
other greenhouse gases [2]. This implies that the quantity of cement produced is 
directly proportional to gas emission to the environment. And also, it shows that 
the cement factories tremendously contribute to today’s worldwide apprehension, 
which is global warming. Furthermore, to its releases of different gases, extraction 
of raw materials is environmentally unfriendly due to degradation and disturbance 
of the existing natural environment. This shows that the cement industry con-
tributes to today’s worldwide concern, which is global warming. This endangers 
the sustainability of the cement factory and that of concrete. Beyond this cement 
industry needs high capital investment, energy-intensive, and highly dependent on 
power and transport and it leads cement as the greatest environmentally unfriendly 
and costliest imputes of concrete for the following three reasons.

a. Cost of production

The cement factory is one of the most energy-consuming/intensive industry 
in the globe and consequently, 30–40% of the total production cost it goes 
to fuel and energy cost for production. The cost of raw materials represents 
the second-largest percentage of cement manufacturers’ cost structures. The 
abundance of this ingredient for cement production is reliable in most parts 
of the country and the availability of these raw materials is justified by the 
distribution of cement factories throughout the country with its raw materials 
for cement factories. However, variances across regions and companies depend 
on the operating efficiency of each producer comparative to others.
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b. Ingredients for cement production

The major ingredients for the production of cement include clay, limestone, 
marl, chalk, and others, noteworthy quantities of which are endlessly quarried 
to service the demand for cement. Substitute materials have been sourced to 
substitute for traditional natural ingredients. The cement sector at present uses 
huge quantities of power station fly ash, blast furnace slag, natural pozzolana, 
limestone, and silica fume, mainly to substitute for natural raw materials in the 
production process of blended cement such as pozzolana fly ash and granular 
ground bluest farness. The use of these alternative materials has significant 
economic benefits and positive environmental advantages. The needs to quarry 
primary raw materials are reduced, energy consumption in cement produc-
tion is cut, and overall reductions in emission of dust, CO2 and acid gases are 
attained. In some applications, the performance of concrete can be enhanced 
when these alternative materials complement Portland cement clinker.

c. Energy/power

Cement production is one of the energy-intensive processes. The specific 
thermal energy-demanding of a cement kiln varies between 3,000 and 7,500 
million joules for a ton of clinker, depending on the basic process design of the 
plant. The explicit electrical energy-demanding typically ranges between 90 
and 130 kWh and 60–130 Kg of fuel oil per ton of cement.” The industry of 
cement was expected to produce 4.7 million tons per year to meet the demand 
in 2015, 27 million tons per year. However, the industry achieved an output 
of only 11.17 million tons of it in the year 2009/2010″. This result suggests the 
need to increase the production and supply capacity of cement to meet the 
need of the fast-growing construction industry.

4.1 Pozzolanic materials

The material of pozzolan is stated as an aluminosilicate/siliceous materials which 
are finely ground style and chemically react with calcium hydroxide within the 
presence of moisture it creates calcium silicate hydrate (CSH) and other cementi-
tious materials. Clay and shale, opalinc chert, volcanic ash, and diatomaceous earth 
are an example of natural Pozzolanas while fly ash, rice husk ash, blast furnace 
slag, coffee husk ashy, silica fume, bagasse ash, and metakaolin are an example of 
artificial Pozzolanas. Most pozzolans used today are mainly widely available by-
product materials. Since pozzolan has a variety of diversity, its chemical structure 
and contents also vary. Therefore, classifying Pozzolanas only depending on their 
chemical composition would be difficult. For this reason, ASTM C-618 classifies 
Pozzolanas depending on a performance basis as tabulated in Table 1 [3–6].

The reason behind using Pozzolanas is the improvement found on both the 
hardened and fresh state concrete. Lowering of the thermal shrinkage and heat of 
hydration, increase in water tightness, decrease in the alkali-aggregate reaction, 
resistance to sulfate attack, better workability, and price effectiveness are some of 
the improvements achieved by using Pozzolanas blended with cement [7–9].

Partially or cement replacing materials are special construction materials either 
naturally occurring materials or industrial wastes/byproducts or agricultural wastes 
which could be castoff for concrete production. And they rely on activation of 
by-products while incorporating minimal amounts of cement are promising low 
carbon candidates that can potentially complement the globe’s growing concrete 
industries by using the equivalent performance concept.
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Due to the increase of awareness of environmental concerns and natural resource 
consumptions, the issue of energy saving has been gradually emphasizing by the 
public. Owning to the considerable use of concrete and cement material, the natural 
material resources associated with the construction sector have been continuously 
reducing in recent years. However, for each country particularly for developing coun-
tries like Ethiopia, concrete is the most significant material for fundamental and public 
constructions. Thus, an innovative and alternative concrete material, which possesses 
feasibility and practicality, is critical and significant for mitigating environmental 
impact and promoting energy-saving performance. For this purpose, the most com-
munal and practice in real concrete production for the cement replacement are natural 
pozzolana, Diatomaceous Earth, Glass Residue, Silpoz, fly ash, Corn Cob Ash, Ground 
granulated blast furnace slag, Silica Fume, Highly reactive metakaolin, rice husk ash 
(RHA), Bagasse ash, Coffee husk ash, calcined termite hell, water hyacinth ashy, etc.

i. Natural pozzolans

Natural pozzolans originated from volcanic activities are worldwide available 
materials, with varied compositions and subsequently a varied performance. 
However, for the reason that huge content in amorphous silica, it is usually an ex-
cellent material to be used as cement replacement. Curiously, before the invention 
of ordinary Portland cement, volcanic ash and air lime mixtures were commonly 
used, with a good performance and proven durability. Difficulties in the usages 
of these products are lack of characterization and the varied composition of 
raw-material layers, sometimes within the same area. However, naturally occur-
ring pozzolans are used successfully in cement composition and may be looked 
at with cement replacement potential with the replacing percentage of cement 
up to 20% by mass. The use of ash of volcano for concrete production helps to 
reduce chloride ion diffusivity of concrete, inhibiting the localized corrosion of 
steel and further concrete degradation. This addition also promotes lesser heat of 
hydration and higher setting time. The improved performance has been qualified 
to the refinement of the stomate structure and the pozzolanic action of volcanic 
ash. One of the probable weaknesses using of these natural pozzolana materials 
is their diversity. To minimize this problem, usually natural pozzolanic materials 
from different extraction heights are mixed before use [1–3, 6, 10].

ii. Diatomaceous earth

Diatomaceous earth, which is also acknowledged as diatomite/fossil flour, is 
a sedimentary material mainly constituted by diatom outer shells. This very 

Chemicals Pozzolan Class

F C

SiO2 + Al2O3 + Fe2O3 (min %) 70 50

MgO (max %) … 5

SO3 (max %) 5 5

Moisture content (max %) 3 3

Loss on Ignitions (max %) 12 10

Available alkalis as Na2O (max %) 1.5 1.5

Table 1. 
Chemical requirement for Pozzolanic materials.
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fine powder formed by the external skeletons of these unicellular beings is 
extremely rich in silica, has high porosity and surface areas. It is  
usually commercialized after it has been subjected to the previous  
calcination to remove organic matter and its characteristics make it  
liable to be replacement materials of cement. Its application in concrete 
production is usually in a weight percentage of 10–20% over the cement 
binder weight.

iii. Glass residue

Traditional soda-lime glass, predominantly composed of silica, but with a high 
percentage of sodium and calcium is a common residue that is finely ground 
for posterior use and 20–30% of cement replacement without harmful effects, 
performed satisfactorily concerning alkali reactivity and drying shrinkage. In 
addition to this, glass powder can significantly reduce the chloride ion penetra-
bility of the concrete.

iv. Silpozz

Silpozz is extracted from rice husk ash and finer than cement with a particle 
size of 25 micrometers which helps it to fill the gaps between the aggregate 
and cement i.e., the determinants of density and strength of concrete. Because 
of this, it reduces the cement amount in the given concrete proportioning, 
and consecutively it elevates the compressive strength of concrete by 10–20% 
and high resistance towards the chemical attack, abrasion, and reinforcement 
corrosion.

v. Corn cob ash

Demanding for corn cob ash as cement replacing alternative materials is 
increased due to less amount of organic content, which proved the binding 
properties of cement. When we use it as alternative cement replacing  
materials, it will serve up to 20% by mass, and having advantages increasing 
the water amount which help as to obtain the desired plasticity as well as  
the initial and final setting time. Probably it is due to the reduced ce-
ment surface area and hence the delayed hydration process. Corn cob ash 
may therefore be most applicable when a low rate of heat development is 
necessary.

vi. Fly ash

Fly ash is a cementitious supplementary material for concrete production 
concrete and a byproduct of the pulverized coal in electric power generating 
plants. And also, a material of fine-grained having alumina, silica, iron, and 
calcium as a major content and sulfur, sodium, magnesium, carbon, and potas-
sium as a miner percentage and it will serve as a cement replacement by weight 
up to 15%.

vii. Ground granulated blast furnace slag

Blast-furnace slag is the iron manufacturing industry’s byproduct having the 
necessary minerals calling as cementitious materials like aluminosilicates and 
silicates and calcium.
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viii. Silica fume

Silica fume is a waste from the production of silicon/ferrosilicon alloy in an 
electric furnace from high-purity quartz with coal. It is used as cement replac-
ing concreting materials in between 5–10% by mass and it is recommended to 
be used in high strength and impermeable concrete.

i. Highly Reactive Metakaolin

Highly reactive metakaolin has nowadays available as a highly active pozzolana 
concrete material. Contrasting slag, fly ash, or silica fume, it is not the byprod-
uct rather manufactured from high-purity kaolin clay by calcination at tem-
peratures in the region of 700 to 800°C. Unlike silica fume, which has above 
85% SiO2, and it contains equal proportions of SiO2 and Al2O3 by mass.

ii. Bagasse ash

Bagasse is fiber from cellulose from the extraction sugar-bearing juice of 
sugarcane and has silica and alumina which are the most vital component of 
cement replacing materials. It is also finding in large amounts as a byproduct 
from factories of sugar.

iii. Rice husk ash

Rice husk ash is a byproduct of agriculture and used up to 20% to replace 
cement in concrete and it has a good tendency to reduce temperature for the 
production of high strength mass concrete.

iv. Coffee husk ash

The use of different replacing of cement materials has become a popular prac-
tice in the industry of construction. The chemical composition of coffee husk 
ash has a significant value of Al2O3 and SiO2, which are major components 
of cement. It can replace cement about 10% and concrete produced from 
CHA has high potential as a source of environmental-friendly cementitious 
material that reduces pollution and provides a sound coffee waste manage-
ment option.

v. Termite hill clay

The chemical properties of calcined termite hill clay powder include the fact 
that the material is pozzolanic with the sum of SiO2 (38.82%), Al2O3 (23.98%), 
and Fe2O3 (11.68%) constituting 74.48% of the material, leading to the con-
clusion that termite hill clay powder calcined at the temperature of 650o C 
satisfied the requirement of ASTM C618 of a minimum of 70%. Moreover, 
classified as natural Pozzolana class N. It means, the material can produce 
the cementitious compound that has binding property upon reaction with 
calcium hydroxide gained from the hydration of cement. Therefore, calcined 
termite hill clay powder was found suitable to partially replace cement in the 
production of concrete. up to 11.3% by weight and it implies it can reduce the 
CO2 emission by 11.3% due to cement production and it will save the natural 
materials by the same percentages.
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vi. Water hyacinth Biochar

Water hyacinth Biochar, a carbonaceous solid material obtained through a 
pyrolysis process from solid waste materials, and has properties like ex-
tremely low thermal conductivity, high chemical stability, low flammability, 
ability to absorb water, and highly capture and store CO2. Recently, these 
properties of biochar favor its use as a partial cement replacing material in 
concrete construction up to 5% of cement by weight. In addition to this, 
every tone of biochar used in a building’s envelope means that the equiva-
lent of more or less one tone of CO2 is prevented from re-entering the 
atmosphere.

