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Abstract 

Abstract 
Understanding the hydration and microstructural evolution of cement has been a 

controversial subject for many decades. As a result of this, different techniques have 

been used to assess cement hydration. One of the techniques which has 

demonstrated to be a sensitive and useful technique is Alternating Current Impedance 

Spectroscopy (ACIS). However, this technique is not yet fully accepted by the cement 

research community and industry. This has been particularly evident in many cement 

studies at early hydration ages (>24hrs) in which the ACIS information available at this 

time is very limited due to instrument and data interpretation limitations, and the 

complex chemical composition, and continuous pore solution and microstructural 

development of cement paste. In this project, a custom-cell design is proposed to 

perform ACIS measurements in cement paste at early ages (>24hrs). The selection of 

the custom-cell is systematically assessed through a rigorous selection process of the 

cell components and experimental protocol. To evaluate the performance of the 

custom-cell design and demonstrate the capabilities of ACIS as a probe of cement 

hydration and microstructural development at early ages, three techniques (i.e. 

isothermal calorimetry, Vicat needle test, and scanning electron microscopy) are used 

as a benchmark to support and complement ACIS data interpretation. The results 

show that ACIS measurement can be performed at early cement hydration ages by 

using the proposed custom-cell design (decreases parasitic effects at high 

frequencies). The benchmark techniques demonstrated that ACIS is a promising and 

capable characterisation technique to assess the characteristics of the pore solution, 

thermochemical and microstructural changes during cement hydration. However, 

further experimental work is required to take further the potential of ACIS. 

 

Keywords: Cement hydration, Alternating current impedance spectroscopy, 

Experimental protocol, Custom-cell design.  
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Chapter 1: INTRODUCTION 

Chapter 1:  

INTRODUCTION 

 
1.1 Background 
 

 
 

Fig. 1-1. Portland cement applications and properties. 

 

All the applications and properties shown in Fig. 1-1 have something in common, 

Portland cement; not only the second most used material in the world, but also one of 

the most complex. Portland cement is a multi-phase material mainly composed of 

calcium silicates, aluminates and other minor constituents. Despite the widespread 

use of Portland cement as a construction material and the advances in cement 

research, the hydration process and microstructural development of cement are not 

well understood. Furthermore, the desire to improve the mechanical properties of 

Portland cement and reduce the carbon emissions from its industrial production has 

led practitioners to partially replace Portland cement with different supplementary 

cementitious materials (SCMs) and other mineral admixtures (e.g. metakaolin, rice 

husk ash and natural pozzolans), which yields a more complex cementitious system 

[1]–[5].

Buildings                Dams Bridges           Runway         Beams and pillars Drains and pipes     Protect exposed surfaces    

Waste immobilisation     Tunnels   Nuclear reactors   Decorative     Masonry          Houses Roads           Harbours

Capable of setting/hardening/remain stable under water Durable     Availability      Affordable     Flexible

Water & temperature resistance    Functional   Adhesive & cohesive properties   Versatile
High compressive strength Low maintenance
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     Immediately after Portland cement is mixed with water, a series of simultaneous 

and consecutive reactions take place, leading to different physical and chemical 

changes [6]–[10]: 

• Dissolution of constituents 

• Aqueous solution formation 

• Release of heat 

• Hydrated product formation 

• Water consumption 

• Setting and hardening of the cement paste 

• Densification of the hardened microstructure 

 

The final physical and mechanical properties of the resulting hardened cement 

paste are determined by the hydration process, curing conditions, chemical 

composition and fineness of cement constituents, mineral admixtures, and any 

contamination present. 

 

1.1.1 Cement characterisation techniques 

 

Understanding the hydration process at early ages and the influence of different 

parameters on the early and final properties, the kinetics and mechanism(s) of 

hydration, and microstructural development of cements and blends, has long been a 

subject of interest for cement researchers and the industry [11]–[16]. This has been 

done with the objective of improving the durability, properties,  performance and cost-

effectiveness of cement, whilst reducing the environmental impact of the industry and 

contributing to the development of new cementitious materials [3], [12], [17]–[19]. 

 

Over the years, numerous techniques and interpretation methods have been 

proposed and designed to assess cement properties. Some of these include: 

 

• Isothermal calorimetry: measures the heat release during cement hydration 

[20]. 
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• Vicat needle test: determines the initial and final setting times (EN 196-3, [21]). 

• Electron microscopy techniques: assessment of microstructural features [22]. 

• Mathematical models and simulations: study cement properties [23]. 

• X-ray diffraction techniques: assessment of cement chemical composition. 

• Mercury intrusion porosimetry: assessment of porosity features in the 

microstructure [7]–[9]. 

• Ion chromatography and inductively coupled plasma optical emission 

spectroscopy (ICP-OES): assessment of the pore solution [7]–[9]. 

• Nuclear magnetic resonance spectroscopy: assessment of chemical 

composition, microstructure and state of water [7]–[9].  

• Among other techniques (see Fig. 2-9)   

 

 Although a lot has been learned about Portland cement properties from these 

techniques, there is still a knowledge gap about cement complexity, attributed to the 

difficulty of time-resolved analysis as it requires a technique which is suitable to 

analyse different states of Portland cement paste (i.e. liquid and hardened). Therefore, 

the number of characterisation techniques that can analyse the material in both states 

is limited. 

 

 Another technique that has been used in cement research is alternating current 

impedance spectroscopy (ACIS). This technique is able to acquire and identify 

changes in the chemical, electrical and microstructural features of a system by 

evaluating the electrical response as a function of frequency, including during the 

process of setting and hardening. ACIS has demonstrated to be an effective and 

powerful technique, and has been used in studies in the cement research field due to 

the possibility to obtain electrical, chemical, and microstructural information for 

different materials [24]–[30]. Although ACIS is a powerful and sensitive technique, it 

has not been fully accepted by the cement research community due to certain 

limitations such as current dispersion, electrode and parasitic effects and complex 

data interpretation because of the high conductivity of Portland cement paste at early 

hydration stages [31]–[36]. 
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1.2 Aim of the project 
 

The main aim of this research project is to assess and demonstrate the true value of 

alternating current impedance spectroscopy (ACIS), in parallel with other supporting 

techniques, to determine its capabilities as a characterisation tool to assess the early 

hydration process of Portland cements. To achieve this aim, the research project was 

structured into four sections: 

 

1) Systematic assessment and design of a customised electrochemical cell design 

to perform impedance measurements on Portland cement paste at early 

hydration stages (Ch. 4). 

2) Assessment of the electrical response of Portland cement during early hydration 

at different admixture replacement levels and water to cement ratios (Ch. 5-6). 

3) Assessment of the microstructural development of Portland cement by ACIS (Ch. 

7). 

4) To model and simulate cement microstructure and the impedance response at 

different hydration stages (Ch. 8). 

 

1.3 Thesis outline 
 

The chapters in this thesis are an adaptation of five unpublished articles (currently in 

process of submission). Although these articles may be considered as separate 

scientific contributions, they are related to each other [37]–[40]. 

 

The thesis is divided into nine chapters, as shown in Fig. 1-2. Chapter 3 consists of 

a combination of the “materials and methods” components of each unpublished article 

section. Chapters 4-8 each contain a brief introduction, results and discussion, and a 

conclusion section. Chapter 9 (conclusions) consists of an overall reflection and 

recommendations for further research based on this project. 
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Fig. 1-2. Thesis outline. 

 

 

Chapter 2
Literature review

Chapter 3
Material & methods

Chapter 5-6
Portland cement

Portland cement and blends

Chapter 7
Microstructural assessment

Chapter 8
Modelling and simulation

Chapter 4
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Section I

Section II

Section III

Section IV

Chapter 9
Conclusion

Evaluating parameters that 
could produce parasitic 
effects in the ACIS 
measurements and providing 
guidance for appropriate 
experimental protocols. Assessing the parameters 

that influence ACIS 
measurements of cement 
and blends, at early 
hydration ages, based on the 
electrochemical, 
thermochemical, setting 
behaviour, and pore solution 
development. Evaluating the microstructural 

development of cement and 
blends at early hydration 
ages by assessing the 
electrochemical response and 
other properties. 

Highlighting the use of FEM, 
by using an impedance FEM 
package (previously used to 
analyse dielectric materials 
for microstructural effects) 
and integrating basic cement 
microstructural and intrinsic 
properties to model and 
simulate the impedance 
response of cement 
microstructure at different 
hydration stages.

Overall project reflection and
future research.

•Portland cement
•Cement classification
•Hydration &   
microstructural development 
•Characterisation techniques

•Sample preparation
•Experimental methodology
•Techniques:

- ACIS - IC
- Vicat test - SEM
- FEM

*ACIS: Alternating current impedance spectroscopy; IC: Isothermal calorimetry; SEM: Scanning
electron microscopy; FEM: Finite element model.
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Chapter 2: LITERATURE REVIEW 

Chapter 2: 

LITERATURE REVIEW 

 
2.1 Portland cement 
 

Portland cement is defined as “A hydraulic cement capable of setting, hardening 

and remaining stable under water. It consists essentially of hydraulic calcium 

silicates usually containing small amounts of calcium sulphate [41]”. 

 

Portland cement is produced by crushing, grinding and blending of raw materials that 

can provide a source of calcium (e.g. limestone, chalk and sea-sells) and silica (e.g. 

clays, shales and sand), followed by heat treatment at about 1420-1450°C. 

 

The clinker obtained through this process is then ground together with a small 

amount (≈ 4-5%) of a calcium sulphate source, which helps to control the reaction of 

aluminate upon final mixing of the cement with water. This prevents undesirable 

effects that could affect the hydrated product formation, setting of Portland cement, 

and mechanical properties of the hydrated cement. 

 

The oxide composition of Portland cement is made up of CaO (67%), SiO2 (22%), 

Al2O3 (5%), Fe2O3 (3%) and other minor components such as MgO (3%), sulphates 

and alkalies (i.e. Na2O and K2O). Cement chemists often abbreviate these oxides into 

a set of notation that is specific to describing cement chemistry: CaO is represented 

as C, SiO2 as S, Al2O3 as A, FeO3 as F (list in the Nomenclature section). 

 



2. Literature review  
 

7 

The major clinker phases present in Portland cement are C3S (alite), b-C2S (belite), 

C3A (aluminate), and C4AF (ferrite). These phases present different polymorphs and 

may contain significant amounts of guest or substituent oxides in their crystal structure

depending on the clinker composition and manufacturing process, e.g. MgO, Al2O3, 

Fe2O3, K2O, Na2O, TiO2. The overall chemical composition and physical properties of 

Portland cement are shown in Table 2-1. 

 

C3S is the main constituent and reactive phase, and the most important in Portland 

cement, due to its essential contribution to the early and long-term strength 

development. The presence of C3S in high quantities defines a material as a true 

Portland cement. 

 

C2S reactivity is slower than C3S and mainly contributes to the long-term strength 

development. The differences between the reactivity of these two phases is attributed 

to the variances in their crystal structural arrangement. C3S presents a crystal 

structure more defective than C2S (i.e. O2- ions are concentrated in one side of each 

Ca2+ ion, leading to unfilled sites), and contains a more ionic oxide site, which makes 

C3S more prone to reaction [6]–[9], [42], [43]. 

 

C3A reacts with water faster than other clinker phases, leading to the formation of 

hydrated products and rapid release of heat. This is regulated by the inclusion of 

calcium sulphate. Inadequate addition of calcium sulphate can affect the C3A reaction, 

leading to a potential quick/flash setting of the cement [6], [7], [44]. 

 

C4AF reaction with water is variable but slower than C3A due to differences in its 

composition which range from CF to C6AF. However, C2(A,F) or C4AF are more 

common in Portland cements [9], [44]. 
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Table 2-1. Chemical composition and physical properties of Portland cement. 

Information compiled from [6]–[9], [42]. 

 

Chemical composition 
Compound C= CaO S= SIO2 A= Al2O3 F= Fe2O3 Others 

Content (%) ~ 67 ~ 22 ~ 5 ~ 3 ~ 3 

Major clinker phases  

Compound Content 
(%) 

Contribution to 

Degree of reactivity Strength 
development 

Heat of 
hydration 

C3S 50-70 High* Moderate Rapid 

b-C2S 15-30 
Low (*) 

High (**) 
Low Slow 

C3A 5-10 High* High Rapid 

C4AF 5-15 Very low Moderate Slow and moderate 

Physical properties of ordinary Portland cement (ASTM C150, [41]) 
Fineness (m2/kg) 

Air permeability test 
≥ 260 Soundness (mm) ≤ 10 

Setting time (minutes) Compressive strength (MPa) 

Initial 

Final 

≥ 45 

≤ 375 

3 days 

7 days 

28 days 

≥ 12 

≥ 19 

≥ 28 

*  Early ages, ** Later ages. 

 

2.2 Cement classification 
 

The types of cements more commonly used in construction are classified by different 

standard specifications (i.e. main constituents, performance and properties). 

According to ASTM International (C150/C150M, [45]), Portland cement is classified 

into eight types. Conversely, the European Standard (BS EN 197-1, [46]) classifies 

twenty-seven subcategories arranged into five main cement types: CEM I (Portland 
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cement with up to 5% of minor additional constituents), CEM II (Portland cement and 

up to 35% of certain supplementary cementitious materials), CEM III (Portland cement 

and higher proportions of blast furnace slag), CEM IV (Portland cement and higher 

proportions pozzolana), and CEM V (Portland cement and combinations of pozzolana 

or fly ash and blast furnace slag). 

 

The selection of a cement for a particular application (e.g. nuclear waste 

immobilisation, or as a building material) requires a correct evaluation based on its 

specifications; performance; environment exposure; and certain mechanical, physical, 

chemical requirements [9]. 

Fig. 2-1 shows the general composition and characteristics of the main five cement 

types, according BS EN 197-1, with an approximate percentage composition of their 

components [47]. 

 
 

Fig. 2-1. Portland cement classification. Information compiled from [47]. 

Cement 
classification

CEM I Portland cement  

CEM II

Portland-slag cement 

Portland-silica fume cement 

Portland-Pozzolana  cement 
Natural

Calcined 

Portland-fly ash cement 
Calcareous

Siliceous
Portland- burnt shale 

cement  
Portland-limestone cement 
Portland-composite cement 

CEM III Blast-furnace cement
CEM IV Pozzolanic cement

CEM V Composite cement 

Designation Portland cement Blast-furnace slag Fly ash
Silica fume Pozzolana Burnt shale Limestone

*Minor additional constituents 0-5 %
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2.2.1 Supplementary cementitious materials 
 

The desire to improve the mechanical and durability properties of cement, and to 

reduce the environmental impact generated by its industrial production (around 8% of 

the global CO2 emission), has led practitioners to push forward new pro-environment 

policies and partially replace Portland cement with different supplementary 

cementitious materials (SCMs) which yield more complex cementitious systems. For 

example, Portland cement may be blended with ground granulated blast furnace slag 

(GGBFS), fly ash (FA), and silica fume (SF), and other mineral admixtures (e.g. 

metakaolin, rice husk ash and natural pozzolans). 

 

SCMs are classified as inert (materials that do not react with water); latent hydraulic 

(materials that react directly with water to produce C-S-H in an alkaline environment); 

and pozzolanic (materials that react with lime or CH product to produce additional C-

S-H and other products). SCMs characteristics are shown in Table 2-2. 

The addition of these admixtures influences the kinetics and mechanism(s) of 

hydration, microstructural development, and final physical properties of Portland 

cement [1]–[5], [48]. 

 

Previous investigations have demonstrated that partial replacement of Portland 

cement by SCMs can reduce the environmental impact of cement production, life-

cycle cost; and improve the long-term performance of cement. However, further 

research is required to understand the effect of SCMs on the hydration process and 

properties of cementitious materials [11]–[15], [19], [49], [50]. 
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Table 2-2. SCMs characteristics. Information compiled from [7], [9], [17], [51]–[54]. 

SCMs* 
Derived 

from 

Major chemical components 
(approx. %) 

Type of 

reaction 
SIO2 Al2O3 Fe2O3 CaO 

GGBFS 

(Ground-granulated 
blast-furnace slag) 

Ironmaking 

by-product  28- 38 8-24 ~ 0 30-50 
Latent 

hydraulic 

& 

Pozzolanic FA1 

(Fly ash) 

W coal-fired 

furnaces by-

product 

35-42 18-26 6-8 18-20 

V 49-67 16-29 4-10 1-4 

Pozzolanic 

SF 
(Silica fume) 

silicon alloys 

production 

by-product 

92-95 0.6-0.9 0.6-0.9 
0.30-

0.39 

NP2 
(Natural 

pozzolans) 

P Volcanic or 

sedimentary  
70-71 12-13 1-2 0.8- 1 

VA 43-72 9-20 1-12 1-15 

MK 
(Metakaolin) 

thermal 

treatment of 

kaolin 

51-53 42-44 < 2 < 0.2 

FA1: calcareous (W) and siliceous (V); NP2: pumice (P) and volcanic ashes (VA). 

 

2.3 Hydration and microstructural development of Portland cement 
 

For over 100 years, there has been growing interest in the industry and academia to 

understand the complexity of the hydration process, microstructural development and 

properties of Portland cement; and the influence on these of different parameters, e.g. 

physicochemical properties, addition of admixtures/aggregates, and mixing and curing 

conditions [1], [11]–[16], [55]. 

 

 Immediately after cement powder is mixed with water, different simultaneous and 

consecutive chemical reactions are triggered, leading to the dissolution of the clinker 
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phases [7], [44]; formation of a pore solution (containing different ionic species, e.g. 

K+, Na+, Ca2+, SO42- and OH-) [56]; nucleation, precipitation and crystallisation of 

different hydration products (i.e. C-S-H, CH, AFt and AFm); release of heat; 

consumption of water; and the setting and hardening of Portland cement paste [57]. 

 

 The hydration of Portland cement can be described by exploring its mechanisms, 

kinetics and heat of hydration; changes in the pore solution; and microstructural 

development. 

 

2.3.1 Mechanism(s) and kinetics of Portland cement hydration 
 

For many decades, numerous researchers have contributed to the knowledge of 

cement with several investigations, theoretical models and simulations. Nevertheless, 

the hydration process of Portland cement and its individual phases are still not 

completely understood. However, a deeper understanding of the mechanisms and 

kinetics of cement hydration processes at early age is required to improve the intrinsic 

properties of cement, reduce the environmental impact of its manufacturing, and 

develop new sustainable cementitious materials [1], [4], [58], [59]. 

 

 Researchers have considered the hydration process to be characterised by a 

through-solution hydration process consisting of the dissolution of the clinker phases 

into their ionic constituents and the formation of hydrate products (dominant at early 

hydration stages); and a solid-state process taking place at the surface of the clinker 

phases (dominant at later hydration stages) [6]–[9]. However, up to now, the solid-

state process is very difficult to analyse from a crystallographic or microstructural 

perspective due to restricted ion mobility in the solution and the participation of 

different factors [60]–[62]. 

 
 The kinetics and mechanisms of hydration are related to the progress of the 

reaction and the changes in the cement with time [7], [44], including: 

• Reaction rate of cement constituents (C3A > C3S > C4AF > C2S) 
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• Degree of hydration (Fig. 2-2) 

• Hydrate product formation 

• Pore solution (dissolution rate and ionic concentration) 

• Heat release 

  
 

Fig. 2-2. Clinker phases consumption of ordinary Portland cement paste. Adapted 

from [7]. 

