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Structure Investigation level 

3 

• The type, amount, size, shape, and distribution of phases 

present in a solid constitute its structure.  

• The gross elements of the structure of a material can readily be 

seen, whereas the finer elements are usually resolved with the 

help of a microscope.  

• The term macrostructure is generally used for the gross 

structure, visible to the human eye.  

• The limit of resolution of the unaided human eye is 

approximately one-fifth of a millimiter (200 μm). 

• The term microstructure is used for the microscopically 

magnified portion of a macrostructure. 
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SIGNIFICANCE 
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• Progress in the field of materials has resulted 

primarily from recognition of the principle 

that the properties of a material originate 

from its internal structure. 

•  The properties can be modified by making 

suitable changes in the structure of a material. 
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COMPLEXITIES 
• From examination of a cross section of concrete, the two 

phases that can easily be distinguished are aggregate particles 

of varying size and shape and the binding medium, composed 

of an incoherent mass of the hydrated cement paste 

(henceforth abbreviated HCP).  
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Background, Cement composition 
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Hydration;  Introduction: (ASTM C-186) 

 

• Portland cement is a hydraulic cement, hence it derives its 

strength from chemical reactions between the cement and 

water. The water causes the hardening of cement or 

concrete through a series of irreversible and exothermic 

process called hydration.  

   

• Major compounds in cement form chemical bonds with 

water molecules, becoming hydrates producing 

hydration products. This is not a momentary action but 

a process that continues for long. The rate of hydration is 

fast to start with, but continues longer at a decreasing rate.  

 

Tuqeer
Highlight

Tuqeer
Highlight

Tuqeer
Highlight



10 

Hydration;  Introduction: (ASTM C-186) 

 

• Cement-water paste sets and hardens “gluing” the 

aggregates together in a solid mass. 

 

Formation of hydration products over time leads to: 

• Stiffening of cement paste (Loss of workability) 

• Setting (Solidification) 

• Hardening (Strength gain)  

 

Tuqeer
Highlight

Tuqeer
Highlight



11 

Why is it important to know about it? 

Understanding the basics of hydration is important to; 

 

• Ensure the strength and durability of concrete 

• Recognize and mitigate the stresses to prevent cracking 

(plastic shrinkage cracks / thermal cracks etc.) 

• Appreciate the importance of good curing and 

construction practices at site 

• May not proceed to 100% completion 

• Hydration of cement is responsible for and affects the  

• time to stiffening 

• setting time & 

• hardening rate of concrete 
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Why is it important to know about it? 

When portland cement is mixed with water, heat is liberated. 

This heat is called the heat of hydration, the result of the 

exothermic chemical reaction between cement and water. 

The heat generated by the cement‟s hydration raises the 

temperature of concrete. 

• During normal concrete construction, the heat is dissipated 

into the soil or the air and resulting temperature-changes 

within the structure are not significant.  

• In massive structures, such as dams, mat foundations, or 

any element more than about a meter or yard thick, the 

heat can not be readily released. The mass concrete may 

then attain high internal temperatures, especially during 

hot weather construction, or if high cement contents are 

used. 
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Why is it important to know about it? 
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Overview of the Hydration Process 

Broadly speaking, it is a Two-step process:  

• Dissolution:  Cement dissolves, releasing ions into the mix 

water. The mix water is thus no longer pure H2O, but an 

aqueous solution, containing a variety of ionic species, called 

the pore solution. The gypsum and the cement minerals C3S 

and C3A are all highly soluble, meaning that they dissolve 

quickly. Therefore the concentrations of ionic species in the 

pore solution increase rapidly as soon as the cement and water 

are combined.  

• Eventually the concentrations increase to the point that the 

pore solution is supersaturated, meaning that it is energetically 

favorable for some of the ions to combine into new solid 

phases rather than remain dissolved. This second step of the 

hydration process is called precipitation.  
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Overview of the Hydration Process 

• A key point, of course, is that these new precipitated solid 

phases, called hydration  products, are different from the 

starting cement minerals. Precipitation relieves the super 

saturation of the pore solution and allows dissolution of the 

cement minerals to continue.  