4.2 Advantages of cement replacing materials

4.2.1 Environmental advantages

The cement industry is an energy-intensive industry with energy typically 
accounting for about 40% of operational costs, i.e., excluding capital costs but 
including electricity costs. The production of cement involves the consumption 
of large quantities of raw materials, energy, and heat. Cement production also 
results in the release of a significant amount of solid waste materials and gaseous 
emissions. The cement manufacturing industry is under higher scrutiny these days 
because of the large volumes of CO2 emitted. This industrial sector is thought to 
represent 5–7% of the total CO2 anthropogenic emissions. Concern over the impact 
of anthropogenic carbon emissions on the global climate has increased in recent 
years due to growth in global warming awareness. In addition to the generation 
of CO2, the cement manufacturing process produces millions of tons of the waste 
product cement kiln dust each year contributing to respiratory and pollution 
health risks. To produce 1 ton of clinker, the typical average consumption of raw 
materials is 1.52 tones.

The amount of clinker needed to produce a given amount of cement can be 
reduced by the use of supplementary cementitious materials such as coal fly ash, 
slag, and natural Pozzolanas (e.g., rice husk ash, coffee husk ash, and volcanic 
ashes). The addition of these materials into concrete not only reduces the amount 
of material landfilled (in the case of industrials byproducts) but also reduces the 
amount of clinker required per ton of cement produced. Therefore, replacing the 
portion of Portland cement with those cementitious materials can substantially 
reduce the environmental impact of concrete associated with cement production 
like consumption of raw materials and energy use as well as emissions to air and 
avoiding environmental pollution due to avoiding as a waste.

a. Energy saving

The cement industry plays a significant role in global energy consumptions. 
Worldwide the cement industry is one of the most energy-intensive sectors 
in which energy represents 40% of the total production cost. The energy 
consumption in cement manufacturing is mainly related to the production 
methods that are wet methods consume more energy than dry methods. For 
instance, in the dry method, 1450°C of temperature is needed for the pro-
duction of clinker which accounts for 97.2% of the total and the remaining 
is for finishing and raw materials grinding with the share of 0.9% and 1.9% 
respectively.
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b. Reduction of CO2 emission

Sustainable development of the cement and construction industry about envi-
ronmental impact is one of the biggest challenges. The production of one ton 
of Portland cement release approximately one ton of CO2 into the atmosphere 
in the manufacturing process. The cement industry contributes about 5% of 
the total atmospheric CO2 emissions globally. As a matter, of fact, we are now 
concerned by the environmental impact of civil engineering structures. Judi-
cious use of those cementitious materials as a partial replacement of cement 
can result from a significant result reduction of the CO2 footprint of concrete 
structures. Most of the CO2 emissions and energy use in the cement industry 
are related to the production of the clinker; 63% of the CO2 emitted during 
cement production comes from the calcination process, while the rest (37%) is 
produced during the combustion of fossil fuels to feed the calcination process.

c. Economic advantages

The production of cement is energy-intensive, depends on the availability of 
raw materials near the cement manufacturing area and natural disturbances 
due to the extraction of raw materials. The process is mainly classified into 
three, the raw material preparation process, the clinker burning process, and 
the finish grinding process. Of all these processes, clinker burning is the most 
energy-intensive process, accounting for about more than 97.3% of the fuel 
consumed and about 30% of the electric power consumption, and the rest 
about 40% of the electric power is consumed by the finish grinding process 
and about 30% by the raw material preparation. Fuel costs are a large part of 
the manufacturing cost of the cement industry, making cement plants have ag-
gressive energy consumption. Moreover, the clinker burning process as shown 
above takes more than 97% of the fuel consumption, implying that it is the 
most expensive part of cement production.

5. Concrete and sustainability

Currently, Sustainability is an important issue all over the globe and it is affected 
by cement and concrete technology. The construction industry particularly cement 
and concrete are responsible for the production of 7% carbon dioxide of the total 
world CO2 emission. Green concrete capable of sustainable construction is char-
acterized by the application of industrial wastes to reduce consumption of natural 
resources and energy and pollution of the environment. Replacement of materials 
over nominal concrete is what makes green concrete more environmentally friendly 
concrete.

Cement is a pillar to develop infrastructures in the given nations. At the same 
time, cement production affects the local environment and nearby communities. 
The environmental issues of cement manufacturing are related to local, regional, 
and global problems in their mining and mineral processing. The local problems 
include dust, ground subsidence, noise, vibrations, chemical contamination, 
tailings spills, scenic and local ecological degradation, and health problems among 
miners. Regional problems are acid rain and contamination of surface and/or 
groundwater spills of processing chemicals and stream sediment loading. Global 
problems are the effects of mineral use and anthropogenic greenhouse gases 
contributing to global warming. On the one hand, dust emission sources are kiln, 
crusher, grinders, clinker coolers, and material handling equipment, which are in 
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crushing and pyro processing. Besides, clinker manufacturing of pyro-processing is 
a considerable source of emission such as Cement Kiln Dust (CKD), gases like CO2, 
Sulfur oxide, nitrogen oxide, and dioxins [11–15].

Air emitted/vented from various stages of cement processing contains dust, SO2, 
NOx, CO2, and heavy metals which can negatively affect the air quality of the area. 
One of the most common methods for reducing the environmental effect of con-
crete is by adding recycled materials to the concrete. The increased environmental 
awareness and dwindling resources in conjunction with regulation-based impetus 
enforced by governments/regional councils of different countries have led to the 
research and development of products and processes that employ effective waste 
utilization.

6. Conclusion

The concrete industry is a major contributor to air pollution and the user of 
natural resources. As such it bears a special responsibility to make a contribution 
towards sustainable development that is commensurate with its size. It can do so 
by pursuing three goals: (1) Searching for cement production technologies that are 
less energy-intensive and cause less air pollution. Since such technologies will not 
be available in the foreseeable future, the more realistic approach is to reduce the 
need for Portland cement, primarily by increased use of supplementary cementi-
tious materials, especially waste materials. (2) Replacing concrete ingredients with 
recycled materials, such as recycled concrete or waste glass. (3) Through careful 
concrete mix design and prudent choice of admixtures, improve the durability of 
structures such that they need to be replaced less frequently.

In addition to this, sustainable construction makes wise use of all the natural 
resources and a 50% reduction in energy use, improves occupant health, comfort, 
productivity, reduces pollution and landfill waste that is not easily quantified, a sus-
tainable building may cost more upfront, but saves through lower operating costs 
over the life of the building, construction is designed as one system rather than a 
collection of stand-alone systems with the help of the integrated system approach. 
Saying all this, I recommend to researchers make material characterization on those 
potential cement replacing materials.
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Chapter 8

Application of Supplementary
Cementitious Materials in Precast
Concrete Industry
Amin Akhnoukh

Abstract

Supplementary cementitious materials (SCMs) are increasingly incorporated
into the concrete mix design. Silica fume, fly ash, and multi-wall carbon nanotubes
are used to improve concrete mix properties. The objective of this chapter is to
decipher the impact of different SCMs on the fresh and hardened concrete proper-
ties, including concrete flowing ability, initial strength, final strength, modulus of
elasticity, and modulus of rupture. In addition, the impact of SCMs on mitigating
the alkali-silica reactivity of concrete and increasing the hardened concrete long-
term performance is investigated. Developed concrete mixes, incorporating SCMs,
are used in fabricating different precast/prestressed bridge girders. The impact of
improved concrete properties on precast girder performance in increased flexure,
shear, and span-to-depth ratio significantly improves project sustainability and
reduces the overall project life cycle cost.

Keywords: silica fume, fly ash, carbon nanotubes, high strength concrete,
durability, alkali-silica reactivity, supplementary cementitious materials

1. Introduction

High-strength concrete is increasingly used in the construction market in the
United States and on a global scale. High-strength concrete is characterized by high
early strength, high final strength, increased durability, and improved long-term
performance. The use of high-strength concrete is advantageous in heavy construc-
tion projects, especially in precast/prestressed bridge construction. The mechanical
advantage of high-strength concrete is attributed to the incorporation of supple-
mentary cementitious materials (SCMs) in partial replacement of Portland cement.
SCMs with different sizes and fineness are incorporated in the stepwise replace-
ment of cement to create a binary mix (using one SCM) or ternary mix (using two
SCMs). Incorporated SCMs increase the amount of the binder in the mix, which
increases the mix strength. In addition, the improved packing order of the cemen-
titious matrix reduces the mix void ratio and, hence, improve its durability and
long-term performance. High-strength concrete was primarily used in the design
and construction of high-rise buildings in major European cities and large/crowded
American States as New York, Illinois, and California. In addition, the high com-
pressive strength enabled bridge design engineers to precast long-span bridge
girders with very high span-to-depth ratios (span/depth ratio greater than 30).
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Recently, concrete mixes with higher strength and improved long-term perfor-
mance were developed using SCMs, steel fibers, and a very low water-to-powder
ratio. These mixes, commercially available in the United States construction market
under the term ultra-high-performance concrete, are standardized by different agen-
cies including the Federal Highway Administration (FHWA) in the United States,
Association Francaise de Genie Civil (AFGC) in France, and the Japanese Society of
Civil Engineers (JSCE). In their definition of the UHPC, the aforementioned orga-
nizations define UHPC as a cement matrix with minimum compressive strength of
150 MPa due to the high proportion of SCMs and very low water-to-powder ratio,
and significant tensile strength due to the incorporation of random high-strength
steel fiber. Different UHPC proprietary mixes are available in the international
markets with standard characteristics. Examples of the proprietary mixes are BSI
“Beton Special Industrial” (special industry concrete) developed by Eiffage, Cemtec
developed by LCPC, and different kinds of ductal concrete mixes jointly developed
by Bouygues, Lafarge, and Rhodia. Ductal concrete marketed by Lafarge and
Bouygues is the only proprietary UHPC mix commercially available in the United
States local construction market.