 

 As mentioned before, C3A is the most reactive clinker phase; however, its reaction 

is influenced by the CaSO4 content in the cement system. In the absence of CaSO4, 

the hydration of C3A may potentially produce quick/flash setting of cement leading to 

the formation of C4AH19 and C2AH8 as initial hydrate products, which may then 

transformed to a more stable hydrated phase, i.e. C3AH6. In the presence of CaSO4, 

the rate of hydration of C3A is decreased, avoiding undesirable setting behaviour of 

cement and leading mainly to the formation of AFt (i.e. C3A·3CS"·32H) and other minor 

hydrated products (i.e. C4AS"H12 or C4AH19) [9], [44].  
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The hydration of C4AF leads to the formation of hydrated products (i.e. C6(A,F)S"3H32 

and C4(A,F)S"H18) with a similar structure to that of the AFt and AFm formed by C3A 

reaction but with a different chemical composition also including some iron [63], [64]. 

The reactivity of C4AF depends on the amount of alumina content in the cement and 

the formation temperature during the clinkering process; however, the rate of reaction 

is usually lower than that of C3A [6], [7], [9]. 

 

The hydration of C3S and b-C2S leads to the formation of similarly structured CH 

and C-S-H hydrated products. The chemical composition of the hydrated C-S-H 

phases depends on the water to cement ratio, temperature and stage of hydration. 

The difficulty of isolating C-S-H phases from the CH also produced during C3S and 

C2S hydration has generated uncertainties about its precise structure due to the broad 

diffraction signal of C-S-H and its variable chemical composition (e.g. C/S ratios). 

However, studies have demonstrated that the structure of C-S-H is similar to the 

mineral tobermorite [65], [66]. 

 

The CH formed participates in different reactions that affect the durability of cement, 

e.g. leaching and chemical resistance, particularly buffering the high pH inside the 

cement pore fluid. At the same time, the morphology of CH is influenced by the 

available space required for hydrated product formation; heat evolution, rate of 

hydration, and the presence of foreign ions in the cement system [7]. 

 

The hydration of Portland cement is commonly divided into five stages: initial, 

dormant, acceleration, deceleration and long-term periods. A brief description of the 

behaviour of each clinker phase and the pore solution during the five hydration stages 

is shown in Table 2-3. 
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Table 2-3. Hydration stages of Portland cement. Compiled from [6], [44], [67]. 

I: initial period (<1 hrs) 

General 
Consists of rapid dissolution of ionic species into the pore solution and 

the initial formation of hydrated products. 

C3S Dissolution of phases and yielding of a C-S-H layer at the cement particle 

surface. The b-C2S reaction is slower than C3S.  b-C2S 

C3A 

Dissolves and reacts with Ca2+ and SO42-, produces AFt and other minor 

product layers at the cement particle surface. The reaction rate and 

formation of hydrated products is affected by the sulphate dissolution rate 

and CaSO4 content in the cement. 

C4AF 
Reactivity depends on its A/F ratio, generally similar and slower than C3A 

reaction. 

Pore 

solution 

K+, Na+ and SO42-, OH-, SiO44- and Ca2+ ions are released. The Al and Si 

ion concentrations are lower during all stages. The pore solution becomes 

saturated with respect to calcium hydroxide. 

II: Dormant period (1-3 hrs) 

General 

Overall hydration rate decreases, and the hydration of the clinker phases 

is slower. Calcium hydroxide concentration in the pore solution reaches 

its highest level and begins to decrease. CH hydrate products precipitate 

at the end of the period. 

C3S 
Dissolution rate and its contribution to the overall heat release rate 

decreases. 

C3A 

The reaction rate decreases at this stage. Numerous theories have been 

proposed about this process: the formation of AFt around C3A surface; 

adsorption of SO42- at the C3A surface, decrease of active dissolution sites 

due to Ca2+ ion intake by Al-rich layer; formation of an osmotic membrane 

at the C3A surface. 

Pore 

solution 

The concentration of calcium hydroxide in the pore solution decreases 

and the SO42- concentration remains constant. SO42- and Ca2+ 

concentrations are limited by the presence of CaSO4. 
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III: Acceleration period (3-12 hrs) 

General 

The hydration rate and the release of heat increase again due to the 

nucleation and formation of large amounts of hydrated products, 

particularly C-S-H. 

C3S 
The hydration rate accelerates rapidly, reaching a maximum rate of 

hydration between 5-10 hrs. 

C3A 
Faster hydration continues, due to CaSO4 consumption. 

Pore 

solution 

Ca2+ and SO42- concentrations decrease with time, whereas OH- 

concentration increases. 

IV: Deceleration period (12-24 hrs) 

General 

Hydration rate decreases at a gradual rate and becomes diffusion 

controlled. C-S-H formation and CH content decrease. Transformation of 

AFt to AFm takes place. 

C3S The hydration rate decreases steadily.  

b-C2S The relative contribution of b-C2S to C-S-H formation increases with time. 

C3A Phases react with AFt to form AFm. 

C4AF 

Pore 

solution 

After calcium sulphate depletion, the concentration of SO42- decreases 

and aluminate and silicate ion concentrations slightly increase. 

V: Long-term period ( >1 day) 

General 

C-S-H formation continues, and hardening and refinement of the 

microstructure take place. During this process the long-term properties of 

cement are developed, such as strength, durability and permeability. A 

significant fraction of C3S and C3A are hydrated. 

Pore 

solution 

K+ and Na+ concentrations undergo minimal changes and SO42 

concentration is lower. 
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2.3.2 Heat of hydration 

 

During the hydration of Portland cement, heat is liberated by different reactions. A 

better comprehension of the reactivity of cement constituents, and the influence of 

different parameters, e.g. impurities, admixture addition, and mixing conditions, is 

possible through the evaluation of the heat of hydration. The heat released depends 

on the content, composition, and fineness of cement, water to cement ratio, and the 

curing temperature. 

 

Fig. 2-3 shows the heat of hydration curve of white Portland cement. Hydration 

stages and exothermic maximum peaks are highlighted. 

During the initial period, a rapid and intense liberation of heat is generated after the 

initial hydration of C3S and C3A (I, Fig. 2-3). During the dormant period, the heat 

release rate decreases (II, Fig. 2-3). 

During the acceleration period, the heat of hydration increases due to the hydration 

of C3S and the formation of C-S-H and CH, reaching a second peak at the end of this 

period (about 6-10 hours) (III, Fig. 2-3). 

This process is followed by a gradual decrease of the heat liberated during the 

deceleration period. Small third and fourth peaks (IV, respectively, in Fig. 2-3) may be 

observed and are possibly due to the renewed AFt formation and AFt to AFm 

transformation depending on the type of cement. 

Finally, the heat of hydration reaches an equilibrium state during the long-term 

period, V, Fig. 2-3 [6], [7], [10]. 
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Fig. 2-3. Heat of hydration curve of white Portland cement: I) initial hydration II) C3S 

reaction, and C-S-H and CH formation, III) AFt formation, and IV) AFt to AFm 

transformation. 

 

2.3.3 Pore solution 

 

The pore solution composition (e.g. Ca2+, K+, Na+, SO42-, and OH-) reflects the liquid 

phase of cement paste and determines the formation of hydrated products by 

precipitation reactions. The ionic concentrations of these species vary over time (Fig. 

2-4). The assessment of the pore solution supports the understanding of the kinetics 

and mechanisms of hydration, hydrated product formation, electrical response, and 

the interactions between solid and liquid phases of cement paste [68]–[71]. 

 

There exist different methods and techniques to extract the liquid phase from 

cement, e.g. filtration, centrifugation and high pressure extraction, whose application 

depends on the hydration stage and water to cement ratio of the cement paste. 
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However, a complete qualitative analysis of the pore solution over time is difficult to 

obtain due to the convoluted reaction mechanisms, certain instrument limitations, and 

the difficulty to extract the liquid phase when the cement paste has hardened and 

gained considerable strength [72]–[74]. 

 

  
 

Fig. 2-4. Pore solution development during the hydration of ordinary Portland cement 

hydration. Adapted from [75]. 

 

Immediately after cement is mixed with water, a high concentration of ionic species 

is released into the pore solution, producing a series of changes in its composition and 

degree of oversaturation as a result of the dissolution of cement constituents (6 to 24 

hrs). This leads to the precipitation of hydrated products whose formation also 

depends on other factors, e.g. clinker composition, temperature and surface defects. 
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At longer hydration ages (>1 day), the concentrations of K+, Na+ and OH- increase 

and Ca+ decreases, reaching their ultimate value after 28-90 days [56], [68], [75]–[77]. 

Further details of the ionic species in the pore solution are shown in Table 2-4. 

 

Table 2-4. Pore solution composition: early and middle hydration stages (I-IV). 

Information compiled from [7], [56], [75]. 

Ion 
Hydration stage Concentration 

dependence  Early (I-II) Middle (III-IV) 

K+/ 

Na+ 
Ions released into the 

pore solution in the form 

of sulphate as a result of 

the high solubility of 

alkali sulphates and then 

CaSO4. 

Additional ions from the 

clinker phases enter the 

pore solution. 

Alkali sulphate 

content and water 

to cement ratio. 

SO42- 

The concentration changes 

slightly and slowly. After the 

formation of AFt and SO42- 

adsorption by C-S-H, the 

concentration decreases. 

Water-soluble 

sulphates, water 

to cement ratio, 

and source of 
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due to CH precipitation and 

AFt formation. 

pH, alkali and OH- 

content. 

e.g. 

Ca2+↓ with K+/Na+↑ 
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OH- 

Hydration of C3S and 

dissolution of alkalis 

releases ions into the 

pore solution  

Concentration rises. Alkali content. 

Si & 

Al 

Concentrations are low during all the stages. 

* Higher pH values increase SO42-, Si, Al and Fe concentrations. 
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2.3.4 Microstructural development 

 
Over the past decades, understanding the microstructural development of cement has 

been of great importance to predict and improve the physical and mechanical 

properties of cement. However, up to now, the formation, distribution and interactions 

between the microstructural components (e.g. hydrated products, pore structure, 

unreacted cement particles, and remaining water) are not completely understood as a 

result of the complexity of cement hydration [78], [79]. 

 

Cement paste, where the properties depend on the physical and chemical 

properties of cement and the water to cement ratio, is formed after Portland cement is 

mixed with water. As the hydration process continues, the cement paste goes through 

different changes and stages (dissolution of clinker grains, nucleation of hydrates, and 

growth of bulk solid phases) that lead to paste setting, i.e. conversion of the cement 

paste from a plastic state to a solid state. 

 
2.3.4.1 Setting of Portland cement 

 
The time required for the stiffening of cement paste (loss of consistency) is known as 

setting time. It is divided into the initial setting (the elapsed time paste takes to start 

losing its plasticity) and the final setting (the elapsed time paste takes to completely 

lose its plasticity and starts to gain a certain structural strength). The setting time varies 

depending on the cement type and the specification standard used [6], [7], [80]–[82]. 

Fig. 2-5 shows the setting times of white Portland cement determined by the Vicat 

needle penetration displacement test (according to EN 196-3 standard procedure). 

 

At the end of the setting, the beginning of the hardening process starts (strength 

and hardness development). A partial fraction of cement reacts and the hydration of 

cement constituents continues, filling much of the water-filled pore space with 

hydrated products and connecting the solid phases of the system [7]. 
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Fig. 2-5. Setting times of white Portland cement as defined by the Vicat test. 

 

Generally, the setting of Portland cement is mainly attributed to C3S and C3A 

hydration and the related hydrated product formation (i.e. C-S-H and AFt). The volume 

of C3S and C3A hydrated products varies according the clinker composition and water 

to cement ratio affecting cement setting times. 

 

To control the reaction of C3A and setting of cement, a source of CaSO4 is added 

to the clinker. The amount of CaSO4 required depends on the content and fineness of 

C3A in the cement clinker. The resulting A/S" ratio will determine the aluminate and 
sulphate ion concentrations in the pore solution, the type of precipitation products 

formed (AFt or AFm), and the setting behaviour of cement (Fig. 2-6) [6], [7], [9], [44]. 
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Fig. 2-6. Aluminium/sulphate ratio effect on setting behaviour of Portland cement. 

Adapted from [6]. 

 
2.3.4.2 Hydrated cement phases 

 
Hydrated phases are formed at different rates and amounts as cement reacts with 

water (Fig. 2-7). These hydrated phases have different characteristics, e.g. chemical 

composition, crystalline structure, morphology and volumetric properties. Therefore, 

the contribution of each hydrated phase to the physical and mechanical properties of 

cement paste varies [59], [79], [80]. 

 
The main hydration product of C3S and C2S is C-S-H, which is a term used to denote 

crystallographically disordered calcium silicate hydrate products. The C-S-H 

composition varies (e.g. C/S ratio) depending on the cement composition, water to 

cement ratio and curing temperature. Even though the structure of C-S-H is not fully 
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understood, C-S-H has an important role in determining the final mechanical and 

physical properties of Portland cement [83], [84]. 

 
Portlandite (CH), a by-product of C3S and C2S hydration, is the second most 

abundant hydrated product in the hydration of Portland cement. CH contributes to 

different reactions that affect the durability of Portland cement, e.g. chemical 

resistance, leaching and alkali-aggregate reactions [85]. 

 
Ettringite, a member of the AFt group (i.e. A: Al2O3, F: Fe2O3 and t: trisulphate), is 

formed during the hydration of Portland cement by the reaction of C3A and C4AF with 

CaSO4 and OH- ions. The AFt phase cannot be formed if there is an absence or a low 

amount of CaSO4 available, leading to an undesirable setting behaviour of the cement 

paste (Fig. 2-6). The AFm (m: monosulphate) phase is formed by the dissolution of AFt 

phases after the sulphate content is exhausted, depending on the A/S" ratio [6], [7], [42], 

[86]. More detailed information on the hydrated phases is provided in Table 2-5. 

 
 

Fig. 2-7. Hydrate phase formation by hydration of ordinary Portland cement paste. 

Adapted from [7]. 
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Table 2-5. Microstructural composition and characteristics of Portland cement 

hydration products. Information compiled from [6], [7], [42], [87]–[90]. 

 

Category 
Hydrated products 

C-S-H CH AFt and AFm 

Volume 

(Hydrates) 
50-60% 20-30% 15-20% 

Structure 

Amorphous/disord

ered or nearly 

amorphous. 

Varies from poorly 

crystalline fibres to 

reticular network.  

Large crystals with a 

hexagonal structure 

(7-15 μm). 

Varies from non-

descript to stack of 

large plates. 

AFt: Needle-shaped. 

AFm: hexagonal-plate. 

General 

Formation 

mechanism and 

structure are not 

well understood. 

Contribution to PC 

strength is limited 

due to small surface 

area. 

The proportions of A and 

F vary, and depend on 

the clinker composition. 

AFm ↑ as AFt ↓.  

Unhydrated Portland cement 

Unhydrated clinker grains can be found in the microstructure depending on the 

particle size distribution of anhydrous cement and the degree of hydration. 

 

2.3.4.3 Pore structure of Portland cement 

 

Portland cement pore structure, developed during the hydration process, contains 

different types of pores (empty or water-filled spaces within cement microstructure) 

such as micro-, meso-, and macropores. These can be divided into three categories: 

gel pores, capillary pores and air voids (Table 2-6) [6], [7], [9]. 

 

The gel pores, located in the interlayer space of C-S-H, do not have a major 

influence on the strength development of Portland cement paste. However, this type 



2. Literature review  

26 

of pores has a strong influence on the drying shrinkage and creep behaviour of cement 

[87], [91]–[94]. 

 

The capillary pores are divided into three subcategories (small, medium and large 

pores). These types of pores have significant influence on Portland cement properties, 

e.g. strength, permeability and durability [6], [7], [89], [90]. 

 

Air voids usually have a spherical shape and are divided into two subcategories: (i) 

entrapped pores, formed during the mixing and curing of cement; and (ii) entrained 

pores, formed by the addition of admixtures or aggregates. These types of pores 

strongly influence the strength of Portland cement [6], [42], [87], [88]. Also, entrained 

air voids can be intentionally incorporated in cementitious mixtures to decrease the 

damage caused by freezing and thawing or to produce foaming for lightweight 

concretes [95], [96]. 

 

The water contained in the microstructure of hydrated Portland cement is classified 

in three categories: gel water, capillary water, and chemically combined water (bound 

to hydrated products), Table 2-6 [97]–[99]. 

 

Gel water is divided into two subcategories: (i) interlayer water, held between the 

layer of C-S-H and whose loss generates shrinkage in the C-S-H structure; and (ii) the 

absorbed water, absorbed on hydrated product surfaces and responsible for cement 

shrinkage [92]. 

 

Capillary water is divided into two subcategories: (i) free water whose removal does 

not affect the microstructure; and (ii) water under capillary tension whose removal 

contributes to shrinkage of the paste [87], [90]. 
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Table 2-6. Microstructural composition: Pores and water. Information compiled from 

[6], [7], [42], [87]–[90]. 

Pore structure composition 

Level Micro- Meso- Micro-pores 

Category Gel pores Capillary pores Air voids 

Subcat.  Small Medium Large Entrained Entrapped 

Size (μm) ≤ 0.004 0.004-0.01 0.01-0.05 0.05-10 50-200 >3000 

Water 

Category Gel water Combined  Capillary water 

Subcat. Interlayer Absorbed  Under cap. tension Free 

Contained 

in 

C-S-H 

layers 

Hydrated products  Pores (μm) 

Surface  0.005-0.05 >0.05 

 

2.3.5 Influencing factors 

 

The properties of Portland cement are determined by its manufacturing process 

(burning temperature, heating and cooling rate, comminution); chemical composition 

(clinker composition, presence of impurities and foreign ions, and CaSO4 source and 

content); and fineness. 

 

On the other hand, the properties of hydrated Portland cement paste are 

determined by the hydration and microstructural development process. Both of these 

processes are determined by Portland cement properties, water to cement ratio, 

curing conditions, heat of hydration and the presence of admixtures in the cement 

paste (Fig. 2-8) [6], [19], [100]–[102]. 

 

The analysis of these parameters is essential to develop a better comprehension 

of the hydration and microstructural development processes; to predict and improve 

the properties and experimental data analysis; and to develop new approaches to 

assess cementitious materials. 
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Fig. 2-8. Factors influencing the hydration process, microstructural development and 

final properties of Portland cement paste [7], [9], [59], [70], [103]–[106]. 

 

Numerous investigations have focused on evaluating and identifying the influential 

factors that may affect the hydration and properties of Portland cement. From these 

investigations it can be highlighted that the chemical composition and fineness; mixing 

and curing conditions; and presence of chemical admixtures are fundamental 
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parameters to evaluate the hydration process of Portland cement. These parameters 

may affect: 

 

• The dissolution rate of cement phases and spacing between particles. 

• The diffusion rate of water. 

• Hydration process (e.g. degree of hydration, heat of hydration, reaction rate,). 

• Pore solution (e.g. development, ionic strength, dissolution and content of 

alkali, Ca2+, SO42- and OH-). 

• Setting behaviour. 

• Hydrated product formation (e.g. crystal structure, composition and content).  

• Microstructural development (e.g. porosity, solid-space ratio, water content in 

pores, percolation degree). 