 

• Thus cement hydration is a continuous process by which the 

cement minerals are replaced by new hydration products, 

with the pore solution acting as a necessary transition zone 

between the two solid states.  

 

The reactions between portland cement and water have been 

studied for more than a hundred years, and the fact that hydration 

proceeds by a “dissolution-precipitation process” was first 

elaborated by the famous chemist Le Chatelier. 
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Overview of the Morphology of the Main Hydration Products  
(study of the forms of things, in particular) 

 

Morphology  (Shape of the hydration products): 

    Defines shape, form, or structure at the microscopic scale, i-e 

nanometers and microns.  

     Has greater impact on its macroscopic properties than its chemical 

composition; as for cement paste and concrete.  

• The combined morphology of cement paste is one of the major 

components of its microstructure.  

The morphology of a particular solid phase will depend on many 

factors, including the crystal structure, the mechanism of formation, the 

temperature, and the space available for the phase to form. In addition, 

the morphology of a solid phase can change over time in response to 

changes in its surrounding environment. 

  

    It becomes more significant when we need to produce any special 

concrete like Self compacting concrete. 
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Overview of the Morphology of the Main Hydration 

Products  

  

    One of the major reasons, that the science of cement and 

concrete is so complex is that the morphology of the 

hydration products are both complex and highly variable. 

The standard approach for studying a complex material or 

process is to break it down into individual phases or steps 

and to study each of these in isolation. This is also 

problematic to do with cement, because the morphology of 

the phases depends strongly on the complex local conditions 

that exist during the hydration process. This is particularly 

true of the C-S-H gel phase, which is by far the most 

important hydration product.  
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Investigation at micro-level 
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 Following different helping tools are employed for 

analysis of cement paste and concrete at micro and 

nano level investigation 

  

• Scanning electron microscope (SEM) 

• Transmission electron microscope (TEM) 

• Energy-dispersive x-ray (EDX)  

• X-ray powder diffraction (XRD) 
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Hydration Process ; an overview 

When water is added to cement, what happens?  

• Dissolution of cement grains  

• Growing ionic concentration in “water” (now a solution) 

• Formation of compounds in solution  

• After reaching a saturation concentration, compounds   

   precipitate out as solids (“hydration products”)  

• In later stages, products form on or very near the surface   

   of the anhydrous cement 
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Hydration Process ; an overview 

Cement compounds  have the following properties:  

 Tricalcium silicate, C3S,  

• hydrates and hardens rapidly  

• largely responsible for initial set and early strength.  

• early strength of portland cement concrete is higher 

with increased percentages of C3S.  

 Dicalcium silicate, C2S,  

• hydrates and hardens slowly  

• contributes largely to strength increase at ages beyond 

one week.  

 Tricalcium aluminate, C3A,  

• becomes active on water mixing and liberates heat 

• liberates a large amount of heat during first few days  

• contributes to early strength development.  
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Hydration Process ; an overview 

 Tetracalcium aluminoferrite, C4AF,  

• reduces the clinkering temperature, thereby assisting 

in the manufacture of cement.  

• It hydrates relatively slowly and contributes very little 

to strength.  

• Most color effects are due to C4AF and its hydrates. 
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Stages of hydration of cement compounds:  

Calorimetric curve (i.e. time versus rate of heat evolution curve) 
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It corresponds to a period of rapid evolution of heat.  



26 

Hydration is almost at halt. This is the reason why the concrete remains 

in plastic state for several hours. 
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Ettringite is formed in 

hydrated Portland cement system 

as a result of the reaction of 

calcium aluminate with calcium 

sulfate, both present in Portland 

cement 

SEM image of fractured hardened 

cement paste, showing plates 

of calcium hydroxide and needles of 

ettringite (micron scale) 

Very slender ettringite crystals 

forming needle-shaped formations 

with hexagonal cross-section and a 

thickness of about 2 µm 
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Mehta and Monteiro 

Microstructure of Hydrated Cement Paste 

Calcium Hydroxide or portlandite 

• Large hexagonal crystals can be formed 

• Low surface area (0.5 m2/g) 

• Low Van der Waals forces 

• Volume – 20-25% 



Mehta and Monteiro; Mindess and Young 

Microstructure of Hydrated Cement Paste 
Calcium Sulfoaluminates 

• Ettringite (first): Prismatic needles 

• Monosulfate (later): Plane hexagonal crystals  

                                     (low surface area: 2 m2/g)  

• Volume – 15-20% 

Ettringite                                    Monosulfoaluminate 
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*The work of Lerch serves as the foundation for our understanding of the role 

of sulfates in cement [Lerch, 1946].  
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Role of Sulfates in Hydration Reactions / What Is Ettringite? 