This chapter introduces different types and classifications of concrete mix
designs, based on mix strength, workability, and long-term performance, different
types of SCMs currently used in developing special concrete mixes, their impact on
mix properties, and the main impediments to the widespread of SCMs application
in precast/prestressed concrete industry.

2. Special concrete mix development

The complexity of construction projects, and the need to buildings structures
with increased heights, bridges with longer spans, and infrastructure projects with
minimized maintenance necessitates the development of concrete mixes with supe-
rior characteristics, higher durability, and minimal need for maintenance. Thus,
concrete mixes with increased rheology and high flowing ability, high early and
final strength are required. In addition, increased concrete durability is desired to
minimize the need for regular maintenance and reduce the project life cycle cost.
Special types of concrete mixes are displayed in the following section.

2.1 Ultra-high-performance concrete

Ultra-high-performance concrete (UHPC), known in the European market as
reactive powder concrete, is a new class of concrete developed in the 1990s. UHPC
concrete are currently used in high-rise building construction in the United States,
and in specific transportation, and defense applications. UHPC mixes are charac-
terized by self-consolidation concrete (SCC) workability, fast setting, high early
strength, and final compression capacity that reaches 250 MPa [1, 2]. UHPC is
characterized by improved long-term performance, low voids, higher alkali-silica
resistivity due to the incorporation of SCMs, and post-cracking stiffness due to the
placement of random steel fibers within the mix [3, 4]. The aforementioned
characteristics represent a combination of the advantages of high-performance,
self-consolidation, and fiber reinforcement inclusion, as shown in Figure 1.

2.2 High-strength concrete

The term high-performance concrete (HPC) is used to describe concrete pro-
duced with selected high-quality mix constituents, optimized mix design, and low
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water-to-powder (W/CM) ratio. According to the American Concrete Institute
(ACI), HPC is defined as “concrete meeting special combination of characteristics
and uniformity requirements,” which cannot be achieved using conventional con-
stituents, and regular mixing and curing procedures [5]. The mix composition of
HPC depends mainly on the replacement of a significant amount of Portland
cement and incorporating SCMs up to 40% by weight.

2.3 Self-X concrete mixes

Self-X concrete mixes are special types of mixes that provide specific advantage
(s) to address a given project challenge. Examples of Self-X concrete mixes are as
follows:

1.Self-healing concrete mixes, where developed hair cracks are treated internally
using epoxy capsules incorporated in the mix,

2.Self-cleaning concrete mixes, known as photocatalytic concrete, used in
maintaining the concrete surface texture and cleanliness by decomposing dirt
and/or pollutants affecting the concrete, and

3.Self-consolidated concrete, known as self-compacting concrete (SCC), where
the fresh concrete mix has no shear strength, and attains a water-like flowing
ability. SCC mixes are usually used in pouring structural members with high
depth and congested with heavy reinforcement as bridge girders.

Thus, SCC mixes usually incorporate silica fume for increased strength to
sustain increased loading. Self-X concrete mix improved performance is shown in
Figure 2.

Figure 1.
Composition of UHPFRC [2].

141

Application of Supplementary Cementitious Materials in Precast Concrete Industry
DOI: http://dx.doi.org/10.5772/intechopen.100249



3. Supplementary cementitious materials (SCMs) in concrete industry

SCMs are increasingly used in concrete mix designs. Recently, binary and ternary
concrete mixes are becoming the norm in heavy construction industries including the
construction of bridges, tunnels, and culverts. Different types of SCMs are used
according to the targeted characteristics of the developed mix. SCMs are available in
granular shape with diameters ranging from nano-centimeters (as nano-silica) to a
few millimeter diameter (as quartz flower). SCMs are used in partial replacement of
cement. Cement weight up to 30% can be replaced by an equivalent volume of SCMs.
Currently, different types of SCMs are available in the construction market including
nano-silica, micro-silica, also known as silica fume, class C fly ash, class fly ash,
quartz flour, blast furnace slag, and single and multi-walled carbon nanotubes. The
characteristics of different SCMs, their impact on concrete mechanical properties,
and their potential use are described in the following section.

3.1 Micro silica (silica fume)

Micro silica, also known as silica fume, is a byproduct of producing silicon metal
or ferrosilicon alloys. Micro silica, as a mineral pozzolanic admixture, has a very fine
particle size that averages 0.5 micro-meter in diameter. The average size of silica
fume particle is 100 times finer than Portland cement size. Silica fume is commer-
cially available in a densified and un-densified form, with similar chemical compo-
sition, and different densities. The chemical composition of silica fume is shown in
Table 1.

Figure 2.
(A) Self-healing concrete [6], (B) self-cleaning concrete [7], and (C) SCC concrete [8].
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Micro-silica improves concrete mechanical properties through two different
mechanisms by contributing to the Portland cement hydration. When mixing water
is added to cement, without incorporating micro-silica, the following chemical
reaction takes place during hydration:

CementþWater����!Calcium Silicate Hydrateþ Calcium Hydroxide

H2Oð Þ C� S�Hð Þ Ca OHð Þ2
(1)

The main outcome of the hydration process includes the calcium silicate hydrate
that acts as a binder and is directly responsible for the compressive strength of
hardened concrete. The compressive strength depends on the amount of produced
binder. Thus, the quantity of cement, cement fineness, water-cement ratio, and
sufficient mixing energy and time are crucial to attain the required compressive
strength of concrete upon hardening. The secondary outcome of the hydration
process is calcium hydroxide, Ca (OH)2, which does not act as a binder, and has no
contribution to the strength of the mix. In addition, excessive amounts of Ca(OH)2
may react with carbon dioxide and form a soluble salt that could leach within the
hardened concrete causing efflorescence, as shown in Figure 3, and reduce the
long-term performance of the structure due to its susceptibility to sulfate attacks,
chemical attacks, and accelerating alkali-silica reactivity (ASR).

When micro silica is included in the mix, the added pozzolan reacts with the
formed calcium hydroxide to produce an additional binder, which increases the hard-
ened concrete strength and eliminates the salt formation by halting the efflorescence.
The following equation describes the chemical contribution of micro-silica:

Calcium HydroxideþMicrosilicaþWater���������!Calcium Silicate Hydrate

Ca OHð Þ2 SiO2ð Þ H20ð Þ C� S�Hð Þ
(2)

In addition to its contribution to the concrete mechanical properties through the
aforementioned reaction, micro-silica results in an improved packing order of the
mixed granular material. The improved packing order results in reduced porosity

Composition SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O SO3

Percentage % 92–98 0.5 2.1 0.3 0.8 0.1 1.0 0.2

Table 1.
Chemical composition of micro-silica.

Figure 3.
Excessive surface salt due to efflorescence phenomena.
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and increased resistivity to chloride attacks and de-icing salts, and reduces the rate
of steel reinforcement corrosion. Improved packing order of micro-silica concrete is
shown in Figure 4.

3.2 Fly ash

Fly ash is a fine granular powder that exists in nature as a by-product of burning
coal in power plants. Fly ash is used as a low-cost recycled material in concrete
mixes to improve the concrete strength, reduce concrete viscosity and improve its
pump ability, mitigate the ASR and its destructive impact on hardened concrete,
and reduce the final cost of the produced concrete. The chemical composition of fly
ash is shown in Table 2.

Two types of fly ash are used in the construction industry as SCMs to improve
the fresh and hardened concrete properties. These are class C and class F fly ash.
The main difference between the two types is that class F fly ash is a pozzolan; thus,
it needs to react with the calcium hydroxide resulting from the cement hydration
process to form the binding material. While class C fly ash is a cementitious mate-
rial, it can produce binder directly once it reacts with water (direct hydration
process).

The use of fly ash in concrete mixing provides fresh concrete with workability
advantages. Fly ash particles are spherical in shape, which provides the concrete
powder (cement, SCMs, and aggregates) with a higher tendency to flow. In addition
to the lubricant effect provided, fly ash reduces the shear capacity of fresh concrete.
Hence, the fly ash concrete mix has a higher tendency to flow, being pumped, and
has a better hardened surface after formwork is removed.

Recent research shows that fly ash can partially replace up to 30% of the cement
weight of conventional mixes. More than 30% fly ash could be used when mass
concrete is poured [10]. The replacement of 20% of cement with an equivalent
amount of fly ash results in improving the mix workability and/or maintaining
similar workability while reducing 10% of mixing water.

In hardened concrete, class C fly ash provides improved mechanical properties
due to its ability to form the additional binder. Class C and F fly ash results in
reduced voids and lowered permeability in hardened concrete. Reduced concrete

Figure 4.
Micro-silica concrete packing improved packing order [9].

Composition SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O SO3

Percentage % 49 24.6 7.3 1.6 9.1 0.2 0.6 0.4

Table 2.
Chemical composition of fly ash.
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voids play a major role in improving durability and blocking moisture dissipation to
the hardened concrete, which improves its alkali-silica resistivity.

3.3 Quartz flour

Quartz flour, also referred to as crystalline silica, is a mineral used in UHPC and
HPC mix development. Quartz flour is found in sand, granite, rocks, and some soil
types. When these materials are cut, chipped, or drilled, dust evolves that contains
the quartz flour particles. The diameter of quartz flour particles enables quartz flour
to fill the voids within cement particles, which reduces the mix permeability and
improves the resistivity of concrete to adverse environmental conditions. Quartz
flour is used as a supplementary cementitious component in proprietary UHPC
mixes produced by Lafarge and is commercially available in global markets under
the name Ductal. Proprietary UHPC mix composition including quartz flour is
shown in Table 3.