• Properties (e.g. workability, pH, creep resistance, permeability, 

electrochemical, compressive strength and durability). 

 

As an example, the fineness of Portland cement (i.e. particle size and surface area) 

may affect the workability, percolation degree, rate of hydration, heat of hydration and 

compressive strength development, i.e. workability decreases whilst the other 

parameters generally increase with a higher particle surface area [103], [107], [108]. 

 

The water-cement ratio determines the available free water to react with cement 

particles and their interparticle spacing [106]. Ideally, to complete the hydration of 

Portland cement, a minimum w/c ratio of about 0.42 is needed to ensure sufficient 

spacing between cement particles allowing all particles to come into contact with water 

(i.e. w/c ratio of 0.42 ensures the minimum amount of water to hydrate and fill the 

space between cement particles). However, complete hydration of Portland cement is 

possible at lower w/c ratios by using certain curing conditions (e.g. relative humidity, 

temperature and sealing) and/or water reducer agents. At low w/c ratios, the free water 

available to react with cement is limited, decreasing the degree of hydration, porosity, 

setting times and workability, and increasing the heat of hydration. Nevertheless, full 

hydration of cement particles is theoretically possible with a w/c ratio of 0.20-0.24 
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(based solely on the amount of water required to convert the clinker phases to 

hydrates, without consideration of wetting or flow characteristics), depending on the 

clinker composition and curing conditions [56], [100], [103], [109]–[111]. 

 

The curing temperature affects the degree of hydration, heat of hydration, bonding 

processes of some phases, and the final properties. High curing temperatures 

increase the permeation of free water through the hydration products and, at early and 

late hydration stages, decreases the final degree of hydration [7], [100]. 

 

Finally, the presence of admixtures in Portland cement may be designed to 

influence many binder characteristics including the flow, hydration rate, heat of 

hydration, setting times, hydrated product formation, porosity and final properties of 

Portland paste. The effects of these admixtures can differ depending on the 

physicochemical properties and quantity of the admixture used, w/c ratio, curing 

conditions, and physico-chemical properties of the cement clinker and admixture [2], 

[3], [12], [51], [112]. 

 

Despite advances in research, the effects of the partial replacement of Portland 

cement with SCMs on the hydration kinetics and mechanism(s), microstructural 

development and final properties need further investigation. The presence of 

admixtures in Portland cement leads to a more complex system to analyse, as a result 

of their individual reactions and interactions with cement constituents [1]–[5]. For 

instance, a decrease in the Ca/Si ratio of C-S-H, a total depletion of portlandite and a 

low pH have been observed when Portland cement is partially replaced by ≥24 weight 

percent of silica fume [12]. 

 

2.4 Characterisation techniques 
 

Over the past decades, progress in science and technology has allowed researchers 

to develop and improve different characterisation techniques and methods. As a 
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result, cement science has made considerable progress in understanding the 

complexity of the cement hydration process and products [113]. 

 
These characterisation techniques and methods (Fig. 2-9) have diverse scopes and 

limitations according to their field of study and can be used for specific or multiple 

purposes of analysis. For example, X-ray diffraction is used for phase identification of 

crystalline structures and to follow the hydration kinetics of cement to identify, analyse 

and estimate different chemical reactions and processes. 

 
The use of a single technique or data interpretation method is not enough to 

disclose a complete evaluation of a parameter. Different techniques and methods are 

needed as a benchmark to build a more complete picture of a certain parameter under 

different perspectives; and to evaluate, compare and support the performance, data 

analysis and interpretation derived from these techniques [6], [9], [44]. 

 

 
 

Fig. 2-9. Cement research characterisation techniques [6], [7], [9], [44]. 
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Most of these techniques have crucial instrument specifications, and calibration and 

experimental procedures that help establish the compatibility and reproducibility of the 

measurements and subsequent data interpretation [44]. 

 

The use of these characterisation techniques and methods has significantly 

contributed to cement research , with the application of different experimental and data 

analysis approaches.  

However, despite the advances in cement research and its numerous 

characterisation techniques, there are still gaps of knowledge and instrument and 

experimental limitations to assess cement hydration, Fig. 2-10. 

 

In comparison to these limitations (Fig. 2-10), ACIS can provide constant analysis 

of the microstructural development of cement, from early age hydration stages, 

through the analysis of the electrical response, allowing researchers to understand, 

monitor and establish a relationship among different parameters such as:  

 

• Microstructural (e.g. setting and hardening process, porosity and spatial local 

defects) 

• Mixing conditions (e.g. curing conditions and water content) 

• Pore solution: (e.g. ionic strength and ion mobility)  

• Chemical composition (e.g. addition of admixtures and contaminations) 

• Mechanical properties (e.g. durability) 

• Hydrated product formation rate  

• Hydration kinetics  

• Influence of admixtures and contaminants 
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Fig. 2-10. Gaps of knowledge and technique and method limitations summary [6], 

[7], [9], [44].  
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compare the simulated impedance response against the experimental values 

obtained. 

 

2.4.1 Alternating current impedance spectroscopy (ACIS) 
 

Alternating current impedance spectroscopy (ACIS) is a widely used experimental 

technique; it is able to assess the electrochemical response of a system as a function 

of frequency by applying a sinusoidal voltage perturbation. The ACIS response is 

commonly studied as a function of time and/or temperature, and allows the analysis 

of different electrochemical and microstructural processes and their [114]. 

 

2.4.1.1 ACIS background 

 

The foundations of ACIS date back to around the 19th century. Oliver Heaviside 

introduced circuit analysis terms (e.g. impedance, admittance, conductance and 

inductance) and developed complex problem operational methods that provided the 

basis for the Linear Systems Theory [115]. In 1894, Nernst and Finkelstein applied 

impedance spectroscopy to aqueous electrolytes, different organic fluids and oxides 

to determine the dielectric properties [116], [117]. Not long after that, in 1920, 

Warburg’s work spread the theory of impedance applied to electrochemical systems 

[117]–[120]. The invention of the potentiostat (Archie Hickling, 1940) and different 

investigations also contributed to the ACIS field [114], [121], [122], including: 

 

• A diffusion model for homogeneous chemical reactions by Levart & Schuhmann 

[123], [124]. 

• Non-uniform current and potential distribution in disc electrodes by Newman [125], 

[126]. 

• Frequency-dependent complex dielectric constant by brothers Cole & Cole [127]. 

• Equivalent circuit for kinetics applications by Dolin & Ershler, and Randles [128], 

[129]. 

• Transmission line models for porous and rough electrodes by Levie [130]. 
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• Low-frequency inductive loops by Epelboin & Loric [131]. 

• Double-layer structure by Frumkin [132]. 

 

In the 1970s, Macdonald et al. and Boukamp applied nonlinear complex regression 

techniques to impedance measurements as an ACIS data interpretation method 

[133]–[135]. In the same period, the frequency response analyser was invented and a 

simplified concept of transfer function for ACIS was presented by Gabrielli et al. [136]–

[138]. Since then, ACIS has been used in several research fields [139]–[141], 

including: 

 

• Biology (e.g. micro-organism detection). 

• Biomedical science (e.g. pathology, environmental pollution, food decomposition 

and toxicology). 

• Solid/liquid-state electrochemistry (e.g. electroceramics and cementitious material 

microstructure, corrosion analysis of metals, batteries and photovoltaic system). 

• ACIS introspective testing (e.g. data interpretation, electrochemical-cell design, 

and technique capabilities, limitations and measurement influencing factors). 

 

In the 1920s, cement researchers started to apply electrical analysis on hydrating 

cement paste to determine setting time helped through resistivity and conductivity 

measurements [142]–[144]. Since this work, different investigations have been 

focused on the relationship between the properties of cement and its electrical 

response during hydration. The implementation of ACIS has emerged as a cement 

characterisation technique to assess cement properties [31], [145]–[147]. 

 

From the 20th century to the present day, researchers have used ACIS to continue 

the study of the relationship between the electrochemical response and the chemical 

and microstructural properties of cement [14], [101], [156], [148]–[155]. During this 

time ACIS has been used in different investigations to assess cement hydration, to 

acquire and identify changes in the chemical, electrical and microstructural features of 

a system by evaluating the electrical response of cement paste as a function of 
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frequency [24]–[30]. ACIS measurements are often represented as a Nyquist plot of 

the complex impedance, in which Z’ and -Z’’ represent the real and imaginary 

components, respectively. 

 

The ACIS spectra for cementitious materials have been found to be composed of  

high and low frequency semicircle arcs, which are attributed to the cement bulk 

response and the cement-electrode response, respectively. At the same time, the 

cement bulk response arc at high frequency has been attributed to the aqueous 

solution (i.e. pore solution) and the solid phases and interfaces [114], [121], [122]. 

 

In order to assess the ACIS response of cementitious materials, it is necessary to 

consider the cement system as a circuit whereby the electrical response depends on 

the reactance and resistance behaviour, which can be represented by an equivalent 

circuit model.  

 

2.4.1.2 ACIS data interpretation methods 

 

ACIS measurements can be analysed using an equivalent circuit model (ECM, Fig. 

2-11), based on a combination of resistors, capacitors and other components (e.g. 

Warburg elements) that are used to represent a sample material and the material-

electrode interface, to simplify the analysis of a complex system. However, due to the 

existence of numerous ECMs that can be used to analyse data, an accurate 

relationship between the microstructural features and electrical components is difficult 

to obtain due to various factors: [27], [114], [121], [122], [157]–[160] 

 

• An accurate ECM is difficult to obtain due to the microstructural inhomogeneity 

of cement paste, chemical composition, and mechanism and kinetics of cement 

hydration. 

• Numerous equivalent circuit models can have identical impedance response 

and provide an outstanding fit with the impedance data. However, the 



2. Literature review  

37 

description and interpretation of these ECMs have different perspectives, 

parameters, and processes taken into account. 

• The choice of the electrical components and its arrangement depends on the 

physical intuition of the author and the data (collected different conditions) used 

to support the selection of the ECM.  

• The significance of the electrical components and its arrangement in large or 

complex ECMs is challenging to determine, potentially leading to 

misinterpretation of the system behaviour which affects the validity and 

accuracy of the ECM.  

• Lack of mathematical rigour (e.g. empirical values and components). 

 

Up to now, numerous researchers have proposed different ECMs for cements, 

using different electrical components and arrangements, to simplify the equivalent 

circuit and simulate an impedance response similar to that obtained by experiments 

[24], [102], [141]. 

 

 

 
 

Fig. 2-11. Cement paste equivalent circuit model. Adapted from [160]. 
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The correct implementation of ECMs is of great importance for the assessment of 

the ACIS data, allowing a broader number of ways to analyse and verify the data, and 

obtain electrical, microstructural and interfacial information of cementitious systems. 

In the last decades, several ECMs have been established to characterize cementitious 

materials by implementing different perspectives, relationships and parameters to 

generate these models and study cement properties, such as: [14], [27], [161]–[167] 

 

• ACIS analysis based on: 

o The solid-solution phase and interphase relationships. 

o The microstructural properties ( e.g. continuous matrix, pore properties, 

hydrated products, unreacted clinker, pore solution within pores, 

conductive and discontinuous paths, etc).  

o Conductive materials (e.g. electrical double layer, ionic species within 

the pores, pore size and connectivity, ion diffusion, solid-liquid 

resistance, mass transport properties etc). 

o Ion migration (e.g. pore solution capacitance and resistance, electrode 

properties, reaction kinetics, ion diffusion, ion mobility, percolation, pore 

properties, solid-liquid interface relationship, etc). 

o Simulation approaches.  

 

• ACIS to assess: 

o Electrical properties. 

o Durability of cementitious materials. 

o The degree of hydration. 

o Microstructural development relationship. 

o Clinker chemical compositions, admixtures, contaminations and ternary 

systems.  

o Steel corrosion resistance. 
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Through these investigations, ACIS has been demonstrated to be a powerful, 

sensitive and promising technique. However, the use of a single of an ECM or 

approach, to analyse ACIS data and represent cement hydration microstructural 

development, is difficult to obtain and evaluate. This is attributed to the complex 

chemical composition and continuous microstructural and pore solution development 

of cementitious materials [31]–[36]. 

 

A method to present and analyse ACIS measurements consists of using a complex 

impedance, Z*, plots (Z* = Z’ – jZ’’ where Z’ and Z’’ are the real and imaginary 

components of impedance respectively, and j: √-1). The impedance measurements 

obtained are divided into the high-frequency region (i.e. material bulk response), the 

low-frequency region (i.e. material-electrode response), and the intersection point 

between the high and low-frequency responses represents the material resistivity, Fig. 

2-12. [114], [121], [122]. 

 

Fig. 2-12 shows a schematic representation of a high frequency arc in the 

impedance response of cement paste systems (R0: solid + liquid phase resistance; 

R1: solid-liquid interface resistance; R0+ R1: Bulk resistance; interception point on the 

real axis of the Z* plot: value in which the impedance response is purely resistive; and 

ω: applied angular frequency). 
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Fig. 2-12. Schematic complex impedance spectrum of cement paste. Adapted from 

[155], [159], [168]. 

 

ACIS analysis methods can provide a better understanding of several phenomena 

that take place during hydration and microstructural development of Portland cement. 

For example, insight can be gained into kinetics and mechanisms, ionic strength of 

the pore fluid and resistive property changes, and the influence of different parameters 

(e.g. fineness, chemical composition, water content, curing temperature and 

admixtures content) on electrical response [13], [114], [155], [169], [170]. However, 

since ACIS is a highly sensitive technique, its measurements can be affected by 

parasitic effects which are often overlooked leading to data misinterpretation, Fig. 

2-13. For example, stray inductance and capacitance effects which arise from 

instrument components (e.g. connections, calibration, leads quality and positioning), 

electrochemical cell designs (i.e. geometry, electrode properties and their 

configuration), experimental procedures (i.e. amplitude of perturbation, frequency and 

current range), and the properties of the system under analysis. 
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As a result of these difficulties, ACIS experimentation for in-situ analysis of cements 

requires significant caution in experimentation. For example, a small cable in 

combination with a low impedance cell can exhibit stray inductance as the frequency 

increases. In addition, effects such as magnetic coupling, produced by the current 

flowing in leads, can produce a perturbation (false inductance) in the impedance 

measurements [27], [31], [34], [158], [159], [171]. 

 

 
 

Fig. 2-13. Inductance effects in the ACIS spectrum of white Portland cement 

attributed to the highly conductive cement state, electrochemical cell design, and 

instrument drawbacks. 

 

In the early hydration stages of Portland cement, ACIS measurements show certain 

limitations which have restricted the more widespread application of this technique to 

the study cement hydration, e.g. current dispersion, data interpretation, electrode and 

parasitic effects [31]–[34]. Therefore, recent work has focused on the development of 

strategies to minimise the interferences of parasitic effects in ACIS data at early ages, 
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and the improvement of ACIS studies to obtain meaningful data to understand cement 

properties [37], [158], [172]–[175]. 

 
Although ACIS has demonstrated to be a powerful technique used in cement 

research, it is not yet fully accepted by the research community due to the limitations 

mentioned above (Fig. 2-14) [31]–[34]. Because of this fact, supporting 

characterisation techniques are needed to complement the assessment and 

interpretation of ACIS data in the analysis of Portland cement paste hydration and 

microstructural development. 

 
 

Fig. 2-14. Disadvantages and advantages of ACIS [31], [114], [121], [176]–[179]. 
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2.4.2 Isothermal calorimetry (IC) 

 
Since the hydration of Portland cement is an exothermic process (section 2.3.2), 

isothermal calorimetry (IC), a high precision and accurate technique capable of 

measuring the heat released from samples, can be used to determine the heat of 

hydration of cementitious system, study hydration kinetics and the influence of 

admixtures and contaminants. 

 

To measure the heat flow from cementitious pastes at early hydration stages, a twin 

calorimeter (an instrument with one sample channel and one reference sample 

channel) can be used to decrease noise and increase measurement sensitivity. In this 

technique different sample preparation procedures can be used: 

 

Internal mixing: 

• Dry cement is added to a glass ampoule attached to an admix ampoule. 

• Syringes attached to the admix ampoule are then filled with the required volume 

of water. 

• The glass and admix ampoule are then loaded either into or outside the 

calorimeter channels to reach thermal equilibrium. This will depend on the mixing 

setup and the type of calorimeter. 

• The water is injected into the sample (dry cement) under stirring. This process can 

be performed automatically or manually. 

 
External mixing: 

• Dry cement is mixed with water outside the calorimeter. 

• Cement paste is then transferred into a glass/polyethylene ampoule (sample). 

• A second ampoule (reference) is then filled with the required volume of water. 

• The reference and sample ampoule are loaded into the calorimeter channels to 

reach thermal equilibrium. 

 

After the thermal equilibrium of the system is reached, the heat flow of the sample 

is obtained by recording the heat exchange and accumulation rates. The information 
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recorded is transformed into a voltage signal proportional to the heat flow that is then 

measured. Finally, the measurements obtained are represented by a calorimetric 

curve, i.e. a plot of the heat evolution rate over time, Fig. 2-15 [180]–[185]. 

 
Isothermal calorimetry has been widely used in cement research to assess the heat 

and rate of hydration; premature stiffening; and the effect of admixtures and 

contaminations, among other parameters (e.g. fineness, w/c ratio, CaSO4 content), 

Fig. 2-15. As a result of these investigations, a better understanding of Portland 

cement thermochemical properties and hydration kinetics has been possible [5], [81], 

[185]–[189]. 

Nevertheless, the information obtained by IC is limited during the dormant and long-

term hydration stages, since these chemical and physical changes are not always 

accompanied by marked heat flow events [180], [182], [190], [191]. 

 

 
 

Fig. 2-15. Calorimetric curves of cement pastes, highlighting the influence of a) 

mineral admixtures, b) calcium sulphate, c) aggregates, d) fineness and chemical 

composition, and e,f) water to cement ratio, on the hydration heat. 
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2.4.3 Vicat test 
 
The Vicat needle test assesses the initial and final setting times based on physical 

changes in the material which lead to increased yield stress, measured via the 

displacement of a weighted needle which is dropped into the cement paste [192], 

[193]. This is essentially a two-point measurement determining initial and final setting 

times.  

 

 The information obtained by this test is limited by physical changes and 

macroscopic properties of the cement paste; allowing researchers not only to 

understand the setting behaviour of cement and its influencing factors (Fig. 2-16) but 

also to complement different areas of study (e.g. electro-, thermo- and physico- 

chemical properties) [66], [80], [200], [81], [191], [194]–[199]. 

 
 There exist different standard procedures to determine the setting of cement paste 

by using the Vicat needle test. According to the standard procedure EN 196-3 [21], 

the initial setting time is recorded when the distance between the needle and the 

surface of the plate is 6 ± 3 mm. The final setting time is recorded when the needle 

penetrates only 0.5 mm into the paste, Fig. 2-16. 
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Fig. 2-16. Setting of cement pastes, highlighting the influence of a) admixtures, b) 

calcium sulphate, c) aggregates, d) particle size, e) water to cement ratio particle 

size, on the setting times. *w/b: water to binder ratio: 0.45 for gPc, and wPc + 

FA/CS"/sand pastes. 