(Stage 1 & 2)  

• The use of gypsum or other forms of calcium sulfate to control 

rapid stiffening in cement was discovered over a century ago 

[Hansen et al., 1988].  

• Calcium sulfate sources, such as gypsum, are intentionally added to 

portland cement to regulate early hydration reactions to:  

 prevent flash setting,  

 improve strength development, and 

 reduce drying shrinkage.  

• Sulfate and aluminate are also present in supplementary 

cementitious materials (SCMs) and admixtures. Gypsum and other 

sulfate compounds react with calcium aluminate in the cement to 

form ettringite within the first few hours after mixing with water.  

• i-e  C3A , gypsum and water combine to form 3CaO•AI2 O3 

•3CaSO4 •32H2 O: (Calcium tri-sulfoaluminate hydrate- ettringite).  
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Brief Overview of the Role of Sulfates in Hydration Reactions: 

  

• Other forms of calcium sulfate are associated with dehydrated 

forms of gypsum. These forms occur naturally or as gypsum is 

heated to higher temperatures:  Gypsum (CaSO4 •2H2 O) , one 

form is   

 

 Hemihydrate (CaSO4 •1/2H2O) at ~ 180 °C (350 °F)  

 

The hemihydrate form is commonly called Plaster of Paris.  

 

Other forms of gypsum are 

 Soluble anhydrite (CaSO4 ) at ~ 260 °C (500 °F) 

 Anhydrite (CaSO4 ) at ~ 650 °C (1200 °F)  
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Brief Overview of the Role of Sulfates in Hydration Reactions: 

  

• Optimum Gypsum Content (O.G.C): Optimum Gypsum Content is 

a percentage of gypsum that give higher compressive strength, low 

drying shrinkage and no excessive expansion in concrete volume 

when immersed in water, as shown in Figures. 
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Brief Overview of the Role of Sulfates in Hydration Reactions: 

   

Factors affecting on O.G.C;  

 

1. C3A content: Increase C3A content need to increase O.G.C      

             because higher percentage will react in short time.  

2.  Cement fineness: Increase in cement fineness promote to increase  

              O.G.C.  

3.  Alkali content: Increase in alkali content means increase reaction   

             of gypsum that leads to increase O.G.C.  

4.  Curing temperature: Increase in temperature of curing cause   

             increase the reacrion of C3A with gypsum that means increase   

             in O.G.C. 

  

 

 

*Generally O.G.C ranges between 2–8%, but typically 5% is  used  

   in clinker 
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Corresponds to acceleration period starting at the end of dormant period and lasting 

till the rate of heat evolution reaches a maximum value.  

• By this time final set has been 

passed and early hardening has 

begun. 
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During which the rate of 

heat evolution reduces from 

its maximum value to a very 

low steady state rate 
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Formation of Hydration products with time 



Young et 

al. 

Evolution of Hydration 
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Relation between Hydration products with time and 

effect on compressive strength  
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• At much lower temperatures present during cement 

hydration, the cement minerals are actually quite unstable, 

meaning that there are many other solid phases that will 

form preferentially in their place once they dissolve.  

• In fact, the whole point after the high-temperature cement 

manufacturing process is to create solid phases that will 

readily dissolve in water, allowing new phases to form. 

When one phase is converted into another phase with a 

lower free energy, there is usually a release of excess 

energy in the form of heat. Such a reaction is termed 

exothermic, and the exothermic heat associated with 

cement hydration as defined earlier is termed as “heat of 

hydration”. 

Kinetics of cement hydration: 
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 Information about the rate of a reaction is called kinetics. 