3.4 Blast furnace slag

Blast furnace slag is produced by grinding the glassy granular by-product of the
steel industry. The fine ground blast furnace by-product is highly cementitious and
contains calcium silicate hydrate (C-S-H), which enhances the strength of the
hardened concrete, and improves its durability and appearance. Coarse and ground
slag particles are shown in Figure 5.

Material Ib./yd3 Kg/m3 Percent (by weight)

Portland cement 1200 712 28.5

Fine sand 1720 1.020 40.8

Silica fume 390 231 9.3

Quartz flour 355 211 8.4

HRWR 51.8 30.7 1.2

Accelerator 50.5 30.0 1.2

Steel fibers 263 156 6.2

Water 184 109 4.4

Table 3.
Typical composition of Ductal [11].

Figure 5.
(A) Granular slag particles and (B) ground slag particles.
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4. Mix proportioning, mixing, and curing procedures

Mix proportioning of concrete mixes containing one or more SCMs targets the
optimization of mix packing order to minimize voids and increase strength, and
durability without altering mix slump and/or flowing ability. Different proprietary
UHPC mixes are available in the construction market. Examples of proprietary
mixes are BSI “Beton Special Industrial,” developed by Eiffage, Cemtec developed
by LCPC, and Ductal developed by Lafarge. Different non-proprietary, ultra-high
performance and high-performance mixes are developed through research
programs across the globe.

The primary difference between UHPC and HPC mixes is the reduced strength
of HPC (UHPC mix compressive strength exceeds 21.7 ksi [12, 13], and contains a
higher percentage of SCMs, and incorporates random steel fibers to increase
concrete ductility and post-cracking stiffness).

Supplementary cementitious materials and different steel fibers increase the
overall density of concrete mixes. Optimized mixing procedures for concrete with
high percentages of SCMs are as follows [14]:

I. Preblended the concrete mix granular ingredients for 2–3 minutes. The
granular ingredients include cement, SCMs, fine sand, and coarse aggregates
(if present).

II. Mixing water is added to the preblended powder. Mixing water may include
50% of the high-range water reducers (HRWR) included in the mix design.
Wet mixing should continue for 8–10 minutes.

III. The remaining HRWR is added to the mix during the wet mixing process.

IV. Steel fibers included in UHPC are added before wet mixing is ended.

Due to the high packing order of granular materials and the possible
inclusion of random steel fibers, high-energy paddle mixers are required to produce
mixes with sufficient rheology. Examples of high-energy mixers are shown in
Figure 6.

Concrete mixes with incorporated SCMs can be cured using regular moisture
curing techniques. When very high early strength is required (as in precast/
prestressed concrete industry), thermal curing could be applied. Thermal curing
should be gradually applied to avoid developing hair cracks within hardened
concrete [14].

Figure 6.
High-energy paddle mixers—Used for UHPC and HPC mixing.
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4.1 SCMs in UHPC concrete

Silica fume and quartz flour are used in proprietary UHPC mixes to increase mix
strength and durability. Current proprietary mixes, commercially available in the
US and EU markets, have a high content of SCMs. In addition to their strength and
durability advantages, SCMs partially reduce the cement consumption and hence
reduce the carbon footprint [15–17]. Mix design and SCM content in major propri-
etary mixes are shown in Table 4.

The compressive strength of proprietary UHPC mixes ranges from 160
to 200 MPa. The strength is significantly increased due to the incorporation of
SCMs and steel fibers. Steel fibers result in improved tensile capacity and
higher values for the modulus of elasticity (MOE) and modulus of rupture
(MOR). Detailed mechanical properties of proprietary UHPC mixes are shown in
Table 5.

The high strength of girders produced using UHPC and HPC concrete mixes
enables design engineers to fabricate shallow girders with a very high span-to-depth
ratio. A comparison of sections with similar capacity produced by different
materials including proprietary UHPC mixes is shown in Figure 7 [29].

Ductal Cemtec Cor-Tuf CRC

Portland cement 712 1050 790 861

Silica fume 231 268 308 215

Quartz flour 211 — 216 215

Total cementitious materials 1154 1318 1314 1291

Percentage of SCMs to C. materials 38% 20% 40% 33%

Sand 1020 514 765 792

Water 109 188 166 220

HRWR 30.7 44 14 9.45

Accelerator 30 — — —

Fibers 156 180 166 218

W/CM 0.21 0.17 0.14 0.18

Table 4.
Proprietary UHPC mix designs in global construction markets [18–20].

Value ASTM Standard [22–28]

Design compressive strength Greater than 150 MPa ASTM C39/C39 M

Flexural strength Greater than 20 MPa ASTM C78/C78M-18

First cracking strength Greater than 4 MPa ASTM C1018–97

Creep coefficient 0.2 ASTM C512/512 M-15

Linear expansion coefficient 12 x 10�6 ASTM C531–18

Elastic modulus 45 GPa ASTM C469/C469M-14

Spread (flowing ability) 55 to 75 cm ASTM C1611M-18

Table 5.
Average mechanical properties of proprietary UHPC mixes [21].
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4.2 SCMs in HPC mixes

HPC mixes incorporates different SCMs with variable ratios according to the mix
design purpose. Silica fume is used to increase the binder content and improve mix
mechanical properties, whereas fly ash is primarily used to increase flowing ability.
HPC mixes are produced using similar batching, mixing, and curing procedures as
compared to UHPC. Steel fibers are eliminated due to their high cost, while chemicals
for increased flowing ability are used to maintain high flowing ability using a low
water-to-powder ratio. Different HPC mixes are shown in Table 6.

The aforementioned non-proprietary mixes had an average 24-h compressive
strength of 80 MPa, and a final 28-day compressive strength of 110 MPa. Detailed
compressive strength testing results are shown in Figure 8.

Current codes and standard specifications provide equations to estimate con-
crete mechanical properties as a function of its compressive strength. The American
Concrete Institute (ACI) 318 calculates the modulus of elasticity of concrete (MOE)
according to the following equation:

Ec ¼ 0:043 w1:5
c

ffiffiffiffiffiffi
f 0c

q
MPað Þ (3)

Figure 7.
Different girder sizes providing similar flexure capacity [29].

Mix #1 Mix #2 Mix #3 Mix #4 Mix #5

Portland cement 630 625 630 670 630

Silica fume 90 80 90 145 90

Class C fly ash 180 80 180 145 180

Total cementitious materials 900 785 900 960 900

Percentage of SCMs to C. Materials 30% 20% 30% 32% 30%

Sand 1350 1450 950 1350 950

Water 135 155 145 145 140

HRWR 37 21 37 43 43

Fibers — — — — —

W/CM 0.18 0.22 0.20 0.19 0.19

Table 6.
Non-proprietary HPC mixes using local materials in the US market.
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Similarly, ACI 318 and AASHTO LRFD specifications use the following equation
to estimate the modulus of rupture (MOR) of concrete as

f r ¼ 0:62
ffiffiffiffiffiffi
f 0c

q
MPað Þ (4)

Eqs. (1) and (2) show that the MOE and MOR of concrete, denoted as Ec and f r
respectively, and are correlated with the concrete compressive strength, denoted as
f 0c. Thus, the increase in concrete strength associated with the use of SCMs in mix
development results in a significant increase in concrete MOE and MOR.

5. Applications of concrete incorporating SCMs

Concrete mixes, with different SCMs, are currently used in different applica-
tions that requires high early strength, superior mechanical properties, and
increased durability. The following represents main applications in residential and
heavy construction applications:

5.1 High-rise residential construction

HPC, including SCMs, mixes are currently used in the construction of structural
members in high-rise buildings. The use of HPC in high-rise construction started in
the 1970s in the metropolitan areas within the United States including New York,
Los Angeles, and Chicago. Recently HPC mixes with the high flowing ability (SCC
characteristics) are used in pumping concrete floors in the City of Jeddah’s Kingdom
Tower and the Iconic Tower in Egypt’s New Administrative Capital (shown in
Figure 9).

5.2 Precast/prestressed bridge construction

Prefabricated prestressed girders with spans up to 60 meters are increasingly
used in bridge construction, including accelerated bridge construction projects [30].
In order to increase the productivity of prestressing facilities, very high early
strength is required before strands are released. Some prestressing facilities require

Figure 8.
Compressive strength test results for non-proprietary HPC mixes.
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24-h compressive strength in excess of 70 MPa to release larger strands of 15- and
18-mm. diameter. Thus, SCMs, mainly silica fume, are incorporated in the concrete
mix to ensure high early strength due to increased binder content and avoid girder
cracking upon strand release [31]. UHPC is increasingly used in the construction
industry, especially in heavy construction applications, with emphasis on long-span
precast/prestressed girder bridges construction. In early 2000s, the first UHPC
bridge was built in the United States using Ductal concrete (with 38% SCMs con-
tent) and steel fibers incorporated in the mix. The first UHPC bridge—known as
Mars Hill Bridge—was constructed in the state of Iowa using FHWA funding. The
successful construction of the Mars Hill bridge and the attained advantages resulted
in the construction of a large number of UHPC bridges, mainly on the east coast of
the United States, are shown in Figure 10.

Figure 9.
Iconic tower—Egypt’s new administrative capital.

Figure 10.
UHPC bridge construction projects in the United States [32].
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5.3 Architecture applications

SCMs are used in producing mixes with very high flowing ability and early high
strength for architecture construction. The high flowing ability allows for the poor
of complicated shapes and limited thicknesses. Architectural UHPC pours are
shown in Figure 11.

6. Challenges of SCMs in concrete industry

The use of SCMs in concrete mix development is faced by several challenges that
limit their use in construction projects. Major impediments to the widespread of
SCMs incorporation in concrete mix design include the following:

I. Material costs for specific SCMs are significantly higher than conventional
concrete mix constituents. The average cost of micro-silica is $900 per ton in
the United States market. In addition, micro-silica availability production is
limited to few states, which may result in increased shipping cost and
extended lead time.

II. Special mixers and mixing regimen are required, which necessitate
modernization of batch plants and precast facilities to include SCMs in
concrete mixing including changes in storage, batching techniques, and the
type/size of mixers used.

III. Impact on fresh concrete mix properties due to the different sizes of SCMs and
different chemical composition as compared to conventional mix constituents
as cement and sand. Additional SCMs result in lowering average particle size
for the mix and increase the density, while significantly reducing voids and
permeability. These chemical and volumetric changes may require additional
provisions to avoid the development of concrete lumps within the mixer.
Provisions include the use of high-range water reducers (superplasticizers)
and extend mixing time, and use special types of high-energy mixers.