 

2.4.4 Scanning electron microscopy (SEM) 
 

Scanning electron microscopy (SEM) is a microscopic technique that allows relatively 

high-magnification imaging and compositional analysis of a material. It is widely used 

in cement research as a result of the wide qualitative and quantitative information that 

it can provide, e.g. surface topography, and chemical composition and its spatial 

variation. 

 

This technique uses an electron beam that is accelerated and focused across a 

sample. The surface topography of a sample can be reconstructed by scanning the 

electron beam and collecting the different signals emitted from the sample (i.e. SE: 
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secondary and BSE: backscattered electrons) which are then detected. The number 

of detected electrons depend on the variations of the sample surface. 

 

Other type of interactions between the surface and the beam allow the user to 

perform various complementary analyses. For example, the chemical composition of 

a material and its spatial variation can be analysed by combining the scanning electron 

microscope with an energy-dispersive spectrometer. The focused electron beam 

generates an emission of X-ray photons, whose energy depends on the elemental 

composition of the sample, that is converted to an electrical signal and then detected 

and quantified [201], [202]. 

 

This technique has been used in numerous investigations to determine the 

microstructural features of hydrated cementitious materials (e.g. porosity, particle 

morphology, percolation, and phases identification), follow the hydrated product 

formation, and evaluation of different parameters that cause cement damage or 

deterioration. However, this technique presents certain drawbacks in the sample 

preparation (i.e. grinding and coating) which can limit the resolution of the image, 

damage the surface morphology of the sample, and create artefacts leading to a risk 

of misinterpretation of data [60], [93], [202]–[207]. 

 

2.4.5 Finite element modelling 

 

The Finite Element Method (FEM), a discretisation technique, is one of the most widely 

numerical methods used among the science and engineering communities. It is a 

powerful tool for solving complex mathematical problems, developing models and 

simulations [208], [209]. 

 

Numerous investigations have used FEM to model and simulate microstructural 

features, the transport properties of different materials, and changes in material 

characteristics under specific conditions, e.g. temperature, pressure and mechanical 

force. These investigations are based on a diverse number of approaches (e.g. 



2. Literature review  

48 

differential, inverse and stochastic), parameters and methods that are used to 

generate a model at certain conditions [210]–[214]. 

 

FEM has also been employed to assess the relationship between microstructural 

features and the electrical response of different electroceramics. The results obtained 

from these investigations show a series of numerical methods that overcome 

significant limitations of previous methods that were used to simulate the electrical 

response of heterogeneous core-shell microstructures. This has demonstrated the 

capabilities of FEM in combination with different mathematical approaches to model 

and simulate physicochemical properties of these materials [212], [215]–[219]. 

 

The objective of FEM is to generate a discrete model that subdivides a system (i.e. 

a complex mathematical problem) into small geometrical components called finite 

elements (i.e. simpler equations). These finite element equations are solved and 

assembled back into a discrete model to generate an approximation to the initial 

mathematical model (Fig. 2-17). The finite elements, connected by nodal displacement 

and force nodes, can be represented as one-, two- or three-dimensional with a 

variation of geometries that depend on the approach and specific application used for 

the model [208], [220], [221]. 

 

Recently FEM has been used in cement research to evaluate and estimate the 

mechanical properties, kinetic mechanisms and microstructural development of 

cementitious materials, overcoming certain experimental limitations and supporting 

experimental data interpretation. FEM has also been used to assess the transport 

properties, chloride diffusivity, the fracture in tension and pore-scale properties. The 

studies showed FEM to be a promising approach to gain a better understanding of the 

relationship between microstructural features and intrinsic properties of cement 

systems, allowing the study of different physicochemical phenomena within cement 

paste [67], [222]–[225]. However, as a result of the complexity associated with the 

physicochemical properties and hydration processes of cement, and computational 

and FEM limitations; an accurate and precise model of cement hydration has not yet 
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been established [67], [208], [225]–[227]. Therefore, further investigation is needed to 

develop models capable of solving more complex systems, and to simulate cement 

properties by using an accurate and precise approach. 

 

 

 

Fig. 2-17. Finite element method process [208], [220], [221]. 

 

2.5 Overview diagram 
 

In this chapter, a synthesised description of Portland cement properties and 
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experimental methodology and the assessment of cement hydration at early ages by 

alternating current impedance spectroscopy and other supporting techniques (Fig. 

2-18). 

 
 

Fig. 2-18. Literature review overview diagram.
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Chapter 3: MATERIALS & METHODS 

Chapter 3: 

MATERIALS & METHODS 

 
3.1 Sample preparation 
 

Samples were prepared at room temperature (20 ± 3 °C and 50 ± 15% relative 

humidity) by mixing water with grey Portland cement (Cemex; gPc) or white Portland 

cement (wPc; Lafarge Blue Circle Snowcrete), both classified as CEM I 52.5R under 

BS EN 197-1, at different water to cement ratios (w/c). Samples were also produced 

with different replacement levels of standard silica sand under EN 196-1; or anhydrite 

(A; Fisher C/2440/60, >95%); or ground-granulated blast-furnace slag under EN 

15167-1 (GGBFS; Ecocem); or fly ash under EN 450-1 (FA; Cemex, [228]); or silica 

fume under EN 1326-1 (SF; ELKEM silicon materials, MS grade 940-U, [229]). Table 

3-1 shows the chemical compositions and physical properties of the wPc, gPc and 

mineral admixtures used. The specific mixtures tested are outlined at the beginning of 

each chapter. 

 

 Each sample was hand mixed by combining the components for 3 min to form a 

homogeneous paste, and then transferred into analysis vessels: 300 g into a custom-

designed cell as described below (for ACIS measurements), or 20 g into a plastic 

(HDPE) ampule (for thermochemistry measurement), or 300 g into a plastic mould (for 

the Vicat setting test), or 50 g into a plastic vial (for SEM analysis). Prior to the start of 

the analysis, all samples were vibrated for 2 min to reduce the level of entrapped air 

bubbles.
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Table 3-1. Chemical composition of cementitious materials as determined by X-ray 

fluorescence analysis, and average particle size d50 from laser particle sizing. 

 

Compound 

(wt.%) 
wPc gPc GGBFS FA SF 

SiO2 23.7 19.8 36.0 50.2 95.8 

Al2O3 3.9 4.9 11.3 25.2 0.31 

CaO 66.5 62.5 41.8 2.3 0.4 

Fe2O3 0.2 3.1 0.3 9.3 0.1 

MgO 0.9 1.6 6.5 1.7 0.1 

Na2O 0.2 0.4 - 1.1 - 

K2O 0.5 0.9 0.4 3.6 1.3 

SO3 2.6 3.7 0.7 2.4 0.5 

TiO2 - 0.2 0.5 - - 

Others 1.0 - 0.2 2.5 0.2 

LOI 1.2 2.4 2.0 3.6 3.9 

d50 (µm) 11.0 13.0 11.2 12.8 0.7 

*LOI: Loss on ignition at 950°C 

 

3.2 Instrumental analysis  
 

The samples were subjected to ACIS measurements using an impedance analyser 

with a single channel (Metrohm AutoLab, PGSTAT204) connected to a custom two-

electrode cell design, Fig. 3-1, filled to a depth of 7.5 cm with cement paste for each 

experiment [230]. To avoid sample leakage, the electrodes were inserted in the bottom 

face of the container and attached with a hard-plastic adhesive. 

 

 



3. Materials and Methods  

53 

 

 

 
 

Fig. 3-1. ACIS initial and final custom-cell design diagrams (scale in cm). 

 

 Table 3-2 shows the initial and final custom cell specifications, and the acquisition 

measurement details used in each chapter. 

 

 The initial custom cell used in chapter 4 (Electrochemical cell design and 

impedance spectroscopy of cement hydration), was designed using a cylindrical 

plastic (PP) container (f 6 × 11.2 cm) and two threaded stainless-steel electrodes (f 

0.5 × 8 cm) to evaluate different instrument and cell design parameters. 

 

 After the assessment of different cell designs, a final custom cell was selected for 

ACIS measurements in the following chapters (Chapter 5-8), using the same container 

dimensions with two threaded stainless-steel electrodes of different dimensions (f 0.3 

× 7 cm). 
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Table 3-2. Initial and final custom cell specifications and acquisition measurement 

details. 

Cell design name Initial custom cell Final custom cell 

Applied in chapter 4 5 to 6 7 8 

Container dimensions f 6 × 11.2 cm 

Electrode dimensions f 0.5 × 8 cm f  0.3 × 7 cm 

Electrode separation 1.5 cm 3.0 cm 

Acquisition 

measurement (hrs) 

0-24 

24-48 
every 5 min 

4 & 

24 

4, 8, 12 

& 24 

5 min., 4, 8, 

12, 24 & 

627 
48-72 every 15 min 

72-92 every 20 min 

 

 ACIS measurements (50 data points per cycle) were collected at room temperature 

over a frequency range of 100 Hz to 1 MHz, an applied perturbation amplitude of 10 

mV and current range up to 1 mA. Measurements were obtained at different times 

directly after cement was mixed with water. 

 

 After data acquisition, ACIS measurement data were calibrated and corrected 

following the procedure in section 3.2.1. The data obtained from this technique are 

conveniently represented as a Nyquist plot, where the imaginary plane is 

conventionally plotted as -Z’’ and the real plane is Z’ of the complex impedance 

formalism, Z* [121]. 

 

3.2.1 ACIS calibration and measurement correction procedure 

 

The impedance response of the cell in a short circuit arrangement (without sample) 

was measured before the samples were tested, to enable minimisation of the parasitic 

effects associated with the cell components and leads. The measurement correction 
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was made at each frequency, considering the ACIS response of the cement sample 

and the parasitic effects as additional quantities in the final ACIS measurements 

(Chapter 4: Fig. 4-10 and Fig. 4-14) [171], [231], [232]. 

 

3.2.2 Supporting characterisation techniques 

 

SEM characterisation was carried out with a Hitachi TM3030 instrument equipped with 

an energy dispersive X-ray analyser (EDX) for elemental analysis. The modes used 

in the analysis were backscattered electron imaging (BSE) and EDX elemental 

mapping with an accelerating voltage of 15 kV. More detailed information related to 

the SEM sample preparation is provided in Fig. 3-2. 

 

 Isothermal calorimetry tests were conducted during the first 24 hrs after mixing 

according to the standard procedures [233] using an 8-channel TAM Air isothermal 

calorimeter (TA Instruments). 

 

 Initial and final setting measurements, according to EN 196-3, were determined 

by applying 90 penetrations during the first 15 hrs after mixing, using a Vicatronic 

apparatus (Matest, E044N). 
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Fig. 3-2. SEM sample preparation. 

SEM sample preparation
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• Place 3 pieces into the mould
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I. x 10, II. x 10, III. turn the sample 180◦, IV. x 10,
V. turn the sample 90◦ and change the sandpaper grade.

*Epoxycure 2; Buehler; 4:1 resin to hardener;     : linear motion;      : circular motion.  

• Clean the sample with an ultrasonic bath with isopropanol
• Dry the sample in a desiccator for 24 hours.  
• Coat the surface of the sample with a layer of carbon (sputter coater) 
• Mount the sample into a metal stub using a sticky carbon disc.
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Mixing 
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≈ 20 ◦C
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3.3 Experimental methodology 
 

3.3.1 Electrochemical cell design (Ch.4) 
 

To assess the hydration process of cement by ACIS, the experimentation was divided 

into two stages. 

 

 The first stage objective is, by evaluating different cell designs (changing just one 

parameter at a time), to select a custom cell design and procedure which could be 

capable of providing reliable impedance measurements with the minimum noise and 

external interference (parasitic effects), for wPc at early hydration periods. 

 

 Likewise, the first stage of experimentation was divided into two segments: the 

initial cell set-up (Table 3-3) consisted of the selection of an electrode attachment 

method capable of maintaining the electrodes at a fixed position in the container, 

avoiding sample leakage and unwanted contributions to the ACIS measurements. 

 

 To verify linearity of the ACIS response, and the sensitivity of the cement system at 

early ages, evaluation of the amplitude of perturbation was carried out, followed by an 

analysis of the leads (identified as the main source of parasitic effects). Finally, the 

sample/cell geometry was evaluated. 

 
Table 3-3. Initial cell design and experimental specifications (baseline setting). 

Parameter Specifications 

Electrode attachment Method: hard-plastic adhesive and SS nuts 

System linearity Amplitude (mV): 1 and 10 

Leads effects 

Height in relation to the ground (10 cm), 

twisted leads, position: vertical and horizontal, 

(Fig. 4-7)  

Length (cm): 150, 200, and 250 
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 After selecting the initial cell set-up parameters, the second segment (Table 3-4), 

electrode effects, was focused on comparing the impedance response of wPc to 

different electrode specifications such as the surface area, material, and electrode 

position. 

Table 3-4. Electrode effects specifications (baseline setting). 

Parameter Specifications 

Surface area 

(cm) 

Diameter: 1, 0.5, and 0.3 

Length:1, 2, 4, 6, and 7 

Texture: threaded and flat 

Material SS and mild steel 

Position 
Electrode separation (cm): 1.5, 3, and 6 

Electrode position: bottom, top, vertical, and horizontal 

 

 After evaluation of the first stage, the second experimental stage was carried out 

by the custom cell calibration and the ACIS measurements correction procedure 

shown in section 3.2.1 (Chapter 4: Fig. 4-10 and Fig. 4-14). The purpose of the 

procedure was to establish the high-frequency parasitic response of the leads in 

combination with the cell components. 

 

3.3.2 ACIS data interpretation (Ch. 5-8) 
 

To support ACIS data interpretation, different groups of Portland cement at different 

w/c ratios; or replacement levels of sand; or anhydrite, or GGBFS; or FA; or SF, were 

assessed by ACIS measurements and supported by calorimetry, setting tests and 

microstructural imaging analysis (SEM). The sample specifications of each group are 

shown at the beginning of each chapter. 

 The Nyquist plot format was used to display and analyse ACIS measurements. 

Inductance effects were identified via ACIS values falling below the real axis. The real 

and imaginary components of the signal measured (100 Hz-1 MHz) were plotted as a 

function of time. This enabled observation of a distinctive perspective of the 
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impedance data obtained, separating the time dependence of the high-frequency and 

low-frequency responses to separate the cement-bulk and cement-electrode response 

and observe their behaviour.  

 

 An equivalent circuit model (ECM), adapted from Fig. 2-11, was used to represent 

the electrical behaviour of cement paste at early hydration stages (≤ 24 hrs) as 

observed in Fig. 3-3. 

 The cement bulk response is represented by an inductor (L0: used just when there 

is an inductance behaviour in the ACIS measurement, attributed to a high conductive 

state of the solution-solid), two resistors (R0: resistance behaviour of the solution-solid 

interface, and R1: resistance behaviour of the solution-solid phase) and a capacitor 

(C1: capacitance behaviour of the solution-solid phase).  

 As the cement-electrode interface is not ideal, and the electrical double layer 

resistance behaviour is significantly large and the capacitance behaviour is imperfect; 

the cement-electrode response is best represented by a constant phase element: CPE 

(electrical double layer with imperfect capacitance behaviour), rather than by an ideal 

capacitor in parallel with a resistor (Fig. 2-11). 

 

 
 

Fig. 3-3. Equivalent circuit model for fitting ACIS data. 

 

R1

R0

C1 CPE

Cement bulk response Cement-Electrode response
L0 : solid + liquid phase inductance
R0: solid + liquid phase resistance

R1: solid-liquid interface resistance
C1: solid-liquid interface capacitance

CPE*: Electrical double layer non-ideal capacitance
*CPE: Constant phase element

L0
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 Conductivity measurements were obtained from the resistivity of each cementitious 

paste by dividing the intercept point (R0 + R1) on the real axis of the Z* plots into a cell 

constant. The cell constant was obtained, by regression analysis (Fig. 3-4), measuring 

the conductance of an NaOH solution of known conductivity at different 

concentrations, Table 3-5. The cell constant was calculated as the slope of a plot of 

the NaOH conductivity against the measured conductance.  

 Prior to the start of the calibration measurement, the NaOH solution was placed into 

the custom cell design for 30 min. The measurements were collected at room 

temperature over a frequency range of 100 Hz to 1 MHz, an applied perturbation 

amplitude of 10 mV and current range up to 1 mA [153], [218], [234]–[236].  

 

Table 3-5. Conductivity and measured conductivity of NaOH solution at different 

concentrations. 

Label 
Mass percent 

(%) 
NaOH conductivity 

(S/cm) 
Measured conductance 

(S) 

a) 0.25 0.0123 0.3108 

b) 0.5 0.0248 0.5784 

c) 1 0.0486 0.9921 

d) 2 0.0931 1.7456 

Cell constant = Slope: 17.6526726  
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Fig. 3-4. Conductivity calibration curve. 

 

3.4. Model description (Ch. 8) 
 

The FEM package used, developed in-house at the University of Sheffield [216], [217], 

has the capabilities to simulate and analyse the impedance response of various core-

shell microstructured materials, e.g. electroceramics. However, the influence of 

chemical processes on the impedance response is not directly taken into account. 

 

The FEM approach here was established via previous impedance response 

simulations for a ceramic microstructure, as detailed in [216]. The key assumptions 

are that the material properties are linear, isotropic, and that the inductive effects are 

negligible when compared with capacitive behaviour in the Hz-MHz frequency range. 

External surfaces are either assigned as insulating, or a defined voltage can be applied 

to them. This is typically done on the top and bottom surfaces of a sample allowing an 

impedance response to be generated through the sample [212]. 
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Even though these assumptions are not completely valid for cement systems due 

to time-dependence of material properties, and the complex chemical composition and 

hydration process of cement, these assumptions are taken into consideration to 

generate all the components of the microstructure (shell, core-shell), and approximate 

and simplify the analysis of the impedance behaviour of the system [31], [35], [216], 

[226], [237], [238]. More detailed information related to the model description is 

provided in section 8.1. 

 

The microstructure of the cement model is simplified to be based on the hydration 

of spherical C3S particles of 20 μm diameter and considering C-S-H as the hydrate 

product formed. As a starting point, particles are confined into a cube with lateral 

dimension of 200 μm and meshed using a combination of 7188 tetrahedron prism 

elements. In previous investigations lower domain sizes (e.g. 50 μm and 100 μm) have 

been implemented, using a broader particle size distribution range, to simulate cement 

hydration and properties [239]–[243]. Therefore, the representative volume element 

within this domain size is large enough to simulate and characterise the hydration of 

C3S particles, however, the time and computer resources required to generate the 

solution increases. 

 

An algorithm previously developed for predicting the capacitance and dielectric 

breakdown strength (i.e. failure of a dielectric material to resist an applied electric field) 

in a composite material [211], and based on creating a random dispersed array of 

seed points (each representing an C3S particle centre in the model here) within a cube, 

was used to define a three-dimensional structure, which was meshed. 

 

To decrease the computational time and maintain the simplicity of the model, the 

C3S particle size was defined according to previous investigations in which it was 

determined that an average particle size ranging from 10-30 μm is generally 

representative of Portland cement and C3S, and this was then further simplified by 

taking the value of 20 μm for all the spheres [241], [244]–[246]. The C3S particles were 

assumed to be spherical, to simplify the algorithm formulation, minimize the 
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computational time and compliance of the matrix with a volume constraint, providing 

the minimum surface area to volume ratio to represent a dense packed microstructure. 