 

The progress of cement hydration depends on: 

• Rate of dissolution (mechanism of breakdown in to ions) of the 

involved materaial /phases (in the initial stages),  

     and at later stages, 

• Rate of nucleation (assemblage of  

        products) and crystal growth of  

     hydrates 

• Rate of diffusion of water  

     and dissolved ions through  

     the hydrated materials  

     already formed 

 

Kinetics of cement hydration: 
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 The factors affecting the kinetics of hydration are: 

 

• The composition of cement 

• The amount and form of gypsum in the cement: Whether 

gypsum is present in the dihydrate, hemihydrate, or the 

anhydrite form. 

 

o CaSO4 (anhydrite): anhydrous state. 

o CaSO4 · 2 H2O (gypsum): dihydrate.  

o CaSO4 · 0.5 H2O (bassanite): hemihydrate, also known 

as plaster of Paris. It takes very short setting time as 

compared to anhydrous gypsum. 

Factors affecting Kinetics of cement hydration: 

https://en.wikipedia.org/wiki/Anhydrite
https://en.wikipedia.org/wiki/Gypsum
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https://en.wikipedia.org/wiki/Plaster_of_Paris
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• Fineness of cement: Higher the fineness, higher the rate 

of reaction due to availability of a larger surface area. 

• w/c of mix: At high w/c, hydration may progress till all of 

the cement is consumed, while at low w/c the reaction 

may stop altogether due to lack of water. 

• Curing conditions: The relative humidity can have major 

effects on the progress of hydration. 

• Hydration temperature: Increase in temperature of the 

ingredients generally causes an increase in the rate of the 

reaction, although the hydrated structure can be different 

at different temperatures. 

• Presence of chemical admixtures: Plasticizers also affect 

the kinetics of cement hydration. 

Factors affecting Kinetics of cement hydration: 
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(C3S) 

(Iron oxide) 

(C2S) 
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(With no F.A ) 
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• The overall progress of the hydration reactions is described by the 

degree of hydration, which simply reflects the fraction of the 

cement that has reacted. 

• Complete hydration of all the cement is referred to 1.  

• The degree of hydration is expected to be directly proportional to 

the chemically bound water. So, it is assumed that a certain 

quantity  of cement binds exactly the same amount of water, may it 

be at the beginning of the hydration process or at the end of this.   

• All chemically bound water is assumed to be lost at igniting the 

sample to 1000o C, (no chemically bound water is assumed to be 

lost at heating to 105o C).  

• The degree of hydration can be measured by weighing the sample 

after drying to 105o C and after ignition to 1000o C. The weight 

difference corresponds to chemically bound water 

Degree of hydration 
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Where VC , VAH , VHP and VCP represent the absolute volumes of the original cement, unreacted 

(anhydrous) cement, hydration products and capillary pores. δV is the volumetric ratio of 

hydration products to the reacted cement. It is well known that for any room temperature 

cement cured at any w/c ratio and age, the cement hydration products occupy 

approximately twice the volume of reacted cement, i.e. δV ~ 2. The actual value of δV is 

slightly dependent on the cement composition ,  however the typical values of between 2.1 

and 2.2 have been reported in the literature  

Degree of hydration 
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Degree of hydration 

• Here, the original cement content, free water content, free 

w/c ratio and the degree of hydration can be determined, 

at any time after setting, from the volumetric ratio of 

hydration products to the reacted cement δV and the 

volumetric fractions of the unreacted cement, hydration 

products and capillary pores at the time of test.  

• The latter may be directly measured using microscopy and 

image analysis techniques. The  application of the method 

is not affected by curing age; hence it may be suitable for 

testing field samples.  
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• Another parameter that can be used to monitor the 

progress of hydration is the compressive strength. This is 

not a precise measure, since the strength depends on 

many factors other than the progress of the chemical 

reactions, but it is very practical since the development 

of strength is the primary reason for using cement and 

concrete in the first place. This is because the strength of 

cement paste depends primarily on the amount of 

capillary porosity, and the amount of capillary porosity 

decreases in proportion to the amount of hydration that 

has taken place.  

Degree of hydration 
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Figure: Degree of hydration and the strength track together, particularly at later 

times.  