IV. Health and safety restrictions should be followed when SCMs are used to
avoid inhaling fine particles. Continuous exposure to certain types of SCMs
as micro-silica might result in serious injuries or illnesses as silicosis. Thus,
special PPEs are required when SCMs are used in mix development.

Figure 11.
UHPC architectural pours.
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7. Conclusion

Supplementary cementitious materials (SCMs) are increasingly used in the con-
struction industry to develop mixes with superior mechanical properties and
improved long-term performance (durability). Different types of SCMs are avail-
able in the global market including micro-silica, class C fly ash, class F fly ash,
quartz flour, and blast furnace slag. SCMs are incorporated in mix designs in partial
replacement of Portland cement, with percentages ranging from 10% up to 40%.
SCMs are used in proprietary UHPC mixes as Ductal, Cemtec, CRC, and Cor-Tuf,
with percentages ranging from 20–40%. In non-proprietary HPC mixes, SCMs
would have similar percentages; however, final strength is reduced due to the
absence of steel fibers. SCMs improves the concrete properties through three tech-
niques: 1) increase the amount of binder resulting from the hydration process,
which increases the concrete final strength, 2) react with calcium hydroxide, which
stops the efflorescence phenomenon, and 3) increase the packing order (density) of
the cement matrix, which reduces concrete permeability, and its susceptibility to
environmental attacks, de-icing salt effect, and protect reinforcing steel against
corrosion. The reduction of cement consumption, being partially replaced by SCMs,
reduces the carbon footprint of the construction industry.

The advantages of SCMs are partially offset with challenges including the scar-
city of specific types of SCMs in some parts of the world. Specific types of SCMs are
expensive compared to cement. Also, a special mixing regimen is required to avoid
losing mix-flowing ability. Currently, SCMs are successfully used in concrete mix
designs for high-rise residential construction, precast/prestressed girder bridge
construction, and in architecture applications. The continuous research in concrete
mix development using alternative SCMs will result in increased market share in
global construction markets.
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Chapter 9

Application of a Granular Model to
Identify the Particle Size of the
Granular Mixtures of Concrete
Based on Dune Sands
Mhammed Abdeldjalil

Abstract

The control of the determination of concrete depends on the basic properties of
the desired concrete and thanks to the type of granular mixture of concrete. We
arrive at the required concrete quality. And in this study, we can identify the
granular distribution class of concrete using the fractal model. In particular, the
granular distribution can be determined by the fractal dimension, either for each
granular component separately, or for the dry granular mixture of the concrete. The
fractional dimension is obtained by transforming the particle size curve to a fractal
line. In this study, we used some experimental results obtained from projects
already carried out in arid regions. Knowing that we have applied parameters such
as granular extent and fractional dimension to the study of these existing projects,
we can define a dry mix of concrete through the granular distribution. Therefore,
we used the program that we proposed previously of transforming the grain size
curves to a fractal line which was obtained for each grain mixture with a very
acceptable correlation.

Keywords: Concrete, Aggregate, Fractal Dimension, Granularity, Identification

1. Introduction

Civil engineering practitioners such as researchers, engineers, technicians and
those interested in it have always favored the best concrete formulas based on
classical or modern methods. The methods used were either experimental (labora-
tory tests), or empirical or semi-empirical method or analytical methods. The cur-
rent results of concrete production always indicate that they are oriented towards
modern methods which are mainly based on numerical modeling [1–10].

Scientific research in the field of civil engineering, as in many other applied
sciences and technologies, is a major use of its implementation according to modern
tools, in particular calculation tools [1, 3]. The main objective of this study is to
discover the best methods that help in the economic aspect, in particular the build-
ing materials when testing, in addition to saving time and effort lost in their
realization without taking them into account. Thus, it was more interesting to use
technology (electronics and computer) with analytical methods and concrete
models to achieve experimental methods.
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On the other hand, our main goal is to take advantage of recent studies [5–10]
that rely on granular distribution to quantify aggregate dosages. According to the
parameters of the fractal dimension FD [1–4] and the granular extent D/d [2].

On the other hand, we emphasize the importance of extending the determina-
tion of the granular distribution by using the fractal distribution as a new model to
determine the granular mix class of concrete. Our experimental results, which we
adopted in this study, allow us to determine a numerical value as one of the physical
properties of the aggregate, which is the fractal dimension (FD). It facilitates the
formulation of concrete by precisely specifying the components of the aggregate.
Our objective in this study is to create a large database which helps us to save time
and materials in experimental studies within the framework of concrete formula-
tion methods to determine dosages of granular materials, which is certainly useful
in the field of civil engineering. Initially, we rely on the study of a component to
facilitate the process and start from the simplest operations. We took, for example,
the study of the effect of the sand component [4]. It should be noted that this work
is mainly based on the data, which takes the aggregate as the basic component in the
production of concrete so that as it is known, 80% of the concrete is composed of
aggregate, in order to obtain a good granular distribution (continuous
granulometry). We emphasize that the appropriate selection of aggregates
according to the desired concrete requirements allows us to achieve one of the most
important characteristics that distinguish concrete, which is the compressive
strength of concrete [3, 4]. In addition, the new definition of granularities by fractal
dimension helps in choosing the classes of aggregate to be used in concrete. We
confirm that one of the main objectives of this study is to highlight the optimal
importance of the fractal dimension parameter and its results, which brings us to
the possibility of knowing how to determine the reference particle size curve of
granular mixtures at using the fractal model for granular concrete mixtures.

2. Conventional concrete methods

To obtain a concrete having the desired properties according to climatic and
other requirements, and to use local materials for economic reasons and in order to
know the proper method of concrete formulation, we have seen that it is necessary
to mention some of the conventional methods widely used in the formulation of
concrete.

Methods were adopted for the formulation of concrete whose first principles of
physical relations emerged at the end of the 19th century, and these methods of
formulation have varied depending on the materials available and our need for the
required concrete quality.

2.1 Strength formulas

2.1.1 Formulas of Feret

René Féret [11] in 1892 was one of the first to research the law governing the
prediction of the compressive strength of concrete f c (1).

Its formula based on the strength of the cement (the true class), the nature of the
aggregate, the cement/water dosage ratio and taking into account the volume of
voids. But does not take into account neither the shape of the aggregate nor the
granular distribution, nor the resistance to fragmentation of the aggregate. The
latter is formulated using the following expression:
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In 1892, Féret [11] to whom the first researches are attributed, worked on a
principle of the mechanical resistance of concrete f c (1). Kf ́eret coefficient of the
resistance of the cement and the type of the aggregate. c, e are dosages of cement
and water. v is the volume of the area. But it does not directly take into account
neither the shape nor the type of gravel used, as well as the granular distribution of
the granular concrete mixture.

f c ¼ Kf :fmc
Vc

Vc þVw þVa

� �2

(1)

• f c: Strength of the concrete at the maturity considered

• Kf : Model constantly (index f for Féret)

• f cm: Normal strength of cement

• Vc Absolute volume occupied by the cement

• Vw: Volume occupied by water

• Vc: Air volume

2.1.2 Methods of fuller

Fuller and Thomson [12] in 1907 established their method based on the maxi-
mum compactness of the continuous granular mixture, and it depends mainly on
the porosity of the granular mixture (2) and the granular expansion. However, it
does not directly take into account the shape of the grains, nor the resistance to
friability of the aggregate used, and its relation is written as soot:

PF T ¼ 100

ffiffiffiffiffiffiffiffiffiffiffi
d
D

� �
5

s
(2)

• PFT : Porosity of the granular mixture

• d=D: The granular extension.

2.1.3 Methods of Abrams

Abrams [13] in 1918, Regardless of the European school, he empirically
proposed an exponential equation to predict the compressive strength of
concrete, still used in North America, which has two adjustable parameters
[Popovics, 1995].

The cement/water ratio, and involves through a coefficient (improved K_Féret)
which indirectly presents nature and shape of the aggregates.

We note the absence of a direct representation of the resistance to fragmentation
of the aggregate and of the granular distribution, as is the case in the rest of the
previous methods, its formula (3) is written:

f c ¼ KAbrams
1

7:5ð1:5 W=Cð Þ

� �
(3)
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• W=C: Ratio of cement and water,

• KAbrams: Nature and the form of the aggregates,

• f c: Mechanical strength of concrete

2.1.4 Methods of Bolomey

Bolomey [14] in 1925 is based on a formula (4), (improved iron) to determine
the dosages of cement and water. This formula for predicting the mechanical com-
pressive strength of concrete, which depends on the shape of the aggregates as well
as the consistency of the concrete, and the dosages of cement and water, and the
volume of voids. But does not take the representation of resistance to aggregate
fragmentation.

This formula, like that of Féret, is the product of three terms which share, in
order of factors, the influence of aggregates, cement and concrete formulation. The
difference, compared to the relation of Féret, relates exclusively to the third term,
parabolic in Féret, linear in Bolomey. It has been shown that the Bolomey relation is
a good approximation of that of Féret for the values of the E/C ratio between 0.40
and 0.70; within this range, the error is less than or equal to 3%.

f c ¼ KBolomey
C

W þV
� 0:5

� �
(4)

• f c: The mechanical resistance of concrete,

• KB: Depends on the shape of the aggregates and the consistency of the concrete

• C,W: The dosages of cement and water,

• V: The volume of the area.

2.1.5 Methods of Caquot

The scientist Caquot [15] circulated his research during the year 1937, throughwhich
he sought to find the optimal aggregate distribution in which the porosity of the aggre-
gatemixture is minimal, according to the basic hypothesis of compatibility between two
aggregates classes without influence due to the presence of another aggregates class.

This basic idea was taken up by F. de Larrard [3], who had previously embarked
on a vast process of developing other concrete formulation programs.

The relation is determined empirically by assuming that the volume of the voids
depends on the dimensions of the small grains, then on the addition of grains, then
on a constant determined empirically according to the relation of Caquot (5).

V ¼ V0

ffiffiffiffiffiffiffiffiffiffiffi
d
D

� �
5

s
(5)

• V: The volume of voids,

• d,D: The dimensions of small grain, more grain.

• V0: Constant defined experimentally
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2.1.6 Methods of Faury

We find in the work of Faury [16] and Joisel [17] that they made modifications
to the work of Caquot in 1942 and 1952, and Faury extends to the granular range up
to 6.5 μm, incorporating the cement as a granular material and taking into account
the effect of the wall. And Joisel gave a reference straight line (at a complex scale)
taking into account the cement, water, voids, granulometry and the compactness of
the granular classes. Here, we note an indirect representation of the granular distri-
bution with the mechanical resistance of the aggregates [18].