However, this shape is not representing the true cement particle shape (i.e. irregular) 

[67], [237], [247], [248]. 

 

To simulate the C3S consumption and C-S-H growth, the volumes of all C3S core 

particles were shrunk towards their centroid, generating the volume ratio chosen and 

representing C3S hydration. The shrunken volume is filled with prism elements to 

generate the shell volume with its own intrinsic properties and then filled with the C-S-

H phase. 

 

To simulate the frequency response of the system, the initial frequency range was 

1 Hz to 1 MHz, using a potential of 10 mV applied on a contact material with 

conductivity of 10 kS/m. More detailed information related to the model is provided in 

Fig. 3-5. 
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Fig. 3-5. FEM model procedure [213], [216]–[218]. 
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• Generation of grain and subgrain (shell) shape and 

characteristics.
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• Solving Maxwell’s equations  (time & space) in 
combination with Ohms and Gauss’s laws, and time-
domain finite element method:

Assumptions:
Material properties are linear and isotropic. 
Inductive effects are negligible.
Permittivity as function of position.

Voronoi tessellation postprocessing.

∇	∘ ȷ⃗	 &, ( = 	−∇	∘ σ r ∇φ &, ( + 	/ & 0
0( ∇ϕ &, ( = 0	

∇: Del operator
∘: Dot operator
ȷ⃗: Current density
&: Position
!
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σ: Conductivity
φ: Electric potential
/: Permittivity
(: Time
ϕ: Magnetic flux



3. Materials and Methods  

65 

3.5. Overview diagram 
 

 
 

Fig. 3-6. Materials and methods overview diagram [37]–[40], [249]. 
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Chapter 4: ELECTROCHEMICAL CELL DESIGN 

Chapter 4: 

ELECTROCHEMICAL CELL DESIGN 

 
Note: This chapter is based on the paper “Electrochemical cell design and 

characterisation of cement hydration by impedance spectroscopy” by A. F. Sosa 

Gallardo and J. L. Provis, Journal of Materials Science, 2020, vol. 56 pp.1203-1220 

[37]. 

 

4.1 Introduction 
 

This chapter assesses electrochemical cell design and the impedance response 

during cement hydration. The results show that a significant decrease of the parasitic 

effects at high frequencies (caused mainly by leads and electrode effects) can be 

achieved through an optimal cell design and impedance measurements correction, 

enabling correlation of impedance measurements to particular aspects of the cement 

hydration process. However, due the limited solid phase microstructural development 

and the high conductivity of cement paste at low degrees of hydration, the parasitic 

effects could not be fully eliminated for fresh or early-age cement pastes. 

 

 To enable more accurate assessment of the hydration of cement by ACIS, the aim 

of this chapter is to investigate and evaluate the parameters that could produce 

parasitic effects in the ACIS measurements, and to provide guidance for appropriate 

experimental protocols. Understanding these parameters and their influence on the 

ACIS measurements is crucial in obtaining reliable data and thus correct data 

interpretation.
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4.2 Sample specifications  
 

To evaluate the initial cell design, the experimental procedure and to assess the 

hydration process of cement by ACIS, wPc paste samples were prepared at a water 

to cement ratio (w/c) of 0.45. 

 

4.3 Results and discussion 
 

In previous investigations the hydration of white Portland cement (wPc) was studied 

by ACIS during the first 72 hours after mixing [250]. The impedance measurements 

obtained were affected by parasitic inductance effects at high frequencies (that appear 

below the Z’ axis intercept), potentially leading to unreliable data interpretation. 

 

 Fig. 4-1 shows the impedance spectra of wPc during the first 72 hrs. During all 

experimentation it can be noticed that the high frequency data (below the Z’ axis, red 

line) show parasitic inductive effects mainly related to the effects of the leads, and 

influenced by factors including the high conductivity and low microstructural 

development of the cement paste, magnetic coupling and electrode effects, cell 

design, potentiostat response, and working frequency range [27], [231], [232]. 

 

 With an increase in frequency the inductance increases, and as a result, the 

capacitive-resistive arc at high-frequencies disappears. This indicates that the 

information in that frequency range is altered by the inductance effects and cannot be 

analysed or considered reliable data for characterisation of the cement.  

 

 Even though the parasitic inductance effects were only visibly affecting the high 

frequency data, it was possible that all frequency ranges (high, medium and low) were 

affected by the same parasitic effects since they can influence potential-working 

electrode response and the measured capacitance at different frequencies. 
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Fig. 4-1. ACIS data during the first 72 hours of wPc hydration. Dashed line indicates 

the part of the data showing a strong influence of inductance, falling below the Z’ 

axis. 

 
 The ACIS measurements obtained were evaluated by examination of Lissajous and 

resolution plots, and Nyquist plots. The information obtained regarding the cement 

material response at early age was limited because of the high conductivity of the 

cement paste produced by the water content, the high ionic strength of the pore 

solution, the hydration kinetics, and the continuous and open pore structure [100], 

[169], [185]. 

 

4.3.1 Initial cell set-up 
 

4.3.1.1 System linearity 
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ACIS relies on the use of an amplitude small enough to obtain a linear response which 

can be expressed analytically. The linearity of the system is directly related to the 

amplitude that is applied to the system. To find the optimal amplitude permutation and 

verify the linear response for cement systems, raw impedance data were used to 

generate Lissajous and resolution plots. The amplitude must be small enough to 

minimise perturbation of the material behaviour during cement hydration, but large 

enough that a high-fidelity signal can be recorded. 

 

  The Lissajous plots, e.g. Fig. 4-2, show the AC potential (x-axis) and the AC current 

(y-axis). The information obtained allows the verification of the linearity of the ACIS 

response in which the AC amplitude should be small enough so that the response of 

the electrochemical cell can be considered to be linear, but large enough to measure 

the system response [122], [251]–[253]. The resolution plots, e.g. Fig. 4-3, show the 

AC current and the AC potential (y-axis) as a function of time (x-axis). The information 

obtained allows measurement of the sensitivity of the system and the noise 

significance in the processed data. Two different amplitude perturbations (10 mV and 

1 mV) were used to verify the sensitivity and linear response of the experimental 

procedure for cement systems, in the frequency range 1 MHz to 100 Hz and at a fixed 

current of 1 mA. 

 

 At an amplitude of 10 mV (Fig. 4-2), the Lissajous plots show that the linearity of 

the ACIS response is maintained, with central symmetry of a straight line with respect 

to the origin of the plots at each frequency. In the same way, the resolution plots (Fig. 

4-3) show a high resolution of both signals at each frequency. 

 

 Conversely, at an amplitude of 1 mV (Fig. 4-4), the Lissajous plots show a strongly 

non-linear response, as that the central symmetry of the plot is not maintained and the 

shape is disturbed by noise. Likewise, the resolution plots (Fig. 4-5) show a high 

resolution for the current signal, but a low resolution for the potential signal. 
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Fig. 4-2. Lissajous plot of wPc paste at 5 min after mixing, amplitude of 10 mV. 
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Fig. 4-3. Resolution plots of wPc at 5 min after mixing and using a perturbation 

amplitude of 10 mV: frequency a) 1 MHz, b) 11 kHz, and 100 Hz. 
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Fig. 4-4. Lissajous plot of wPc paste at 5 min after mixing, amplitude 1 mV. 
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Fig. 4-5. Resolution plots of wPc at 5 min after mixing and using a perturbation 

amplitude of 1 mV: frequency a) 1 MHz, b) 11 kHz, and 100 Hz. 
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 To avoid nonlinear effects and based on the evaluation between both amplitudes, 

a linear response and accurate data can be obtained using 10 mV as the preferred 

amplitude for analysis of cement systems in the apparatus described here. This 

amplitude is selected due to the reduction of the errors that could be produced by 

charge-transfer resistance, noise, and polarisation during the impedance 

measurements. Smaller amplitudes will degrade and distort the impedance 

measurements, leading to inaccurate measurements and non-linear response [254]–

[257]. 

 

4.3.1.2 Electrode attachment 

 

The electrode-cell attachment was assessed by comparison of the ACIS responses 

measured during wPc hydration using the SS electrodes attached with SS nuts, and 

with hard-plastic adhesive.  Fig. 4-6 shows the ACIS response of wPc as a function of 

the electrode attachment method, at hydration times of 5 min and 24 h. The electrodes 

that were attached with hard-plastic adhesive show fewer inductance effects at high 

frequency (likely to impact the impedance measurements) for both ages. 

 

 The electrodes attached with SS nuts show higher inductance effects due to the 

decrease in resistance as a result of the increase of the number of flux lines and 

amount of energy stored in the electrodes. Also, the changes in the ACIS values at 

both ages, as a result of an increase in the electrode surface area and a decrease of 

the electrode separation at the bottom of the cell produced by the attachment of the 

SS nuts to the SS electrodes, mean that an uneven current is flowing through the SS 

electrodes and nuts (which are acting as both working and counter-electrodes, Fig. 

3-1) [258]–[260]. 

 

 For the cement at an early stage of hydration, with both attachment methods, it is 

not possible to identify a high-frequency semicircular arc, as the measured values fall 

below the Z’ axis. As mentioned before, this is probably due to the high conductivity of 
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the fluid cement paste with a highly-connected aqueous phase of relatively high ionic 

strength, and the parasitic effects of the leads and cell. At longer ages cement 

hydration proceeds, inductance decreases, and an increasing tendency in the 

resistance is observed, progressively yielding a more noticeable high frequency 

semicircular arc. This can be attributed to the microstructural development, water 

consumption and reduction of the connectivity of the pores [27], [169]. These trends 

are discussed in section 4.3.3. 

 

 

 
Fig. 4-6. ACIS measurements of wPc at different ages, testing electrode attachment 

methods as indicated. 

 
4.3.1.3 Lead effects 

 

Parameters related to the leads, such as length and diameter, degree of grounding 

and shielding, weak end contacts, and positioning, are some of the main sources of 
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leads have been found in both high and low impedance cells in the form of stray 

capacitance or stray inductance, respectively [261], [262]. These measurement 

perturbations are difficult to evaluate due to the interconnecting wiring, the external 

environment, and the parameters previously mentioned. For example, the AC current 

that passes through the current-transporting leads produces a magnetic field which 

couples to the leads from which the potential is measured, leading to unwanted AC 

voltages which could lead to mutual inductance errors in the ACIS measurements. 

Previous studies have proposed different solutions to minimise these parasitic 

perturbations [171], [263], [264]. 

 
 To evaluate the lead effects on ACIS measurements for cement pastes at early 

age, different lead positions and lengths were analysed using the initial cell design. 

Fig. 4-7 shows a schematic representation of the parameters evaluated; (a) distance 

of the leads between the working surface and the electrochemical cell, (b) twisting of 

leads, (c) alignment of connections between the leads and the SS electrodes, and (d) 

lead length. 

 

 
 

Fig. 4-7. Illustration of the lead parameters evaluated. 
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 Fig. 4-8a-b shows that there is not a significant change in the impedance spectra 

as a result of changing the distance of the leads between the working surface and the 

electrochemical cell, or by twisting the leads. These results confirm that these lead 

arrangements (i.e. conductor, insulation, binder, braid, jacket, and connectors) are 

suitable for the following experiments. 

 

 Similarly, there are no meaningful changes in the ACIS measurements when 

changing the alignment of the connections between the leads and the SS electrodes 

(Fig. 4-8c), since the SS electrode position (3 cm separation distance) is restricted and 

does not allow the leads to separate further from each other. Also, the results are an 

indication that the impedance measurements are not affected by the magnetic 

coupling or the pickup effects produced by the low-intensity magnetic field of the leads. 

 
 However, it can be observed that an increase in the lead length has a meaningful 

impact on the ACIS measurements. Fig. 4-8d shows the changes in parasitic effects 

and Z’ values as the length of the leads increases. The lead length increase raises the 

resistance, leading to a negative impact on the measured signal amplitude as a result 

of the wave deterioration as the leads move away from the energy source. Also, when 

AC is applied, a phase shift between the applied amplitude and the current can occur 

[259], [263], [265].  

 

 The following experiments were therefore conducted using the standard cables 

(150 cm); it was not possible to further reduce the length of the leads due to the 

limitations of the equipment available. 
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Fig. 4-8. ACIS measurements with different lead parameters: a) height above 

working surface, b) twisting, c) alignment, and d) length. 
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4.3.2 Electrode effects 
 

The cement paste parameters measured by ACIS can be divided into two categories: 

the first set corresponds to the properties and behaviour of the cement itself (e.g. 

conductivity, kinetics, pore solution), and the second relates to the electrode-cement 

interaction (e.g. diffusion, adsorption, capacitance, electrical double layer 

capacitance). ACIS measurements can be affected by the electrode performance 

which depends on the system under analysis, the electrode specifications (e.g. 

surface area and material), and the electrode position. A significant change in any of 

these parameters will have a significant impact on the electrode performance and 

stability, which may lead to collection of erroneous data or misinterpretation of ACIS 

measurements [266]. 

 

 An ideal electrode design should have a surface area which is able to deliver a 

uniform current density to ensure a uniform potential distribution over the electrodes 

and the sample [267]. The electrode alignment needs to be symmetrical not only to 

avoid uneven current distribution, but also to decrease errors produced by differences 

in potential distribution. In addition, the study of the electrode material should be 

performed considering the sample material under investigation, since interactions with 

the sample can affect the electrode surface (e.g. corrosion and/or passivation layers), 

leading to an unwanted contribution to the measured impedance, and erroneous data 

interpretation. Cement paste and its pore solution have a highly alkaline environment 

(pH around 12 to 14) which can in turn influence the passivation properties of the 

electrode material [7], [9], [171], [268]. The electrode material needs to have good 

electrical properties and performance to obtain good electric field distribution and 

reduce unwanted impedance responses. It is fundamental to understand the electrode 

effects to obtain a better cell configuration which could retrieve more information about 

the cement system. 
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 This section presents discussion of the influence of the electrode effects on cement 

ACIS measurements, intending to obtain insight into the relationship between the 

electrode effects and the ACIS response. To enable comparison of the results 

obtained using electrodes of differing surface areas, the results were normalised by 

multiplying the impedance obtained by the electrode surface area under investigation. 

 

4.3.2.1 Electrode surface area 

 

Fig. 4-9a-c shows the electrode surface area effects in the cement ACIS 

measurements of wPc pastes. At early age (5 min after mixing the cement pastes), 

the impedance values are slightly affected by the changes in the electrode surface 

area when either length (Fig. 4-9a) or diameter (Fig. 4-9b) are varied. As the electrode 

surface area increases, the parasitic inductance effects are seen at high frequencies, 

and the values on the Z’ axis increase, showing a correlation between the electrode 

surface area and the impedance values. The information at high frequency is obscured 

due to parasitic inductance effects which arise from the lead effects (as discussed in 

the preceding section) and the state of the cement paste (low developed 

microstructure and highly conductive). At longer ages (24 h), the results show a higher 

influence of the electrode surface area on the ACIS measurements, following the same 

tendency as at early ages. The increase in the resistance and the reduction of the 

inductance effects are produced by the microstructural development of the cement 

paste. These changes can be observed through the appearance of a high frequency 

semicircular arc at longer ages. 

 

 It is important to notice that changes in the ACIS measurements produced by 

changing the electrode texture from threaded to flat (Fig. 4-9c) are small at early age, 

and almost null for a more mature cement paste. These changes will not influence the 

effective surface area drastically (in terms of the distribution of electrical flux lines), but 

they will have an impact on the contact between the electrodes and the cement paste. 
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 Parameters measured by ACIS such as electrical double layer capacitance (EDLC), 

electron transfer resistance (ETR), and the uncompensated electrolyte resistance will 

depend on the ionic concentration and the ion types in the aqueous phase, the 

temperature, the reaction kinetics, the electrode surface area, and the current 

distribution [121], [269]–[272]. As the electrode surface area increases, the electrode-

sample reaction kinetics, the parameters previously mentioned, and the current 

distribution will rise, leading to differences in the ACIS response as observed in the 

results (Fig. 4-9a-c). Considering the experimental system as a circuit, as the electrode 

surface area is changed, the magnetic flux through the circuit, the amplitude, and 

current dispersion through the cement paste also change, affecting the parasitic 

effects and the impedance values. 

 

 
-200

0

200

400

600

800

0 600 1200 1800

-Z
'' (
Ω

 c
m

2 )

Z' (Ω cm2)

5 min

24 hrs

Time ID Length (cm) -Z''
1.0 -28.83
2.0 -32.19
4.0 -35.8
6.0 -41.6
7.0 -44.4
1.0 -5.4
2.0 -6.3
4.0 -65.8
6.0 -115
7.0 -114

5min

24hrs

a)



4. Electrochemical cell design 

83 

 

 
 

Fig. 4-9. ACIS response of wPc and gPc pastes at 5 min and 24 h after mixing, 

varying electrode parameters as indicated in the legend: a) electrode length, b) 

electrode diameter and c) texture. 
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  Fig. 4-10 shows the short circuit cell ACIS measurements obtained from two 

different SS electrode diameters. ACIS measurements show -Z’’ negative values in 

which inductance effects (-Z’’) and the resistance values (Z’ axis), produced by the 

leads, the cell, and the frequency dependence of both parasitic components, are 

observed [36], [231], [232]. The reason for a lower impedance value is explained by 

Eq. 1 (based on the comparison between both diameters). 

 

𝑅 = 𝜌
𝑙
𝐴 

(1) 

 
 Here 𝑅 is the electrical resistance of the electrode, r is the specific resistivity, 𝑙 is 

the length and 𝐴 is the cross-sectional area [231], [234]. Therefore, the electrical 

resistance of the electrode is expected to be reduced as the cross-sectional area 

decreases while the inductance effects maintain the same values because they are 

caused by the leads, and not by the cell specifications. 

 

 
 

 Fig. 4-10. ACIS data for short circuit calibration measurement. 
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 Regarding the final custom cell design as a result of this parametric study, it was 

decided to use threaded electrodes with 3 mm diameter and 7 cm length, of which 6 

cm would be in contact with the cement paste and 1 cm would be outside the cell for 

connection of the WE and the RE. 

 

 The decision to use this electrode specification was made considering that the 

threaded texture did not have a significant effect on the effective surface area for the 

ACIS measurements but did significantly increase the electrode-sample contact to 

reduce the likelihood of debonding at that interface. The electrode length (7 cm) was 

selected to ensure a uniform current distribution, larger values of the EDLC, and 

effective surface area through the cement paste [269], [273], [274]. Finally, it was 

observed in Fig. 10b that a decrease in the electrode diameter was able to reduce the 

parasitic effects, and it is expected that the lower total internal resistance of the cell 

would increase the fractional contribution of the cement bulk to the overall impedance 

measurements. 

 

4.3.2.2 Electrode material 

 

Fig. 4-11 shows the influence of the electrode material on the measured ACIS spectra 

of wPc pastes. At early age, the ACIS measurements in the high frequency range and 

the inductance effects are not considerably affected by the choice of electrode 

materials among those tested here. However, at low frequencies it is possible to 

observe a difference in the part of the response that is attributed to diffusional 

processes, due to the variation in the electrode material having an impact on the 

reaction rates between the cement paste and the electrode [272], [275], [276]. At 

longer ages, there is a greater impact on the ACIS measurements due to the choice 

of electrode material. 