Degree of hydration 
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The final degree of hydration will depend on the w/c of the paste, the 

cement particle size, and the curing conditions. Hydration will 

continue at a slow rate during Stage 4 until one of the three following 

criteria is met: 

  

1) All of the cement reacts.  

 

  This indicates that the paste has a moderate or high w/c and was 

cured correctly. While it is the best possible outcome from the given 

mix design, it does not guarantee high quality concrete as the w/c may 

have been too high. If the cement contains some large particles, full 

hydration of these particles may not occur for years. However this is 

generally not the case with modern cements.  

 

Degree of hydration 
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2) There is no more liquid water available for hydration. 

 

If the cement has a w/c less than about 0.4, there will not be 

enough original mix water to fully hydrate the cement. If 

additional water is supplied by moist curing or from rainfall, 

hydration may be able to continue. However, it is difficult to 

supply additional water to the interior of large concrete 

sections. If the cement is improperly cured so that it dries out, 

hydration will terminate prematurely regardless of the w/c. 

This is the worst-case scenario, as the strength will be lower 

(perhaps significantly) than the value anticipated from the 

mix design.  

 

Degree of hydration 
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3) There is no more space available for new reaction product 

to form.  

 

When the capillary porosity is reduced to a certain minimal 

level, hydration will stop even if there is unreacted cement 

and a source of water. This is the best possible outcome, and 

it is only possible if the w/c is less than about 0.4. Not only 

cement paste or concrete will have high strength, but it will 

also have a low permeability and thus be a durable concrete. 

Degree of hydration 
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Cement Hydration 



Heat of Hydration 

Type of 

cement 

Name  Heat of hydration 

(kj/kg) 

I Normal 100%(349) 

II Moderate 80-85% (263) 

III High early strength up to 150% (370)  

IV Low heat of hydration 40-60% (233) 

V Sulfate resistant 60-75% (310) 



C-S-H Models, Importance  

• Cement hydration-products phase accounts for about 70%, the Nano 

scale microstructure of C-S-H gel plays a decisive role on the 

properties of the Cement Based Materials (CBMs) especially the 

shrinkage and cracking.  

• The C-S-H nano scale structure is an important theoretical basis of 

the Cement-Materials-Science which has been considered through 

different models based on morphology of the hydration products like  

Feldman-Sereda model, T.C.Powers model, Hough Sharansky 

model,, Powers-Brunauer model, etc.  

• These models describe the adsorption and desorption of C-S-H and 

adsorption medium, and explain the swelling and shrinkage 

mechanism of CBMs. 

Adsorption is a surface process; describing the accumulation of  gas or liquid on a 

liquid or solid 

Desorption is the release of one substance from another, either from the surface or 

through the surface - 



C-S-H Models, Importance  

• It is generally recognised that nanotechnology and molecular modelling 

have, facilitated the shift from descriptive to predictive models, saving the 

time and resources by extrapolating results of very lengthy experiments, e.g. 

by mathematically manipulating the C–S–H components to derive different 

structures and assemblages, that would have been difficult or impossible in 

practice. 

• The atomic structure of C–S–H is still not fully determined and the 

nanostructure of the C–S–H continues to be explored and is still being 

debated . Taylor has published a review with the models on the nanostructure 

of C–S–H presented until 1993 and Scrivener and Kirkpatrick have thrown 

more light on a number of more recent models .  

• Two main obstacles to the atomic resolution of C–S–H have been identified; 

(i) the fact that the hydrated phases are difficult to separate and (ii) the low 

diffraction of C–S–H . New experimental techniques (for example nuclear 

magnetic resonance and neutron scattering) have been devised and the older 

ones (for example electron, atomic force or field emission microscopy 

enhanced with X-ray energy dispersive spectroscopy) and analytical 

techniques (for example molecular modelling or quantum simulations) have 

been further developed. 



C-S-H Models, Importance  

• There is still controversy and dispute as to whether C–S–H is made 

of  

 globules (a small round particle of a substance; a drop),  

 platelets (a small colourless disc-shaped cell without a nucleus, found in large numbers ) 

or disks 5 nm thick or  

 a morphology derived from a foil-like growth mechanism.  

 a branched structure of less than 6 nm dimensions , or  

 a clay-like structure of layers 1–5 nm thick, stacking up to form 

compounds. 