The optimum grain size of a concrete is a mixture (in a certain proportion) of
two kinds of grains of the aggregate.

The reference curve to be followed consists of two straight sections.
The first AB gives the granulometry of fine grains. The second straight line is

that of coarse grains. The y coordinate of, called the break point, indicates the
percentage by volume of the grains. Its value is given by the experimental
formula (6).

Y ¼ Aþ 17:

ffiffiffiffiffiffiffiffiffiffiffi
d
D

� �
5

s
þ B

R
D � 0:75

(6)

• D: maximum aggregate size in mm

• R: average radius of the formwork in mm

• A: coefficient taking into account the shape of the aggregates and the
consistency of the concrete.

• B: depends on the tightening. It varies from 1 for a powerful vibration to 1.5 for
an average tightening.

2.1.7 Methods of Dreux-Gorisse

He method of Dreux and Gorisse [19] is based on the optimal granularity which
is still current for the design of the concrete formulation. This is an empirical
approach according to an OAB granular reference curve (segments of two lines in a
semi-logarithmic plot). Contrary to the moment, the cement is not part of the
reference curve of the mixture, since its mass is determined separately. It is a
method which takes into account a large number of parameters [18]. But it does not
take into consideration the direct representation of the granular distribution of the
aggregate, and indicates what the true class of cement represents, and the dosage of
cement and water, type, shape, quality and dimensions. of aggregates, the smooth-
ness, consistency and strength of concrete.

This method is fundamentally empirical in nature, unlike the Faury method
which predates it [Faury, 1942] and which is based on Caquot’s theory of the
granular optimum [Caquot, 1937]. Dreux carried out a large survey to collect data
on satisfactory concretes [de Larrard, 2000]. On the basis of a statistical analysis of
this large number of concretes and by combining the granular curves obtained, they
were able to base an empirical approach to determine a reference granular curve.

It is also very easy to use since it only requires knowing the grain size curves of
the aggregates used.

A test batch is necessary to be carried out in the laboratory in order to make any
usage corrections.
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“B” (on the ordinate 100%) corresponds to the dimension D of the largest
aggregate.

“O” (at ordinate 0%) corresponds to the dimension d of the smallest aggregate.
The break “A” has the following coordinates:
- on the abscissa (from the dimension D of the sieve) on the ordinate.
Si: D ≤ 20 mm; the abscissa is D / 2.
If: D ≥ 20 mm; the abscissa is located in the middle of the “gravel segment”

limited by the modulus 38 (5 mm) and the modulus corresponding to D.
in ordinates (7)

Y ¼ 50�
ffiffiffiffi
D

p
þ K þ Ks þ Kp (7)

• K: corrector which depends on the cement dosage, clamping efficiency, the
shape of the rolled or crushed aggregates

• Ks additional correction according to the fineness modulus of the sand (case of
coarse sands) by adding the value Ks ¼ 6:MF � 15

• Kp: the coefficient depends on pumped concrete or not.

2.1.8 Baron and Lesage

The method of Baron and Lesage [20] is based on a technique proposed in 1976
to improve the granular skeleton according to the principle of relating the minimum
flow time specified by the LCL Maniabilimeter according to Standard 18–452 [21]
with the quantity optimal granularity for constant cement and water ratios.

The principle is to measure the time taken for a concrete sample to flow under
vibration to a certain mark. The optimum proportions of aggregate are assumed to
give the minimum flow time, for a given amount of cement and water. Once the
granular proportions have been identified, the water and cement dosages are
adjusted experimentally, so that the mixture has the desired workability and resis-
tance. It is assumed, in this method, that the optimum proportions of aggregates do
not depend on the quantity of cement.

2.2 Other models

Baron and Olivier have developed a formulation method derived from the
Dreux-Gorisse method with modifications to adapt to existing concrete in 1996.
This method makes it possible to integrate a large number of the parameters listed,
taking into account the additives and incorporating mineral additives.

Baron and Olivier have developed a concrete formulation method derived from
the Dreux-Gorisse method with modifications to adapt to existing concrete in 1996.
This method makes it possible to integrate a large number of listed parameters,
taking into account the additives and incorporating mineral additions.

The method is due to Mr. BARON, from the experimental studies he carried out
in the years 1970–1980 and which were subsequently optimized by using the direc-
tives of the NF P 18–305 standard, replaced by the European Standard. EN 206–1.
This method is developed in a book co-written by Messrs. BARON and OLLIVIER
“BETONS, Bases and data for their formulations” published by Eyrolles.

The experiments confirmed the work carried out by BOLOMEY and FAURY,
certain formulas of which were adopted with regard to the binder and water
dosages.
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For the dosage in aggregates, it is, in part, the work of DREUX that was retained.
The whole is completed by experimental results which make the method as afford-
able as the DREUX method without having the drawbacks of its limitation to the
only common concretes.

The problem of the optimal dosage of concrete is not unique: there are actually
two problems that can be addressed independently of each other:

• Binding paste

We start the formulation from 2 main assumptions which are the target resis-
tance and the optimal effective water quantity.

The target resistance Rc is obtained from the calculation of the concrete or Rc28
required by the work to be constructed. Taking into account the true resistance class
of the cement and the nature of the aggregates, the BOLOMEY formula is used to
define the W=C ratio. The optimum effective water is defined in a simple and
provisional way according to the target consistency of the concrete by a table
created by BARON taking into account a certain number of corrections relating to
the dimension D of the gravel used (dimension of the smallest sieve which leaves
pass all the components of the concrete) and at the temperature of the concrete
pour.

From these values, we can therefore determine the cement dosage. Corrections
are made from a trial mess.

• The granular skeleton

The granular skeleton retained by BARON is very close to that obtained by
DREUX, however with a simpler approach and definition. This method was chosen
not for its scientific basis, but because its results have been satisfactory over the past
25 years.

There are other innovative methods of concrete formulation, which can use
numerical models such as René LCPC or BétonLab and BétonLab Pro2 [3], and
other methods are analytical.

The first theories dealing with the maximum pressure of granular mixtures
[Féret 1892, Caquot 1937] do not explicitly take into account the interactions and
grain sizes between them. Through the compact stacking model, De Larrard [3]
incorporates new concepts such as clamping, wall effect and thinning effect.

3. New models (mathematical analysis)

3.1 Fractal analysis

The fractal model for determining the granular distribution is a conclusion
drawn from fractal analysis and is a new model for the mathematical description of
everything used and found in nature, in which its truncated shapes reveal patterns
similar to increasingly precise scales. And irregular and recurring shapes can be
described using mathematical models. The term “fractal” is a mathematical term
coined by Benoit Mandelbrot [22] from the Latin root fraction. It was originally
used as an adjective (fractal line) and today is a noun meaning broken or irregular.

Sebsadji and Chouicha in 2012 [5–10, 23] showed that Fractals can be defined as
disordered systems that are self-similar independent of scale of observation. Their
fundamental property is a non-integer dimension called fractal dimension, which
can measure.
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Its result builds on the findings of previous researches (Lecomte and Thomas,
1992; Chouicha, 2006), according to which ideal grading curves of concrete can be
transformed into straight-lines power-law of the form given in Eq. (11).

3.2 Fractal dimension (FD)

Marmi [24], in 2019 he expressed the fractal dimension as a parameter exists in
classical geometry, and is a line is a one-dimensional object a surface a two-dimensional
object, a volume a dimensional object.We are therefore used to objects whose dimen-
sion (D) is an integer 1,2 or 3. But it is not specified, what would be the dimension of a
series of points on a line, an irregular and plane curve, a surface full of convolutions.
For this purpose, the term fractal dimension was introduced by B. Mandelbrot in 1975
the fractal dimension is therefore a number which measures the degree of irregularity
or fragmentation of an object or whichmeasures the roughness of a surface.

The fractal dimension is the fraction or an irrational number (; 1.23; etc.) or an
integer.

This notion of fractal dimension applies to scale-invariant objects: there are parts
which are similar to the object itself up to an expansion (enlargement).

When we change the observation scale of a scale invariant object, we keep the
shapes.

The particle size distribution curves of the cumulative sieve percentages as a
function of the grain dimensions can be transformed to a straight line representing
cumulative numbers as a function of the grain dimensions.

We can do this by assuming that the shapes of the grains have the same oval
shape, and this, if we adopt the same hypothesis proposed by Lecomte and Thomas
[25] in his work, which first touched on the analysis fractal and through which he
approached the application of the fractal dimension in the determination of three
types of granular mixtures for high-performance concrete. And in 1992, he achieved
his study results by applying fractal analysis to a granular mixture of concrete
related to the definition of granular analysis of granular mixture of concrete, which
consists of several granular types. These results indicate at the time that he adopted
the hypothesis of the dimension of a spherical grain of aggregate of main and
standard dimension G, and the relation (8) below summarizes the determination of
the volume of the spherical grain.

We can estimate the mass of the grains, called M mass, as well as their true
density ρ and the average size of the grains V for each initial class of grains, n being
the partial number of grains refused on the opening screen G [25] as a relationship
(9) below.

v ¼ π
6
G3 (8)

N ¼ M
ρ π

6

� �
G3 (9)

It is also possible to express the cumulative number Nc of aggregate grains whose
dimension is greater than or equal to the size of the opening of the sieve G, and
Relation No. (10) shows the determination of the cumulative number of grains of
aggregate. Thus, Relation (11) allows us to express the number of grains of aggregate
rejected in a sieve, in terms of the cumulative numbers of all the granular components.

Nc ¼
Xn
i¼1

Mi
ρ π

6

� �
Gi3

(10)
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Nc ¼
Xn
i¼1

MiP
ρ π
6Gi

3 Ncumuĺe ¼
Xn
i¼1

MiP
ρ π
6 Gi

3 (11)

The granulometric analysis of cement is done by laser, “Laser granulometry” this
technique is based on the diffraction of light and was proposed by Fraunhofer under
the application of their theory of Fraunhofer “. We have Table 1 below which
shows by a sub-detail of the fractal analysis which will identify the particle size of
an example of CPA cement by the fractal dimension (FD).

FD fractal dimension is, therefore, an approximation of the granular distribution
curve. If this approximation is good over almost the entire grain size measurement
field, the granular distribution line is said to be the fractal or quasi-fractal dimen-
sion. If the curve obviously tends towards a limit when the dimension of the seeds
tends towards zero, then this curve is said to be semi-fractal.