 

 The increase in resistance, the disappearance of the inductance effects, and the 

emergence of a high frequency semicircular arc when using mild steel electrodes can 
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all be related to the combination of the response of the cement microstructure 

development and the formation of a protective iron oxide film on the steel surface 

generated by the alkaline environment of the cement paste [178], [277], [278]. The 

electrode surface film has a strong influence on the ACIS measurements obtained 

using mild steel electrodes.  

 

 Conversely, the ACIS measurements obtained with SS electrodes are determined 

mainly by the cement bulk and the electrode-cement interface [275], [278]–[280]. This 

fact is attributed to the action exerted by the chromium-rich oxide film (passive film) 

on the SS electrode surface giving as a result a more stable electrode response. The 

reaction between the cement paste and the SS electrodes is slower than the reaction 

involving mild steel electrodes. 

 

 
 

Fig. 4-11. ACIS data for wPc pastes, for different electrode materials as noted. 
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 It is evident that the correct electrode material selection can enhance the ACIS 

measurements in terms of specific capacitance, diffusion rates, EDLC, accuracy, and 

performance [122], [280], [281]. Comparison of the ACIS results showed that SS 

electrodes are suitable in a highly alkaline environment, without affecting the 

impedance measurements and ensuring a stable electrode-cement interface and 

interaction, uniform current distribution, and better performance than mild steel 

electrodes. 

 

 Stainless steel and mild steel were considered suitable materials in this 

investigation. Other electrode materials, such as graphite or platinum, were not 

considered because of the single-use application and the higher cost. 
 

4.3.2.3 Electrode position 

 

Fig. 4-12 shows the effects of electrode separation effects on the ACIS spectra of wPc 

pastes. Taking the electrode separation distance of the initial cell (3 cm) as a 

reference, the results at both ages show an increase in the impedance values of Z’ 

axis (ohmic resistance) when the electrode separation is either increased or 

decreased. The low-frequency response, dominated by diffusional behaviour, appears 

significantly less sensitive to the electrode separation. 

 

 At 1.5 cm electrode separation, inductance increases slightly because of mutual 

inductance effects as the separation between the electrodes is insufficient, whereas 

at 6.0 cm electrode separation, inductance increases considerably as the mutual 

inductance decreases and the self-inductance of the leads increases. 
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Fig. 4-12. ACIS data for wPc pastes as a function of the separation between the 

electrodes. 

 
 Fig. 4-13 shows the effects of the electrode positions on the impedance spectra of 

wPc pastes. The electrode positions studied were to have the electrodes located at 

the bottom (Fig. 3-1), top, and lateral faces of the polypropylene cell, without changing 

the distance between the SS electrodes. 

 

 At early age, the impedance measurements are not affected by the majority of the 

electrode positions. The only position which influences the impedance measurements 

is at the top of the cell, where the ohmic resistance and inductance effects increase. 

This tendency is probably due to cement bleeding and air entrapment produced by 

electrode insertion from the top of the cell filled with cement paste. 

 

 At later age (24 h), the ACIS measurements and spectra are more notably affected 

by the electrode positions. The vertical, horizontal and top electrode positions show 

an increase in the ohmic resistance values (Z' axis) and the inductance effects at high 
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frequencies are reduced, giving as a result the emergence of a semicircular arc. These 

ACIS measurements are the result of the combined response of the cement 

microstructural development and the ohmic resistance produced by the differential 

shrinkage and the potential cracking of cement generated by the thermal restrains and 

the stress/load of the electrodes position [169], [282]. 

 The influence of the position of the electrodes in the ACIS measurements at later 

age is due to the sample geometry and the electrode direction changing the restraint 

of shrinkage of cement, leading to cracks that induce an increase in the ohmic 

resistance values [271], [283]–[287]. 

 

 
 

Fig. 4-13. ACIS data for wPc pastes, as a function of the electrode position. 
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4.3.3 Calibration and measurements correction 

 

Calibration experiments followed the same experimental procedure and the set-up 

used in the previous cell design test, as any change in the configuration affects the 

ACIS measurements and therefore the calibration values (Fig. 4-8d). The ACIS 

measurement corrections were carried out after verifying the reproducibility of the 

short circuited custom cell design measurement, and considering the calibration 

measurements as an additive correction to the ACIS measurements [37], [171], [231], 

[232]. 

 Fig. 4-14 shows the impedance spectra before and after application of these 

corrections, for wPc at early age. After the correction, the impedance spectra show 

high frequency data above the Z’ axis, with a high frequency semicircular arc, while 

the measurements at low frequencies do not change. For correct data interpretation, 

it is necessary to apply this correction to the raw ACIS measurements. 

 

 
 

Fig. 4-14. ACIS data for measurement correction of wPc system. 
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4.3.4 ACIS of white Portland cement 

 

To select a cell design, the evaluation of ACIS measurements for different cell 

parameters was presented in the preceding sections. Fig. 4-15 shows the custom cell 

design specification involved the use of threaded SS electrodes (f 0.3 × 7 cm) and the 

cylindrical polypropylene container (f 6 × 11.2 cm) used for the following experiments. 

The time between measurement acquisitions was every 5 min (0-24 hrs), 10 min (24-

48 hrs), 15 min (48-72 hrs) and 20 min (72-92 hrs). Subsequently, the impedance data 

were calibrated and corrected. 

 

 
 

Fig. 4-15. Final cell design diagram (scale cm). 
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hydration proceeds, the emergence of semicircular arcs at high frequency is more 

developed, while the increase of Z’ axis values becomes slower due to the thickness 

of the hydrated products increases and the hydration process slows [14], [170], [226]. 

 

 The conductivity was obtained from the resistivity of the wPc paste by dividing the 

Z’ axis intercept point of the impedance spectra into a cell constant. The cell constant 

was obtained by measuring the ACIS response of different concentrations of NaOH 

solutions of known conductivity [153], [218], [234]–[236], using the cell shown in  Fig. 

4-15. Fig. 4-16b shows the conductivity and resistivity as a function of time for wPc. 

On the first day of the hydration reaction, three perturbations are observed as the 

resistivity increases slightly and the conductivity drops quickly. At longer ages, the 

resistance increases rapidly, showing an increase in the amplitude and number of 

perturbations, while the conductivity decreases reaching a point where the changes in 

conductivity are minor. 

 

 Fig. 4-16c shows a second perspective of the impedance spectra of wPc, by plotting 

the real component (Z') against time for two different frequencies. At early ages, 

between 3.5-10 hrs, the Z’ values at high frequencies decrease as inductance 

emerges (highlighted), while the Z’ values at low frequencies change slightly. At longer 

ages, Z’ values at both frequencies show an increasing resistance behaviour. 

 

 Fig. 4-16d shows a different perspective of the impedance spectra of wPc by 

plotting the imaginary component (-Z’') against time. The results show small changes 

at high and low frequencies. To illustrate the inductance behaviour between 3.5-30 

hrs, -Z'' values at 100 Hz and 1 MHz are highlighted. At early ages, the -Z’’ values at 

1 MHz rapidly decrease and become negative due to the emergence of inductance 

effects, while -Z’’ values at 100 Hz decrease slowly, reaching a minimum value at 10 

hrs and followed by a short increase period between 10-14 hrs. At longer ages, an 

increasing tendency of -Z’’ values is observed at 1 MHz, in which the -Z'' values once 

more become positive at 30 hours due to the disappearance of inductance effects. 

The -Z'' values at 100 Hz decrease until 50 hrs, reaching a period with low activity. 
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Fig. 4-16. ACIS response of wPc paste as indicated in the legend: a) Nyquist plots; 

b) conductivity and resistivity; and for frequencies of at 100 Hz and 1 MHz, c) the 

real component, and d) the imaginary component. 
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 Cement hydration is divided (usually on the basis of calorimetric results) into five 

stages: dissolution, induction/dormant, acceleration, deceleration/diffusion, and long-

term reaction [4], [6], [44]. The chemical and microstructural processes taking place 

during these stages are also identifiable in the ACIS data. At early ages (dissolution 

and induction stages), the results show small impedance and resistivity values due to 

the high conductivity of the cement paste (with ions in the aqueous phase supplied by 

the rapid dissolution of soluble alkali and calcium sulphates), and limited solid phase 

microstructural development. At 3.5 hrs after mixing, the ACIS values at high 

frequencies are affected by the sudden emergence of inductance effects. Between the 

end of the induction period and the beginning of the acceleration period, the dissolution 

of C3S and C2S increases the ionic strength of the cement paste pore fluid, followed 

by the nucleation of C-S-H and initial crystallisation of CH. At this point the resistivity 

starts to decrease. 

 

 During the deceleration period, the heat flow and reaction rate of silicates 

decreases, and the microstructure is affected by water consumption, pore reduction, 

and space limitation. At this point, the results show increasing Z’ values (Fig. 4-16c), 

and the inductance effects (-Z’’) remain unchanged. At approximately 10 hrs, the low 

frequency values in Fig. 4-16b decrease, while the Z’ values in 

Fig. 4-16c show a perturbation at both high and low frequencies. 

 

 At the end of the deceleration period and during the long-term reaction period (~15 

hrs), the inductance effects (-Z’’) start to decrease, until they disappear at 30 hrs. The 

Z’ values keep increasing at both frequencies, probably because of the microstructural 

development, reduced water content, and the partial closure and eventual 

depercolation of the pore structure. 

 At longer ages (>30 hrs), a high-frequency arc starts to emerge, and while the 

microstructure continues developing slowly, the diameter of the high frequency arc 

increases, as can be observed in  
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Fig. 4-16a. The conductivity decreases to reach a certain point where no further 

significant changes can be appreciated, while the resistivity keeps increasing due to 

the slow microstructural development [4], [34], [67]. 

 
 

4.4 Conclusions 
 

This chapter has assessed the electrochemical cell design and ACIS measurements 

during cement hydration in the early stages of hydration, in both the fresh (fluid) and . 

The results demonstrate the importance of the correct assessment of the parameters 

(e.g. electrode, lead and parasitic effects, and procedure) in the cell design to reduce 

the parasitic effects that appear in ACIS data.  

 A good correlation between the ACIS measurements and the cement hydration 

stages was obtained. However, due to the limited solid phase microstructural 

development and the high conductive condition of cement at early hydration periods, 

the parasitic effects could not be fully corrected until the cement had hydrated 

sufficiently to yield a microstructure that was able to raise the resistivity of the paste. 

 

 It is therefore possible to highlight the following conclusions: 

 

1.  ACIS measurements at early cement hydration ages (>24hrs) can be 

performed using the final custom-cell design proposed, allowing this design to 

reduce the parasitic effects at high frequency.   

2. ACIS response and parasitic effects are directly affected by electrode effects 

and cell design. 

3. Cement conductivity and resistivity behaviour, and their variation as a function 

of time during hydration correlate with existing conceptual models developed 

from calorimetric and other data. 

4. ACIS has been shown to be a sensitive and versatile technique for assessing 

the different stages of cement hydration, from the fresh to the hardened state, 

which is very difficult to probe truly continuously by any other single technique 

in a time-resolved manner. However, in order to fully understand this process 



4. Electrochemical cell design 

97 

and its microstructural development, the behaviour and interpretation of ACIS 

measurements and the parasitic effects that complicate the data processing 

and analysis need further investigation, supported by other characterisation 

techniques. 
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Chapter 5: PORTLAND CEMENT 

Chapter 5: 

PORTLAND CEMENT 

 
Note: This chapter is based on the paper “Early-age characterisation of Portland 

cement by impedance spectroscopy” by A. F. Sosa Gallardo and J. L. Provis, [39], 

unpublished manuscript and submitted for publication, 2020, pp.1-39. 

 

5.1 Introduction 
 

The objective of this chapter is to assess the early hydration process of Portland 

cements at different sand, anhydrite, and water contents by evaluating the 

electrochemical (ACIS), thermochemistry (IC) setting time (Vicat) response, and by 

comparison with pore solution compositional data available in the literature. 

Comparison among these techniques is important to understand the major aspects 

that influence the electrochemical behaviour of cement pastes during the first 24 hrs 

after mixing, both before and after setting. Potential factors that may affect impedance 

measurements and data interpretation are also discussed, such as the complexity of 

cement chemical composition, its physical properties and hydration kinetics, and 

technique limitations. The impedance data obtained are benchmarked against 

different supporting techniques and literature data, showing a strong relationship 

among hydration rates as determined by thermochemistry, setting time measurements 

by physical approaches, pore fluid chemistry, electrical conductivity, and the 

impedance behaviour observed. The results demonstrate that ACIS is a sensitive 

technique to assess cement hydration, enabling differentiation of changes in the water 

and cement content, hydration degree, and microstructural development during the 

first 24 hour after mixing.
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5.2 Sample specifications 
 

To support ACIS data interpretation, five groups of Portland cements at different w/c 

ratios, and replacement levels of sand or anhydrite, were assessed by ACIS 

measurements and supported by calorimetry and setting tests. The first group 

consisted of wPc hydrated at different w/c ratios (0.35-0.60). Table 5-1 shows the 

sample specifications of each of the other groups, which were all formulated at a 

constant w/c ratio of 0.45. Grey cement was used as a comparison to the wPc results; 

three sand replacement levels and three dosages of anhydrite were tested. 

 

Table 5-1. Sample specifications. 

No. Parameter Amount *w/c 

1 wPc (%) 100 0.35-0.60 

2 wPc (%) 100 

0.45 

3 gPc (%) 100 

4 
wPc (%) 80 60 40 

Sand (%) 20 40 60 

5 
wPc (%) 100 99 90 

Anhydrite (%) 0.5 1 10 

 

5.3 Results and discussion 
 

5.3.1 White Portland cement and grey Portland cement (wPc and gPc) 

 

The presence of significant quantities of Fe2O3 and MnO gives gPc, one of the most 

used cements, its grey colour. On the other hand, wPc which is usually used for 

aesthetic architectural applications, differs from gPc by having a limited amount of 

Fe2O3, and MnO, higher free CaO content, and a higher content of C3A. It is 

sometimes often more finely ground, as is the case for the cements studied here. In 
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general wPc, due to the high energy consumption required for its production, is more 

expensive than Portland cement. [6], [7], [9]. The pore solution of wPc is slightly 

different from other Portland cements since it has a lower alkali content (i.e. K and 

Na), producing a decrease in the available content of SO42- and OH- ions available to 

react with C3A during hydration, lowering the production of ettringite [66], [288]. 

 

 The calorimetric curves of wPc and gPc during the first 24 hrs after mixing are 

shown in Fig. 5-1a. The hydration stage timings in wPc and gPc are similar, however 

a higher release of heat is observed for wPc paste due to the rapid hydration of C3A, 

ettringite formation, and the smaller particle size and higher surface area of this 

cement. At the end of the acceleration period gPc shows two shoulders (between 6 

and 8 hrs) which are attributed to the hydration of C3S and C3A, and the formation of 

C-S-H and ettringite [66], [81], [289], [290]. 

 

 Fig. 5-1b shows the penetration depth of the Vicat needle into wPc and gPc. The 

initial and final setting times are reached at similar times, with setting observed for the 

gPc paste slightly faster than the wPc. This is attributed to a more stable 

transformation of ettringite into AFm and the formation of secondary phases as a result 

of a higher sulphate content in gPc paste, showing an earlier acceleration and more 

gradual heat release [80], [81]. 
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Fig. 5-1. wPc and gPc at w/c=0.45: a) heat flow, b) Vicat determination of setting 

time. 
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 The ACIS and resistivity/conductivity measurements of wPc and gPc during the first 

24 hrs after mixing are shown in in Fig. 5-2a-b. Fig. 5-2c-d show the ACIS response 

of wPc and gPc by representing the measurements in terms of resistance and 

reactance as a function of time and frequency. 

 

 At early ages and in both pastes, a semicircular arc of small impedance is obtained 

due to the high conductivity of the cement paste (Fig. 5-2a). At high frequency, wPc 

shows a higher impedance and resistance than gPc, an effect that is attributed to the 

higher particle surface area, the particle size distribution, and the conversion of C3A 

to ettringite, leading to an early-age paste that contains a higher volume of hydrate 

products [108]. The wPc shows a conductivity perturbation at 1 hr after mixing, and 

gPc shows the same perturbation at approximately 2 hrs after mixing (Fig. 5-2b) [37]. 

Also, the dormant period in Fig. 5-1a is longer for wPc paste, but the ACIS 

measurements do not change.  

 

 During the acceleration period, the conductivity of the gPc paste drops considerably 

faster than that of the wPc paste, while the gPc and wPc bulk resistance increase 

sligthly. This drop is attributed to the decrease of ionic concentrations and their 

reduced mobility as the microstructure evolves [68], [291]. The wPc ACIS 

measurements are affected by parasitic effects at high frequency at around 4 hrs after 

mixing, while gPc ACIS measurements are affected at longer times. The appearance 

of parasitic effects in the impedance measurements was associated with the beginning 

of this period in which the ionic species concentrations and pH rises, incorporating 

alkaline species into the clinker and hydrated phases [37]. Also, during this period, the 

heat release increases as the crystallisation of CH and the precipitation-nucleation of 

C-S-H take place [4], [94], [292], [293]. 

 

 During the deceleration period, both cement pastes show an increasing bulk 

resistance (Fig. 5-2c). At this point the capillary aqueous phase and pore connectivity 

are reduced, the microstructure is more fully developed (with limited available space 

for new hydrated products), and C-S-H gel keeps increasing (Fig. 5-3a-b), [148], [185], 
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[290]. At approximately 14 hrs, the high frequency ACIS data for gPc are affected by 

parasitic effects (Fig. 5-2c-d), which merits further investigation. 

 

 At later ages and at high frequency, where the wPc impedance and bulk resistance 

values are greater than in gPc pastes (Fig. 5-2c), there is a decreasing tendency in 

the conductivity and parasitic effects of both pastes due to the reduction of free water 

content, and limited space for growth of new hydrated products via constant 

microstructural development, leading to a larger bulk semicircular arc [13], [29], [36], 

[139], [293], [294]. 
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Fig. 5-2. ACIS response of wPc and gPc pastes at w/c = 0.45 as indicated in the 

legend: a) Nyquist plots; b) conductivity and resistivity; and from 1 MHz to 100 Hz c) 

real component and d) imaginary component. 
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Fig. 5-3. SEM images of gPc (a) and wPc (b) paste at 24 hrs after mixing. 

 

5.3.2 Effects of water to cement ratio (w/c) 

 

As the w/c ratio affects the space among the cement particles, kinetics of hydration, 

setting-hardening times, and microstructure, the water content becomes a major factor 

influencing the hydration mechanisms and the final mechanical properties of cement 

[103], [109]. Regarding the pore solution, the w/c ratio influences the K, Na and alkali 

concentrations, while it slightly affects the concentrations of Si, Al, Ca and SO42-. The 

concentrations of Ca and SO42- are restricted due to the solubility limitations of 

Ca(OH)2, and ettringite and AFm, respectively [56]. Ca, Si, Al and OH- concentrations 

are affected as the hydration proceeds and pH rises, as a result of the calcium 

sulphate depletion and precipitation of CH [110]. 