 

 Consequently, the following questions are pertaining; is the structure of 

the C–S–H colloidal or continuous, amorphous and up to what scale, 

„„very poorly crystalline‟‟ or nanocrystalline and how has it emerged? 
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SEM images of the hardened cement paste (curing in water for 28 days) after 

the mechanical test. Images revealing the connection formed after the cement 

hydration process. 
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C-S-H Models on the basis of morphology 
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C-S-H Models on the basis of morphology 
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(Daimon M.et al., 1977) 

(Between crystals) 
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(After Wittmann, 1976) 



99 (Jinning H.M, 2000) 
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C-S-H Models on the basis of morphology 

(Source: Mindess, Young, and Darwin, 2004) 
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Tobermorite: A crystalline mineral having the formula 5CaO•6SiO2•5H2O. 

 

Jennite: Crystalline structure with chain length containing several-tetrahedra. 

By Peter Taylor - 2011 
(Based upon chemical structure) 
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• Sketch of the layer structure from 

tobermorite (top) and jennite (bottom).  

 

• Two model minerals commonly used 

to describe C-S-H crystal chemistry. 

Yellow polygons and purple tetrahedra 

respectively symbolize calcium and 

silicon coordination spheres. 
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• Generally the water cement ratio's necessary for 

hydration of cement range is from 0.19 to 0.26 which is 

the additional water added to cement, sand and rock, 

beyond that needed for hydration of the cement is water 

added for convenience.  

• This means we need a certain amount of extra water in 

the mix to get the workability needed for placement and 

finishing. This extra water in the mix that is not used in 

hydration remains throughout the cement paste to 

evaporate at some later time.  

• Higher water-Cement ratios cause the cement paste to 

become more porous. The more porous the cement 

paste, the weaker and less durable the concrete will be. 

Water requirement for cement hydration: 
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(Hydrated Cement Paste) 



(Cement Gel Structure) 



 Voids in Hydrated Cement paste 
a) Interlayer hydration space 

– space between atomic layers 
– shrinkage if humidity <11% 

b) Capillary voids 
– w/c ratio too high 
– decrease strength and increase permeability 

c) Trapped voids 
– large pockets caused by handling 
– decrease strength and increase permeability 

d) Entrained air 
– microscopic bubbles caused by admixtures 
– increases durability 
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(Source: Mindess, Young, and Darwin, 2004) 

w/c = 0.5 
Volume relationship: 



(Source: Mindess, Young, and Darwin, 2004) 

Volume relationship: 



(Source: Mindess, Young, and Darwin, 2004) 



(Source: Mindess, Young, and Darwin, 2004) 



Capillary Pores 

C-S-H 

Framework 

Neville 

High Permeability 
(Capillary Pores Interconnected) 



Capillary Pores 

C-S-H 

Framework 

Low-Permeability Capillary Pores 
Segmented and Only Partially Connected 



Dimensional Range of Solids and Voids in 
Hydrated Cement Paste 

Source: Mehta and Monteiro, 1993 



Mehta and Monteiro 

Microstructure of Hydrated Cement Paste 



False and Flash setting 
 Flash setting : this is due to a lack (or absence) of calcium sulfate 

(gypsum/anhydrite) addition to clinker.  

• This addition is useful to 'divert' the natural hydration route of aluminates 

towards ettringite. Hydroaluminates induce flash setting: a rapid and 

exothermic hardening in a matter of minutes. Ettringite and counterparts 

induce a much softer hydration route, easier to manage in terms of 

workability. 

 False setting: this is usually due to the nature of calcium sulfates added, 

specifically too much calcium sulfate hemihydrate (more commonly 

plaster).  

• Calcium sulfates come in various degrees of hydration: dihydrate 

(gypsum), hemihydrate (bassanite), anhydrous (anhydrite). When too high 

an amount of hemihydrate is present, it simply follows its own hydration 

route towards gypsum precipitation, leading to an early setting of cement.  
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(Hydrogen Floride) 
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Concrete Construction 

Hoover Dam 