We show without difficulty that any physical measurement on a granular struc-
ture, even purely fractal, results in a granular curve on a logarithmic scale (quasi-
fractal) due to the smaller dimension of d mm, an empirically necessary procedure.
It turns out that only successive zooms, and logarithmic scale transformations

Sieve
size
(mm)

Particle size analysis Fractal analysis

Refusal mass (g) % Cumulated Density
(g/cm3)

Grain
volume
(cm3)

Number of grains

Partial Cumulated Refusal Passing Partial Cumulated

0.125 0.00 0.00 0 100 3,00 1.02E-06 0.00E+00 0.00E+00

0.1 2.40 2.40 1 99 5.23E-07 1.53E+06 1.53E+06

0.08 9.60 12.00 5 95 2.68E-07 1.19E+07 1.35E+07

0.063 12.00 24.00 10 90 1.31E-07 3.06E+07 4.40E+07

0.05 12.00 36.00 15 85 6.54E-08 6.11E+07 1.05E+08

0.04 12.00 48.00 20 80 3.35E-08 1.19E+08 2.25E+08

0.0315 24.00 72.00 30 70 1.64E-08 4.89E+08 7.14E+08

0.025 21.60 93.60 39 61 8.18E-09 8.81E+08 1.59E+09

0.02 14.40 108.00 45 55 4.19E-09 1.15E+09 2.74E+09

0.016 12.00 120.00 50 50 2.14E-09 1.87E+09 4.61E+09

0.0125 24.00 144.00 60 40 1.02E-09 7.83E+09 1.24E+10

0.01 12.00 156.00 65 35 5.23E-10 7.64E+09 2.01E+10

0.008 7.20 163.20 68 32 2.68E-10 8.96E+09 2.90E+10

0.0063 4.80 168.00 70 30 1.31E-10 1.22E+10 4.13E+10

0.005 4.80 172.80 72 28 6.54E-11 2.45E+10 6.57E+10

0.004 19.20 192.00 80 20 3.35E-11 1.91E+11 2.57E+11

0.00315 9.60 201.60 84 16 1.65E-11 1.96E+11 4.52E+11

0.0025 2.40 204.00 85 15 8.18E-12 9.78E+10 5.50E+11

0.002 2.40 206.40 86 14 4.19E-12 1.91E+11 7.41E+11

0.0016 9.60 216.00 90 10 2.14E-12 1.49E+12 2.23E+12

0.00125 2.40 218.40 91 9 1.02E-12 7.83E+11 3.02E+12

0.001 2.40 220.80 92 8 5.23E-13 1.53E+12 4.55E+12

Table 1.
Particle size analysis and fractal analysis of CPA.
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(d, D), probably reveal (on the slope of the lower higher convergence line) the
effective quasi-fractal drift of the studied process.

If this drift has several changes in the slope, then in some cases it will be referred
to as “multi-fractal.”

Figure 1 Presented the granular distributions of four types of cement identified
by the fractal line, the cements are:

Portland cement compound class 42.5 MPa CPJ 42.5.
Cement sulphate resistant class 42.5 MPa CRS 42.5.
Artificial Portland cement class 52.5 MPa CPA 52.5.
Portland cement compound class 42.5 MPa type P6 CPJ P 42.5.
We present in Figure 1 - the different fractal distribution with correlation

coefficients of the fractal lines of the granular distributions, and the minimum
correlation coefficient value is R2 = 0.96. Appears in the granular distribution
between three closely related types of cement, and another is different.

We followed the same method according to the results Figure 2 of Lecomt [25]
presented in the Figure 2 which has ideally defined an example of the granular
mixture containing a spread granular for a high-performance concrete, as well as all
the granular classes of this concrete including the active mineral additions were
used.

Figure 1.
Fractal lines of granular distributions of four types of cements alone.

Figure 2.
Transformation from a particle size distribution to a fractal distribution for a concrete mixture and its
components from the Lecompt [25]. a) Particle size curves, b) fractal line.
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All concrete formulation methods, old or new, are based on particle size for
determining the different dosages of the granular constituents. The results obtained
by Lecompte [25] and Chouicha [2], show that these methods which use a granular
distribution, indirectly use a fractal distribution.

In Figure 3 of Chouicha [2], the particle size curves for different granular
mixtures that he identified with a uniform particle size range, we can determine the
particle distribution of the granular mixtures with a fractal dimension from FD = 0.5
to FD = 7, knowing that this field is for the granular mixtures in general, which is
much larger than the field of the granular concrete mix, so it is outside the concrete
field, because the fractal dimension FD does not exceed the value of 3 .

We applied one of the three high quality BHP concrete mixes that he adopted by
Lecomt in his research (Figure 2), we clearly show through Figure 4 the curves of
the granular distribution of the component classes of the concrete, as well as its
curve of the granular mixture, and this gives some similarities between Lecomt’s
work and what we got despite using different components in terms of density and
type of aggregate ect, and what we got despite using different components in terms
of density and origin of gravels, and this is due to our relying on the granule size
assumption of the spherical-shaped relation (8) to obtain the fractal distribution of
this granular mixture with its components as shown in Figure 4 (a), (b) which
gives us the results of converting granular curves to fractal lines. Lines.

Figure 3.
Particle size curves of the different granular mixes identified by FD Chouicha [2].

Figure 4.
Transformation from a particle size distribution to a fractal distribution for a concrete mixture and its
components (example BHP) a) particle size curves, b) fractal line.
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The process of transforming the particle size curve into a fractal line has a direct
relation to the granular variety of a granular class or of a granular mixture regard-
less of the mass taken for the granular variety. Figure 5 (a) shows that the grain size
curve remains the same, regardless of the mass for the same grain class. Figure 5 (b)
shows the transformation into a fractal line which gives us two lines of the fractal
distribution, for each mass gives a fractal line for the same granular class, but with the
same slope value, so it is the same value of the fractal dimension, and this is what he
had confirmed by Chouicha [2] in his work in 2006.

4. The fractal line of sands/gravel and cement

First, on the one hand, we deal with the transformation of the granulometric
curves of local materials concerning the granular classes of sand and then of gravel.
On the other hand, we show the transformation of the particle curves for the
cementitious materials of CPJ 42.5 and CRS 42.5.

The determination of the granular distribution is one of the important physical
properties for the definition of aggregates and as is known in the context of concrete
formulation methods, and it is important to control and determine the proportions
of the appropriate aggregate components for concrete.

4.1 The fractal line of sands

Figure 6 (a) is an example showing the grain size curve of dune sand with a grain
range of 0/5, Figure 6 (b) is its transformation into a fractal line, and this sand is one
of the 10 sand classes of dunes shown in Table 2 and its smallest, granular extent is
0.005/0.63 and it is a very fine dune sand. As for the granular extent of coarse dune
sand is 0.005/5. Thus, a quarry sand with its granular extent is 0.063/63.

The identification results shown in Table 2 were obtained by conducting
laboratory experiments to determine the varieties of sand dunes at the Building
Materials Laboratory of the University of Adrar in cooperation with the Regional
Workshop Laboratory. On desert techniques (ARTS) [26]. The sand studied is sand
from sites approved for the use of dune sands from different sites in the Saharan
region in Adrar, Algeria.

The graphical fit of the fractal distribution is a linear fit by the equation y = b + ax.
And constant “a “, it is the slope which represents the fractal dimension. Figure 6 is

Figure 5.
Transformation of a particle size curve of a granular mixture 0,63/25 to a) fractal line particle size curves, b)
fractal line.
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an example showing the methodology for determining fractal dimensions of all
granular classes, including dune sand.

Y ¼ 4, 59–2, 69 xð Þ (12)

In this case, the slope is 2.69 and the correlation coefficient is R2 = 0.96. The
slope obtained by cumulative number of grains according to grain dimensions is the
fractal dimension DF, which determines the class of the distribution of grains of a
granular class or of the granular mixture.

4.2 Physical properties of dune sands

Table 2 summarizes the conventional physical properties of dune sands in the
Adrar region, namely granular extent, fineness modulus and sand equivalent. And
the unconventional properties are the fractal dimension of the granular distribution,
whose value varies from 1.14 to 4.20 with a correlation coefficient whose value
varies from 0.82 to 0.98, which is a value close to one therefore is accepted. In
addition to the total area of the grains of sand calculated by the fractal dimension.

Figure 6.
Transformation of a grain size curve from a sand from Tilouline dune to a fractal line (example) [1].
a) Particle size curves, b) fractal line.

Sand dune site ES MF STg (mm2) d/D DF R2

Ouinna site n°01 - Adrar (SD) 82,43 1,78 8,58E+14 0,05/1,6 4,20 0,91

Tinerkouk - Timimoun (SD) 78,08 1,06 3,45E+14 0,05/2,5 3,72 0,89

Tilouline - Z. Kounta (SD) 82,17 1,42 2,34E+12 0,063/5 2,69 0,96

Ouinna site n°02 - Adrar (SD) 74,20 1,78 6,39E+11 0,063/0,8 2,21 0,89

Bordj Badji Mokhtar (SD) 73,18 1,64 3,38E+12 0,05/0,63 2,86 0,82

Tsabit - Adrar site n°01 (SD) 74,32 2,22 6,63E+13 0,063/2,5 3,36 0,93

Tsabit - Adrar site n°02 (SD) 74,32 2,22 1,50E+13 0,063/1,25 3,88 0,93

Tsabit - Adrar site n°03 (SD) 74,32 2,22 1,69E+15 0,05/1 3,82 0,93

Mimoun Adrar (SD) 72,00 1,21 1,10E+14 0,063/1,25 3,60 0,88

Cherouine -Timimoun (SD) 75,00 1,82 5,27E+14 0,05/5,00 3,24 0,98

Ouinna -Adrar (SC) 77,90 1,67 4,84E+12 0,063/6.3 1,14 0,80

Table 2.
Conventional and unconventional parameters for certain sands of the Adrar-Algeria sites [1].
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Note: Physically, the value of the fractal dimension does not exceed the value
of 3, because the study is within the framework of the three dimensions. But
mathematically, that is to say according to the calculations of the hypothesis
adopted, certain granular varieties can exceed the value of their fractal dimension
the value 3.

But keep the optimal value that he adopted by chouicha [2], in his work, which
does not exceed the value of 3 until the contrary is physically proven.

In Figure 7 (a) below, we show the grain size curves for all classes of dune
sands as well as the quarry sand which we presented in Table 2, Figure 7 (b)
we show the resulting fractal lines fractal distributions after transformation of
their grain size curves for the different grain classes of dune sands. We note
that the grain distribution of these sands is different and also gives us a
different fractal distribution, which is proved by the obtained values of the fractal
dimension.