 

 The calorimetric curves of wPc at different w/c ratios during the first 24 hrs after 

mixing are shown in Fig. 5-4a. A slight influence of different w/c ratios on the wPc 

hydration kinetics at early ages is observed. As the w/c ratio increases, the degree of 

hydration increases and the maximum peak of heat release decreases due to the 

b) wPc                            24 hrs                              500 μm 
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higher degree of dilution, and the availability of more space for the precipitation, 

nucleation and crystallisation of hydrated products [1], [5], [103], [109], [295], [296]. As 

the hydration rate decreases, a delay in the acceleration period is observed due to the 

pore solution saturation being reached at longer times. However, the trends in all the 

calorimetric curves remain similar. 

 

 Fig. 5-4b shows the penetration depth of the Vicat needle into wPc at different w/c 

ratios. A faster initial time is observed, as the water content decreases, due to a lower 

degree of hydration, porosity and free water content make it easier to fill the space 

between the cement grains, producing a high-density cement paste [194]–[196]. 
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Fig. 5-4. wPc at different w/c ratios: a) heat flow, b) Vicat determination of setting 

time. 

 

 The ACIS data, and specifically resistivity/conductivity measurements, of wPc 

hydrating at different w/c ratios during the first 24 hrs after mixing are shown in Fig. 

5-5a-b. Fig. 5-5c-d show a different perspective of the wPc ACIS response at different 

w/c ratios, by representing the measurements in terms of resistance (Z’ axis), and 

reactance (linked to capacitance; -Z’’ axis), over time and frequency. 

 

 At early hydration periods (5 min), a semicircular arc of small impedance values at 

high frequency and low bulk resistance are observed due to the high conductivity of 

cement paste, which is attributed to the initial dissolution of alkali sulphate phases into 

the aqueous solution surrounding the cement grains [25], [145], [159]. 
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 During the acceleration period, and as mentioned earlier, the impedance 

measurements at high frequency are affected by parasitic effects, obscuring the 

resistive and capacitive behaviour of the paste. The impedance measurements at high 

frequency are affected by some expected parasitic features from 3.5 to 8 hrs 

depending on the w/c ratio [6], [7], [9], [164], [226], [297]. 

 

 In the impedance measurements at high frequency, a delay in the rise of parasitic 

effects is observed as the cement water content increases (Fig. 5-5d). This is due to 

an increase of the dilution degree, the available space, the porosity of the system, and 

a decrease in the hydration rate [150], [152], [298]. At this stage the pore solution is 

saturated or oversaturated with respect to Ca(OH)2 [110]. 

 

 As the hydration process continues and the concentrations of Ca and SO42- 

decrease, due to the precipitation of Ca(OH)2  and ettringite, the impedance and bulk 

resistance values increase. Bulk resistance and reactance perturbations (at low 

frequency) are observed between 8 to 12 hrs, during which time the maximum heat 

release (end of acceleration period), final setting time, and the beginning and middle 

stages of the deceleration period take place [1], [114], [122], [169]. 

 

 At longer hydration ages (24 hrs), the calcium sulphate from the cement is fully 

consumed and, as the impedance and bulk resistance values increase, the parasitic 

effects show a decreasing tendency due to the reduction of free water content, low 

hydration rate and a more highly developed microstructure [6], [7], [9], [226], [297]. At 

this point, the conductivity of the sample maintains a decreasing tendency and the 

effect of pH within the pore solution is smaller. This is attributed to the microstructural 

percolation and lower OH-, SO42 (controlled by AFm) concentration in the pore 

solution. Also, as the w/c ratio decreases (Fig. 5-5b), the resistivity measurements 

increase due to a more refined pore size distribution and a lower free water content in 

the pores. Although the degree of hydration rises as the w/c ratio increases, lowering 

the alkali concentration and increasing the amount of hydrated products, higher 

resistivity values are obtained for pastes with lower w/c ratios. This demonstrates that 



5. Portland cement 

110 

the impedance response at this stage is mainly controlled by the percolation and pore 

size distribution of the microstructure (Fig. 5-6a-b), [164], [299], [300]. 
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Fig. 5-5. ACIS response of wPc pastes with different w/c ratios as indicated in the 

legend, at 100 Hz and 1 MHz: a) Nyquist plots b) conductivity and resistivity, and at 

100 Hz and 1 MHz c) real component, and d) imaginary component. 
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Fig. 5-6. SEM images of wPc pastes at 24 hrs after mixing: (a) w/c 0.35 (b) w/c: 0.45. 

 

The wPc hydrated at w/c: 0.35 (Fig. 5-6a) shows a slightly denser pore size 

distribution, and higher percolation of the microstructure, while wPc at w/c: 0.45 (Fig. 

5-6b) shows a higher capillary porosity and lower hydrated product content. 

 

 

 

a) wPc (w/c:0.35)                       24 hrs                         50 μm 

b) wPc (w/c:0.45)                        24 hrs                         50 μm 
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5.3.3 Effects of sand addition 

 

Sand is used in cementitious materials as an inert aggregate material that behaves as 

a filler, changing the mechanical properties, alkali concentration in the pore solution, 

kinetics of reaction, and the development of the microstructure. Also, the use of 

aggregates such as sand can influence the air voids content, pore size distribution and 

pore volume of mortars and concretes [7], [139].  

 

 At early ages, the pore solution of mortars depends mainly on the alkali content in 

cement and the free water content in the system affecting the NaOH and KOH 

concentration and the rate of hydration and kinetics of reactions, respectively. At 

longer ages, the use of sand slightly affects the OH- concentration and reduces the 

pH due to a dilution effect [6], [301], [302]. 

 

  

Fig. 5-7a shows the calorimetric curves of wPc at different sand replacement levels 

during the first 24 hrs after mixing. As the sand replacement level is increased, a 

delaying effect on the hydration process, related to dilution associated to a filler effect, 

is observed. Also, the decrease in the amount of reactive constituents per volume of 

material as a result of the addition of sand reduces the heat release, and brings some 

change in the microstructural development due to nucleation and other effects [303], 

[304]. 

 

 The appearance of C3S and sulphate depletion peaks at lower heat and the same 

times after mixing, due to the hydration kinetics of cement, are observed. Sand is 

considered to be an inert material that does not affect the chemistry of cement; 

however, it has a notable impact on the hydration process by increasing the space 

among the cement particles, and by inducing an acceleration of the hydration 

reactions. The sulphate depletion peak is more noticeable for mortars than pastes due 

to a delayed conversion of ettringite into monosulphate [42], [184], [186], [190]. 
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 The penetration depth of the Vicat needle into wPc pastes at different sand 

replacement levels and w/c of 0.45 is observed in 

Fig. 5-7b. As the amount of wPc is decreased, the initial and final setting times of 

mortar are reached at longer times, resulting in a delay in the hydration process, a 

lower hydration degree, and some change in the hydration kinetics of the system. 

Mortars with 40-60% sand content show a slowed setting behaviour, attributed to a 

low cement and water content and high content of pores and air voids in the 

microstructure, leading to a decrease in strength. These effects are attributed to the 

sand water uptake, and lower cement and water content [50], [305], [306]. 

 

 

 

a) 
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Fig. 5-7. wPc hydration at different sand replacement levels as indicated in the 

legend: a) heat flow (normalised to total sample mass), b) Vicat determination of 

setting time. 

 

 Fig. 5-8a-d shows the wPc ACIS, resistivity/conductivity, and impedance response 

in terms of resistance and reactance over time and frequency, at different sand 

replacement levels, during the first 24 hrs after mixing.  

 

 At early ages and comparing wPc paste to mortars (Fig. 5-8a), the results show an 

increasing tendency of the impedance and parasitic effects as the sand replacement 

level increases. This effect is attributed to an increase in the conductivity of the 

aqueous fluid surrounding the cement grains [26], [307]. There is also a filler effect 

produced by the addition of sand which increases the growth and the nucleation sites 
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for hydrated products. In Fig. 5-8b the bulk resistivity of the mortar increases due to a 

lower amount of C3A per unit volume of material and fewer available wPc grains to 

react with water, leading to an increase in the dissolution rate of anhydrous 

compounds and the formation of hydration products around the cement particles 

(mainly C-A-S"-H phases, and some early C-S-H). This response confirms that the 
addition of sand has a significant dilution and electrical insulating effect during the 

microstructural development of mortars, causing a decrease in their electrical 

conductivity [24], [26]. During the dormant period, as the amount of sand is increased, 

the impedance response in terms of bulk resistance (Fig. 5-8c) shows an increasing 

tendency at low and high frequency, confirming the impact of the mortar microstructure 

on the impedance response [307].  

 

 As wPc is replaced by sand, the reactance decreases at low frequency, and 

increases at high frequency, and it is also observed that the parasitic effects increase 

and emerge at earlier times (Fig. 5-8d). These behaviours are probably related to a 

decrease in the charge transfer resistance as a result of a higher ionic strength and a 

sand filler effect, demonstrating the impact on the hydration kinetics produced by the 

addition of sand [30], [157], [308]. 

 

 At the beginning of the acceleration period, there is no change in the appearance 

rate of the main C3S hydration peak (Fig. 5-7), but the mortars show a similar 

increasing trend in which the bulk resistance values are higher than the values for wPc 

(Fig. 5-8). This is attributed to a microstructural change produced by the sand-cement 

interface which affects the air voids and porosity of the mortars (Fig. 5-9a-b), leading 

to an increase in resistivity of the sample [309].   

 

 At the end of the acceleration period, the sulphate depletion peaks of mortars at 

different sand addition levels are observed at similar times, while the 

resistivity/conductivity measurements show a perturbation between 10-11 hrs that is 

delayed as the sand level is increased. This perturbation is not only related to the 

maximum release of heat (sulphate depletion peak,  
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Fig. 5-7a) but also to the impact of sand on the microstructural development, 

deposition of hydrated products such as CH, and pore size distribution and content 

[157]. 

 

 At longer ages, mortars show similar impedance behaviour in which a bulk 

semicircular arc of higher resistance is obtained. However, the parasitic effects in the 

ACIS measurements are reduced at 20% to 40% sand replacement levels. Higher 

sand replacement (60%) shows a greater parasitic effect. This is due to an interfacial 

effect in which the total porosity, the pore size and the pore distribution increase at 

high sand replacement levels [308]. 
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Fig. 5-8. ACIS response of wPc pastes at different sand replacement levels as 

indicated in the legend: a) Nyquist plots, b) conductivity and resistivity, and at 100 Hz 

and 1 MHz c) real component, and d) imaginary component. 

 

 a) wPc                              4 hrs                            500 μm 
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Fig. 5-9. SEM images of wPc paste (a) and mortar (b) at 4 hrs after mixing. 

 

5.3.4 Anhydrite addition to cement 

 

The reaction of C3A during the cement hydration process is of great importance, as 

C3A in contact with water reacts faster than other clinker phases, leading (if it is not 

controlled) to the formation of calcium aluminate products, rapid release of heat, and 

potentially quick/flash setting of cement if it is not controlled. To prevent this, the C3A 

reaction is slowed down by the addition of a few wt.% of calcium sulphate sources 

such as gypsum (CaSO4•2H2O), anhydrite (CaSO4 or CS") or hemihydrate 
(CaSO4•0.5H2O) which are usually added during cement manufacturing to retard the 

C3A hydration (≈ 2%) [6], [7], [44]. 

 

 The presence of these of the calcium sulphate can regulate the setting of Portland 

cement and control the sulphate concentration in the cement system, by changing the 

kinetics of reaction during hydration. The amount of calcium sulphate required for a 

particular cement will depend on the amount of sulphate and C3A in the clinker ( Fig. 

2-6). An excessive addition of calcium sulphate can cause a false set and, at early 

b) wPc/Sand                      4 hrs                        500 μm 
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ages, a slight influence on the pore solution. Meanwhile, the rate at which Al3+ ions 

enter the pore solution and the hydrated product formation (i.e. ettringite and AFm) 

are strongly affected by the amount and source of calcium sulphate [207], [310]. 

 

 The calorimetric curves of wPc at different anhydrite replacement levels during the 

first 24 hrs after mixing are shown in Fig. 5-10a. At small replacements (0.5-1%) of 

anhydrite in wPc pastes, the data show a similar trend to wPc paste. However, in the 

hydration process there is a retardation effect attributed to the slower dissolution of 

anhydrite, in which the release of heat decreases as the amount of anhydrite is 

increased. At high anhydrite replacement levels (10%) the calorimetric curve shows 

different behaviour, in which the heat release rate decreases significantly and the 

deceleration period increases in correlation to the sulphate depletion [311]. 

 

 The dormant and acceleration periods, and the maximum exothermic peak, have 

similar heat evolution rate values in samples with 0 to 1% anhydrite content, Fig. 

5-10a. At 10% of anhydrite replacement, the heat evolution rate values decrease due 

to an early and higher formation of AFt phase on cement grains [312], [313]. In the 

deceleration period, the heat evolution rate increases as the anhydrite replacement 

level increases. These effects suggest that the setting is prolonged as anhydrite 

amount increases, which is attributed to the anhydrite retardation effect on the reaction 

of C3A and C3S, the precipitation of ettringite and nucleation of AFm phases, and a 

reduction of the available space for reaction due to the amount of ettringite produced 

[105], [311], [313]–[316]. 

 

 The penetration depth of the Vicat needle into wPc pastes at different anhydrite 

replacement levels is observed in Fig. 5-10b. The partial replacement of cement by 

anhydrite has only a slight effect on the initial setting time, and no false setting is 

observed even at the highest level of anhydrite addition. On the other hand, a higher 

retardation effect is observed in the final setting time as the amount of anhydrite is 

increased. The results agree with the thermochemistry data, attributed to the 

retardation of C3A retardation effect due to the addition of anhydrite which produces 
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AFt and prolongs the sulphate depletion time. This effect is followed by the reaction of 

CH and ettringite with the remaining C3A content, producing AFm phases [4], [317]. 

 

 
 
Fig. 5-10. wPc hydration at different anhydrite (CS") replacement levels. as indicated 

in the legend: a) heat flow, b) Vicat determination of setting time. 
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 Fig. 5-11a-d show the wPc ACIS data, resistivity/conductivity, and the impedance 

response in terms of resistance and reactance over time and frequency at different 

anhydrite replacement levels during the first 24 hrs after mixing.  

 
 At early ages, the conductivity/resistivity (Fig. 5-11b), and impedance behaviour 

(Fig. 5-11a) show similar behaviour in all samples. The -Z’’ values decrease as the 

anhydrite replacement level increases, showing a parasitic effect at 10% anhydrite 

replacement, and this effect needs further investigation. At high frequency and at 

approximately 1 hr after mixing, a perturbation in the conductivity, and in the real and 

imaginary impedance components, (Fig. 5-11c-d) is observed. Comparing these 

results with the thermochemical data, these perturbations are attributed to the 

beginning of the dormant period. This effect is followed by a decreasing tendency in 

the conductivity as the anhydrite replacement increases; at 1% anhydrite replacement, 

the data show a sharp and higher conductivity drop [318]. 

 

 At approximately 2-4 hrs after mixing, the -Z’’ axis data show a sudden appearance 

of parasitic effects which increase as the replacement of anhydrite increases. The 

paste with 10% anhydrite is the first sample which shows this behaviour due to a 

dissolution rate decrease, followed by the paste with 0.5% anhydrite, while the paste 

with 1% anhydrite has a behaviour similar to wPc paste. The sudden appearance of 

parasitic effects is correlated to the beginning of the acceleration period.  

 The rate of dissolution of anhydrite and reaction of C3A are accelerated as the 

calcium sulphate content increases and the dissolution of C3S and C2S begins. 

However, for all samples in the dormant period and the beginning of the acceleration 

period, the calorimetric curves (Fig. 5-10a) show a similar trend and the effect of 

anhydrite is not evident [318]–[320]. An increasing tendency in the conductivity 

measurements is observed 6 hours after mixing; this effect is attributed to greater 

formation of AFt due to the depletion of anhydrite, which decreases at later ages [207]. 

 

 Around 8-12 hrs after mixing, at the end of the acceleration period and during the 

deceleration period, perturbations in resistivity and impedance values in terms of the 
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bulk resistance and reactance (Z’ and -Z’’ axis) are observed. However, the 

thermochemical and penetration displacement results are not enough to support full 

identification of the behaviour of the impedance spectra as wPc is replaced by 

anhydrite. Regarding the concentration of the ionic species in the pore solution and 

microstructural features at this stage of hydration, a more detailed investigation is 

needed to complement the interpretation of the impedance behaviour of wPc at 

different anhydrite replacement levels. 

 

 At longer ages and comparing to the ACIS response of wPc paste, the impedance 

values decrease for pastes with 0.5% and 1% anhydrite, and the parasitic effect 

increases as the replacement level increases. The sample with 10% anhydrite shows 

an increase of the impedance values and a higher resistivity bulk semicircular arc. 

Samples with 1% and 10% anhydrite replacement show conductivity values lower than 

those of wPc paste, while the 0.5% anhydrite sample shows a conductivity slightly 

higher than those of wPc paste. To understand and correlate the anhydrite 

replacement effect on the impedance behaviour, thermochemistry and initial and final 

setting times, further investigation, based on microstructural changes, is needed. 
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Fig. 5-11. ACIS response of wPc pastes at different anhydrite replacement levels as 

indicated in the legend: a) Nyquist plots, b) conductivity and resistivity, and at 100 Hz 

and 1 MHz c) real component, and d) imaginary component. 

 

5.4 Conclusions 
 

In this chapter different techniques have been used to assess, during the first 24 hrs 

after mixing, the electrochemical response and the microstructural development of 

Portland cement at different w/c ratios and different sand and anhydrite replacement 

levels. The experimental results highlighted the following conclusions: 

 

• The thermochemistry results show only a slight variation between the heat 

flows measured at different w/c ratios. Conversely, the ACIS measurements 

show a significant variation, in which the appearance of parasitic effects on the 
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impedance measurements at high frequency can be correlated to the initial 

setting time. 

• Perturbations in the electrical conductivity response are attributed to the 

dissolution of the clinker phases, and the precipitation of C-S-H, correlates with 

the thermochemistry results. 

• The decreasing conductivity trends obtained as a function of time are related to 

the microstructural development of cementitious systems (hydrated product 

formation and disconnection of pores) and consumption of water/pore fluid. 

• Microstructural changes during hydration are produced by altering the 

chemistry of the cementitious paste or mortar and can be observed via changes 

in the electrical resistivity and the impedance behaviour. These changes are 

correlated with some features in the thermochemistry and setting time results. 

• Cement conductivity, resistivity and impedance behaviour, as a function of time, 

correspond to the results of previous investigations. 

 

 In summary, in spite of the fact that at early ages impedance measurements are 

affected by parasitic effects due to a highly conductive cement state and a low degree 

of microstructural development, the study of cement hydration and the influence of 

admixtures can be accomplished by ACIS. However, to obtain more robust impedance 

data interpretation, the appearance of parasitic effects on ACIS measurements and 

microstructural characterisation need further investigation. 
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Chapter 6: PORTLAND CEMENT & BLENDS 

Chapter 6: 

PORTLAND CEMENT & BLENDS 

 
Note: This chapter is based on the paper “Early-age characterisation of Portland 

cement and blends by impedance spectroscopy” by A. F. Sosa Gallardo and J. L. 

Provis, [38], unpublished manuscript and submitted for publication, 2020, pp.1-33. 