Figure 7.
Transformation of the particle size curves of Adrar Dune Sands to fractal lines a) particle size curves, b) fractal
line.

Granular mixtures of concrete Cement class Concrete mix RC28

DFC R2 DFb R2 MPa

Mixture 01- [ARTS 22], CRS 42.5, Ouinna DS, Koussane Gr 2,85 0,98 2,66 0,99 22,80

Mixture 02- [ARTS 22], CPJ 42.5, Ouinna DS, Koussane Gr 2,75 0,99 2,83 0,99 20,60

Mixture 03- [LECT 24], CRS 42.5, Tinerkouk DS, Koussane Gr 2,94 0,98 2,61 0,98 17,90

Mixture 04- [LECT 24], CRS 42.5, Tillouline DS, Koussane Gr 2,94 0,98 2,76 0,99 18,90

Mixture 05- [LECT 24], CRS 42.5, Ouinna DS, Koussane Gr 2,94 0,98 2,85 0,99 18,40

Mixture 06- [LECT 24], CRS 42.5, DS Gr from B.B.M 2,94 0,98 2,87 0,99 19,10

Mixture 07- [LECT 24], CRS 42.5, Ouinna CS, Cherouine Gr 2,94 0,98 2,86 0,98 20,20

Mixture 08- [LECT 24], CRS 42.5, Brinkane DS, Cherouine Gr 2,94 0,98 2,83 0,99 29,50

Mixture 09- [LECT 24], CRS 42.5, Brinkane DS, Koussane Gr 2,94 0,98 2,76 0,99 20,50

Mixture 10- [LECT 24], CRS 42.5, Brinkane DS, Cherouine Gr 2,94 0,98 2,79 0,99 20,30

Mixture 11- [LECT 24], CRS 42.5, Brinkane DS, El Menia Gr 2,94 0,98 2,79 0,99 23,40

Mixture 12- [LAMCO 23], CPJ 42.5, Mimoun DS, Koussane Gr 2,75 0,99 2,80 0,99 18,80

B.B.M: Badji Badji Mokhtar. El Menia, Ghardaia. DS: Dune Sand Gr: Gravel.

Table 3.
Identification by DF for granular mixtures of concrete at Adrar [1].
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4.3 Particle size curves of mixtures

In this study, we adapted 12 concrete formulation tests for 12 projects carried out
at the wilaya in the State of Adrar which are detailed in Table 3. Example of the
particle sizes of the Granular Mixtures based on the particle sizes of different
granular classes, Figure 8 with cement and Figure 8 without cement.

As for the concrete studies, we adopted the studies using dune sand that we
have already studied, knowing that the concrete compositions included in this study
are part of an executive study for projects scheduled to be implemented in arid
regions.

Thus, the concrete compositions were studied in coordination between the
building materials laboratory of the University of Adrar and the local technical
laboratories, so that the study was carried out with the laboratory assigned to
monitoring and control at the site. of the project. This within the framework of
cooperation and the exchange of experiences between the university and the tech-
nical operator. These laboratories include the ARTS Soil Analysis Laboratory,
Regional workshop of Saharan techniques, the LECT Technical Studies and Controls
Laboratory and the LAMCO Building Materials analysis laboratory [26–28].

As for the aggregate materials used in these concrete structures, in addition to
the sand dunes which were under study, the aggregates used locally come from
quarries (Ouainna, Koussane, Cherouine, etc.), with two classes of CPJ cement. 42.5
and CRS 42.5.

In Figure 8 we apply the hypothesis of fractal analysis and show through it an
example of the granular mixture with its components, which is dedicated to the first
concrete project, and through it we give a typical idea of granular mixtures applied
in the field, giving us a clear picture of the conversion of the granular distribution
into a fractal distribution from which we derive the fractal dimension of the con-
crete mixture, which is DF = 2.66 with a correlation coefficient of R2 = 0.99. This
granular mixture used, contains four granular classes, which are 03 classes of gravel
and one of dune sand in addition to the cement class, which we have considered as a
granular class in the dry concrete mix.

The variable component in our approved concretes is the variety of dune sands
used, and we present in Table 3 below a summary of the identification they con-
crete used through their dry granular mixtures used. The fractal dimension of
concretes used in executive projects on site and not limited to laboratory research
only. We draw attention to a necessary parameter, namely that we have taken into
account the effect of cement as a granular material which participates in the

Figure 8.
Transformation of a grain size curve of the granular mixture of Oued zine to a fractal line (mixture 01) a)
particle size curves, b) fractal line.
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granular mixture by filling the pores with particles, while maintaining its main role
in concrete, which is the main binder.

We have presented the values the fractal dimension of the cement used. Since
we only used three classes of cement in the concrete compositions listed in Table 2,
their values the fractal dimension of these classes, respectively, are as follows:

• CPj 42.5 DF = 2.75,

• CRS 42.5 DF = 2.85 Type 1,

• CRS 42.5 DF = 2.94 Type 1.

This is in accordance with what is indicated in the three cement classes men-
tioned in Table 3.

But it seems very clear that the difference in the values the fractal dimension of
the granular concrete mixtures is due to all the different granular classes used in the
concrete, which have shown their effect on the granular distribution in the granular
mixture. The smallest value of the fractal dimension of concrete is DFb = 2.61 and
the highest value obtained from the fractal dimension of concrete is DFb = 2.87.
This confirms the previous results of researcher Chouicha [2], which indicates that
the optimal value of the fractal dimension does not exceed the value 3.

5. Transformation of grain size curves using software

Table 1 shows details of how to transform a grain size curve into a fractal line for
a single type of cement, and analytically we draw the fractal line of the cumulative
grain sizes according to the grain dimensions with a scale logarithmic. But the
granular mixture is made up of several different constituents, which makes it
somewhat difficult to calculate the different arithmetic operations involved in
fractal analysis.

The different required steps on which the proposed software is based can be
addressed through two main sections.

First: enter the necessary data relating to each component of the mixture, namely
the granular extent, the density and the standardized dimensions of the sieves, as well
as the experimental data for the particle size analysis of each granular class.

Second: this software would draw the particle size curve of the granular mixture
composed of several granular constituents, then display the transformed fractal
line, and plot the linear fit and give its linear relationship followed by the correla-
tion coefficient R2.

We proposed to name the program GranuFract in relation to the transformation
of the particle size curve into a fractal line.

Figure 9 shows the image designed in the GranuFract software to capture basic
information (density, cumulative sieve, and dimensions of sieve openings) to
obtain the fractal distribution.

Concerning the transformation of the particle size curves to a fractal line, we
adopted the method of fractal analysis carried out in the previous works [1, 29–31],
as shown in Figure 8.

The GranuFract program allows us to easily determine the granular distribution
of granular mixtures. This also helps us in the possibility of processing discontinu
ous grain size curves, that is to say by knowing the coordinates of each grain. It also
helps to infer the variance of the coordinates to correct for items that have missing
items (Figure 10).
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6. Validation of software results

It is necessary to verify the data obtained from the program GranuFract, we
have adopted ... the necessary procedures to compare the results that they obtained
from the proposed software GranuFract and those that they obtained in the usual
way, that is ie a graphical analysis using one of the mathematical programs
“Origlab” and after a series of calculations The repeated values for each component
of the granular mixture shown in Figure 11 (a) and (b) [1] we give the adopted
values of the fractal dimension resulting from the two methods, they obtained
values with an ideal correlation coefficient, and the standard deviation is �0.05.
The values obtained by verification are:

According to ‘GranuFract’: DF = 2.82; R2 = 0.99.
According to ‘Originlab’: DF = 2.83; R2 = 0.99.
We draw the attention of those interested in such a study represented in the use

of mathematical models to find solutions to the framework of the search for

Figure 10.
Application of the transformation of a particle size distribution to a fractal distribution [1]. (a) Fractal line of
the mixture. (b) Presentation of their coordinates.

Figure 9.
Main window for entering basic information in the GranuFract software.
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concrete materials, that our main objective of this work is to highlight what we have
achieved through to laboratory research and modeling in the application of the
fractal analysis represented in the fractal dimension parameter and its positive
results which have helped us to determine the granular distribution of the granular
components of concrete through the granular mixture - the fractal line.

As for the proposed program, we look forward to improving and generalizing it
by expanding a database that depends on a lot of experimental data for different
components, including mineral additives and adjuvants, through which we hope to
achieve a program to complete which will allow us to generalize it to all types of
concrete, including innovative concrete.

7. Conclusion

This work allowed us to open a new window on the methods of concrete for-
mulation using the granular distribution of granular mixtures to determine impor-
tant properties in the definition of concrete, and we knew the efficiency of using
modeling fractal to determine these granular mixtures of dry concrete for different
concrete. It is now easy to know these granular mixtures according to their fractal
dimension and their granular extent (FD, d/D).

Through this study, we show the contribution of an additional parameter for the
formulation of concrete. It has already been mentioned that all concrete formula-
tion methods depend on the granulation curve of the gravel mixture (sand gravel)
to determine the gravel doses using the OAB grain reference curve, and the fractal
model. Allow to determine the latter as a reference curve in the fractal dimension.

We initially proposed the “GranuFract” program, which converts the measure-
ment curve of the grains of granular mixtures into a fractal line. This same program
facilitates calculations and determination of the fractal distribution.

First of all, this work must be followed by careful empirical study to control the
determination of granular aggregates with a concrete fractal line, in order to deter-
mine the dosages of the components of the concrete.

Secondly, we also aspire to extend this work by developing the “GranuFract”
software in order to build an electronic database based on fractal modeling and
obtained from particle size analysis in general.

Figure 11.
Example of the validation of the transformation of a particle size curve to a fractal line [1]. a) Fractal line by
GranuFract software, b) fractal line by originlab software.

174

Sustainability of Concrete with Synthetic and Recycled Aggregates



Nomenclature

C Cement dosage
E Effective water dosage
d Minimum grain size
D Maximum grain size
d=D Granular extent
E=C Cement on water dosage report
G=S Gravel on sand dosage report
N Numbers of grains
Nc Cumulative numbers of grains
EC Cumulative workforce
ES Sand equivalent
MF Fineness modulus
STg Total area of grains (mm2)
FD Fractal dimension
R2 Correlation coefficient
SC Crushed sand
SD Dune sand
FDc Fractal dimension of cement
FDb Fractal dimension of concrete mix
FD Fractal dimension
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