 

6.1 Introduction 
 

This chapter evaluates the influence of different supplementary cementitious materials 

on the electrochemical response of white Portland cement at early hydration periods 

by applying alternating current impedance spectroscopy (ACIS) and different 

supporting techniques (thermochemical and setting time measurements, and pore 

fluid compositional trends obtained from the literature). White Portland cement (wPc) 

was used in this investigation due to practical reasons such as: 

• The wPc clinker composition is largely similar to grey Portland cement.  

• Limited content of Fe2O3  in wPc (beneficial to other investigations in our 

laboratory, e.g. NMR analysis). 

• Higher commercial availability of wPc as a commercial non-blended 

product; this is the only form of plain Portland cement (CEM I) that is sold in 

bags by local suppliers. 

• To complement previous data interpretation and give continuity in the 

experimental protocol. 

 

 The support from additional techniques is of great importance to improve 

impedance data interpretation and to understand the major factors influencing the 
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kinetics of reaction, pore solution and microstructural development during blended 

cement hydration at an early age. 

 A strong relationship among the emergence of parasitic effects in the impedance 

measurements, electrical conductivity perturbations, and the increase of ionic strength 

of the pore solution is observed. The results demonstrate that ACIS can be used as a 

probe of the early-age cement hydration allowing the assessment of changes in the 

ionic strength of the pore solution, hydration degree and microstructural development. 

Possible causes which might affect ACIS measurements and its data interpretation 

such as cement chemical composition, kinetics of hydration, and technique 

drawbacks, are also discussed. 

 

6.2 Sample specifications 
 

To support ACIS data interpretation, three groups of Portland cements at different 

replacement levels of GGBFS, FA or SF, were assessed by ACIS measurements and 

supported by calorimetry and setting tests. Table 6-1 shows the sample specifications 

of each of the groups, which were all formulated at a constant water to binder ratio 

(w/b) of 0.45. Four GGBFS and FA replacement levels, and three SF replacement 

levels were tested. 

 

Table 6-1. Sample specifications. 

No. Parameter Amount *w/b 

1 
wPc (%) 80 60 40 20 

0.45 

GGBFS (%) 20 40 60 80 

2 
wPc (%) 80 60 40 20 

FA (%) 20 40 60 80 

3 
wPc (%) 90 80 70 

 
SF (%) 10 20 30 
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6.3 Results and discussion 
 

6.3.1 Ground-granulated blast-furnace slag (GGBFS) 

 

GGBFS, the composition of which includes SiO2, CaO, Al2O3, MgO, and 1-2% of S2- 

in the form of a glass, is used as a partial cement substitute to produce mainly C-S-H 

gel and hydrotalcite (at longer ages) by reacting with water and Ca(OH)2. The reactivity 

of GGBFS depends on the availability of water, the glass content, fineness and bulk 

composition of the system [321]. 

 

 In comparison to Portland cements, at low GGBFS replacement levels, no 

meaningful changes in the alkali, Ca, Si and Al concentrations in the pore solution are 

observed. At high GGBFS replacement levels (>75%), the alkali and OH- 

concentrations in the pore solution decrease. Also, the high GGBFS content in the 

system drops the pH values, an effect attributed to the OH- consumption as a result of 

the GGBFS hydration and the reduced sulphur species (e.g. HS-, SO32- and S2O32-) 

produced [56], [322], [323]. The C-S-H gel produced in hydrated GGBFS cement 

pastes has lower Ca/Si ratios than in ordinary Portland cement, decreasing the 

reaction rate as a result of a higher alkali bonding, an effect attributed to the lower Ca 

content which increases the C-S-H degree of reactivity and level of substitution, and 

the uptake of Al to form C-A-S-H, leading to an increase in the polymerisation of Si 

chains [12], [324]–[326]. 

 

 The hydration products and microstructure of GGBFS-blended cements are in 

many ways similar to those of Portland cement. The hydration of GGBFS is triggered 

by the release of OH- ions, leading to a CH level decrease in the cementitious system 

[9]. The use of GGBFS in cement has been of great interest since it provides 

environmental and engineering advantages in manufacturing and construction: lower 

permeability, lower heat release and lower energy cost [44], [76]. 
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 Fig. 6-1a shows the calorimetric curves of wPc at different GGBFS replacement 

levels during the first 24 hrs after mixing. The replacement of part of the cement by 

GGBFS slightly decreases the dormant hydration period, and then for the beginning 

of the acceleration period a similar hydration rate and behaviour are observed in all 

pastes. During the acceleration period and as GGBFS replacement level is increased, 

a higher decrease in the heat release rate and a higher acceleration tendency of the 

hydration process is observed. At earlier ages and lower heat evolution rate values, 

the maximum exothermic peaks are reached as a result of a change in the pore 

solution and the kinetics of reaction, a filler effect (dilution), and an increase in the 

hydration degree (produced by the replacement of GGBFS, the lower amount of wPc, 

and the water demand of the system). 

 

 This effect is followed by a sharp heat rate decrease during the deceleration period, 

and the same previous trend attributed to the decrease of C3S and C3A. At later ages 

and during the long-term period, the heat rate decreases gradually as the GGBFS 

replacement level is increased, reaching similar heat rate values at 24 hrs [5], [76], 

[327], [328]. 

 

 Fig. 6-1b shows the Vicat needle penetration displacement of wPc at different 

GGBFS replacement levels at 14 hrs after mixing. As the GGBFS replacement level 

is increased, the initial setting times are relatively similar in all samples. However, in 

samples with 20-40% GGBFS replacement level, the final setting time increases 

slightly. The sample with 60-80% GGBFS replacement level shows a major increase 

in the final setting time, confirming the thermochemistry results and the slower overall 

reaction effect produced by large amounts of GGBFS. At 60-80% GGBFSA 

replacement level and at around 5-7 hrs, the results show a step attributed to an 

increase of the yield stress of the paste produced by the deformation of the paste at 

early age, affecting the displacement of the needle and the interface between the 

paste and the needle. 
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Fig. 6-1. wPc at different GGBFS replacement levels as indicated in the legend: a) 

heat flow (normalised to total sample mass), b) Vicat determination of setting time. 
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 Fig. 6-2a-d show the ACIS, resistivity/conductivity, and the impedance response in 

terms of resistance and reactance at different GGBFS replacement levels in wPc, 

during the first 24 hrs after mixing. 

 

 At early ages (5 min; Fig. 6-2a), the impedance values and the parasitic effects 

increase slightly as the GGBFS replacement increases as a result of a decrease in 

the ionic strength produced by the replacement of cement clinker and the GGBFS filler 

effect, lowering the rapidly-soluble species (i.e. alkali, sulphates and gypsum) and 

increasing the water volume that reacts with cement particles [329]. 

 

 At approximately 1 hr after mixing, the conductivity data show a small perturbation. 

The conductivity decreases slightly as the wPc content is reduced due to a change in 

the pore solution and kinetics of reaction (Fig. 6-2b). At the beginning of the dormant 

period, in both the real (Fig. 6-2c) and imaginary (Fig. 6-2d) components at high 

frequency and at small GGBFS replacement values (20-40%), this perturbation is 

observed (similar to the thermochemistry results). 

 

  Fig. 6-2d shows that impedance values at high frequency are affected by parasitic 

effects as the GGBFS replacement level increases, obscuring the resistive and 

capacitive behaviour of the pastes [76], [330], [331]. 

 

 During the acceleration period (at approximately 3-8 hrs after mixing) and as the 

wPc content is reduced, the conductivity decreases due to a change in the pore 

solution of the system. The bulk resistance increases slightly as a result of a denser 

microstructure but remains the same at low frequency. The values of reactance remain 

almost the same, at high and low frequency. 

 

 Between 8-10 hrs after mixing, and contrasting with the setting time results, a 

perturbation in the conductivity measurements that corresponds with the final setting 

time of each sample is observed. This perturbation is followed by a decreasing 
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conductivity tendency in which the previous behaviour is inverted. Pastes with higher 

GGBFS content show a higher conductivity due to a higher pore interconnectivity, a 

decrease of AFm, a decrease of the degree of hydration, and a lower amount of 

portlandite which is needed to continue the slag hydration in the system [76], [101], 

[188], [332], [333]. 

 

 At longer hydration periods, the impedance and conductivity values decrease at 

GGBFS replacement levels £40% due to the decrease of Ca(OH)2 and OH- ion 

concentration, as a result of slower hydration. However, the pastes with 40-80% 

GGBFS replacement show a lower conductivity than wPc paste, which is attributed to 

a lower ion transport resistance, a lower amount of hydrated products, lower hydration 

degree of GGBFS, and less mature microstructural development level [333].  

 Also at high GGBFS content, a decrease in the alkali concentrations is expected 

due to a higher available water content as a result of lower Portland cement content 

to react with water, higher amount of hydrotalcite (more alkalis to bind), and a higher 

unreacted GGBFS content containing encapsulated alkalis [329].  

 

 The paste with a 20% GGBFS content shows higher impedance values as a result 

of a filler effect, a dense pore structure (due to a higher pore refinement) and additional 

C-S-H formation [101]. At high frequency the semicircular arcs are affected by parasitic 

effects, which increase as the wPc amount is reduced. The conductivity values 

maintain a decreasing tendency in all samples. 

 



6. Portland cement and blends 
 

135 

  
 

 
 

-Z
'' (
Ω

)

0

100

200

Z' (Ω)
0 100

-10

40

90

140

190

0 100

-Z
'' (
Ω

)

Z' (Ω)

24 hrs5 min
Time ID wPc +  GGBFS -Z''

100% 3.1
80% + 20% -3.9
60% + 40% -4.2
40% + 60% -3.7
20% + 80% -4.3
100% -1.8
80% + 20% -1.2
60% + 40% -3.6
40% + 60% -4.5
20% + 80% -4.3

-Z'' value (1 MHz)

5min

24hrs

a)

b) 



6. Portland cement and blends 
 

136 

 
 

Fig. 6-2. ACIS response of wPc pastes at different GGBFS replacement levels as 

indicated in the legend: a) Nyquist plots, b) conductivity and resistivity, and c) the 

real component, and d) the imaginary component at 100 Hz and 1 MHz. 

50
100
150
200
250

0

50

100

150

0 4 8 12 16 20 24

Z'
 (Ω

)

Time (hrs)
100 80+20 60+40 40+60 20+80

1 MHz

100 Hz

c)Z'
 (Ω

)

0

100

200

Time (hrs)
0 4 8 12 16 20 24

Z'
 (Ω

)

0

40

80

120

160

Time (hrs)
0 4 8 12 16 20

*R: Resistance 
(Ω, solid line)

Z’ ≤ *R:
cement bulk behaviour

c)

ω

100 Hz

1 MHz

Z’ ≥ *R:
cement-electrode behaviour

50
100
150
200
250

0

50

100

150

0 4 8 12 16 20 24

Z'
 (Ω

)

Time (hrs)
100 80+20 60+40 40+60 20+80

1 MHz

100 Hz

c)

Z'
 (Ω

)

−4

0

4
0

100

200

Time (hrs)
0 4 8 12 16 20

Z'
 (Ω

)

0

100

200

Time (hrs)
0 4 8 12 16 20 24

d)

ω

100 Hz

1 MHz

cement-electrode behaviour
(above solid line)

-Z
'' (
Ω

)

cement bulk behaviour (below solid line)



6. Portland cement and blends 
 

137 

 

6.3.2 Fly ash (FA) 

 

FA is a pozzolanic admixture, produced by the combustion of coal and used to reduce 

the manufacturing cost and/or enhance the performance of cement. This material can 

improve the mechanical properties of cement due to its properties such as its particle 

size and morphology which improve workability, reduce heat output, produce a filler 

effect and an increase in the amount of C-S-H with a lower Ca/Si ratio in which alkalis 

are bound, giving as a result lower permeability and bleeding, and higher strength at 

long-term ages [9], [42], [66]. However, FA shows some disadvantages for certain 

applications such as a lower surface area and a slower pozzolanic reaction, which 

lead to lower development rates of cement properties at early ages [6], [11], [334]. 

 

 Depending on the type of cement and FA used in the mixture, FA replacement in 

the cement system can have Al and alkali contents in the pore solution higher than 

Portland cement. During hydration the Al content tends to increase while the alkali and 

OH- concentrations decrease as the FA replacement level is increased, an effect 

attributed to the FA pozzolanic reaction and the higher alkali binding in C-S-H and C-

A-S-H of lower Ca/Si ratio. Na, Ca, Si, and SO42- concentrations in the aqueous 

solution are almost in the same range as they are in Portland cement [56], [335]–[338]. 

 

 Fig. 6-3a shows the calorimetric curves of wPc at different FA replacement levels 

during the first 24 hrs after mixing. The replacement of part of the cement by FA 

increases the initial hydration period; however, a retardation effect is clearly observed 

in the dormant period as a result of a decrease in the Ca2+ in the pore solution due to 

the Al content in FA that delays the crystallization and nucleation of hydrated products 

such as C-S-H and CH. This effect is followed by the acceleration period, where the 

maximum exothermic peak, and a decrease in the heat rate values as a result of the 

wPc reduction, are observed. As the FA replacement level increases, the heat rate 

decreases and the beginning of the acceleration period is delayed. At 20% FA 
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replacement levels, in which the heat evolution rates of the blended paste and wPc 

are similar, a slight delay in the beginning of the acceleration period is observed. At 

40-80% FA replacement levels, a higher decrease in the heat rate, a delayed main 

exothermic peak and a second exothermic peak (i.e. calcium sulphate depletion) are 

observed. These responses are mainly attributed to the lower cement clinker content 

and the retardation of the hydrated product formation (i.e. CH and C-S-H) as a result 

of Ca2+ decrease in the pore solution. The pozzolanic reaction of FA contributes to the 

heat release at longer ages [11], [339]–[342]. 

 

 Fig. 6-3b shows the Vicat needle penetration displacement of wPc at different FA 

replacement levels at 14 hrs after mixing. At 20% FA replacement level, the initial and 

final setting times are similar to wPc values. At higher FA replacement content (≥40%), 

the initial and final setting times are delayed due to the retardation effect on the cement 

hydration as a result of a higher amount of water available to react with cement 

particles, leading to a decrease in the ionic strength of the pore solution and delaying 

the supersaturation, and a delay in the precipitation of hydrated products (i.e. CH and 

C-S-H) [66], [197], [198].  

 

 At 60% FA replacement level and at around 7 hrs, the results show a step attributed 

to an increase of the yield stress of the paste generated by the deformation of the 

paste at early age. These results agree with the thermochemistry measurements in 

which the influence of FA replacement in the cement hydration is observed, obtaining 

a strong correlation between the retardation of the initial and final setting times and 

the dormant and acceleration periods delay. 
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Fig. 6-3. wPc at different FA replacement levels as indicated in the legend: a) heat 

flow (normalised to total sample mass), b) Vicat determination of setting time. 
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 The ACIS, resistivity/conductivity, and impedance response in terms of bulk 

resistance and reactance at different FA replacement levels during the first 24 hrs after 

mixing, are shown in Fig. 6-4a-d. At early age, the impedance response of pastes 

containing FA shows a behaviour similar to the response of wPc, with a slight increase 

in the bulk resistance values as FA content increases (Fig. 6-4a). 

 

 In samples with 0-60% FA content, a conductivity perturbation is observed 1-2 hrs 

after mixing (Fig. 6-4b). The increase of FA content delays the conductivity 

perturbations corresponding to the beginning of the dormant period observed in the 

thermochemistry results. In the 80% FA content paste, the conductivity perturbation 

appears at approximately 7 hrs after mixing, corresponding to the end of the dormant 

period. During the first 8 hrs after mixing, the pore solution changes slightly as the 

ionic species content is mainly controlled by the consumption of calcium sulphate 

species and the formation of Ca(OH)2 [335]. The delay in the conductivity perturbation 

at high FA content needs further investigation since this response appeared several 

hours before the setting of this cement. 

 

 At high frequency, the wPc impedance response in terms of bulk resistance and 

reactance is affected by parasitic effects at approximately 4 hrs after mixing, while the 

pastes with FA replacement levels of 20% and 40% are affected by parasitic effects 

at approximately 7 and 16 hrs after mixing, respectively. The appearance of parasitic 

effects correlates to the beginning of the acceleration period; during this period the 

release of heat is mainly attributed to the wPc hydration reaction and the C-S-H 

produced [12], [66], [343]. However, pastes with high FA replacement content (60-

80%) do not seem to be affected by parasitic effects, this is probably due to the higher 

effective w/c ratio in which cement particles react with a high volume of water, reducing 

the ionic strength of the pore solution and prolonging the supersaturation of the 

solution and precipitation reaction of hydrated products [335], [338]. 

 

 A second conductivity and impedance (in terms of bulk resistance and reactance) 

perturbation trend is observed between 10-16 hrs after mixing. The appearance of the 
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conductivity perturbation delays as the FA replacement content increases, an effect 

attributed to the cement clinker content, the retardation of hydration and chemical 

reactions (e.g. sulphate depletion, diffusion of phases and ions, AFt formation), 

influencing the ionic strength and conductivity of the pore solution [344]–[346]. 

 

 At longer hydration times, a decrease in conductivity is observed for all the pastes, 

and the paste with 80% FA content is the sample which shows the highest 

conductivity. The impedance spectra and the conductivity measurements show similar 

behaviour. The increase of FA content reduces the impedance and resistivity values, 

showing similar behaviour to that which is observed at early hydration periods. This 

effect is due to the retarded hydration and microstructural development, and the lower  

portlandite content, reducing the potential extent of the pozzolanic reaction of FA and 

leading to a higher pore size distribution and C-A-S-H phase production of lower Ca/Si 

ratio, taking more alkalis than C-S-H as a result of the alkali binding [14], [17], [66], 

[340], [347]. At low FA replacement levels, some densification of the microstructure 

due to the formation of new hydrated products and a decrease of the pore solution of 

the system results from the reaction of FA at longer ages (>1 d) [15], [337], [347]. 
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Fig. 6-4. ACIS response of wPc pastes at different FA replacement levels as 

indicated in the legend: a) Nyquist plots, b) conductivity and resistivity, and c) the 

real component, and d) the imaginary component at 100 Hz and 1 MHz. 
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as a result of a dilution effect and the intake of C-S-H of lower Ca/Si ratio (produced 

by the SF pozzolanic reaction and the dissolved alkali and OH-); it decreases the Ca2+, 

K+, Na+, OH-, sulphate and pH values [56], [348], [349]. The influence of SF in the pore 

solution of cement pastes increases as the SF content increases, however, the SF 

and wPc reaction depends on the available water content in the system [56], [349], 

[350]. 

 

 The calorimetric curves of wPc at different SF replacement levels during the first 24 

hrs after mixing are shown in Fig. 6-5a. During the dormant period a slight delaying 

effect due to the addition of SF is observed. This effect is attributed to the SF water 

adsorption behaviour, reduction of Ca2+ and OH- ions in the cement paste, and the 

formation of SF layer on the surface of cement particles decreasing the diffusion rate 

of water [11], [187]. An increase in the acceleration and deceleration period is 

observed as the SF content increases, producing new nucleation sites for the 

precipitation of hydrated products [351], [352]. 

 

 Comparing the wPc samples, a higher maximum exothermic peak is observed at 

10% SF replacement level, due to a dilution and nucleation effect [353], [354]. At 20% 

SF replacement level, a slightly similar exothermic peak is obtained. The sample with 

30% SF replacement level has the lowest heat rate due to a lower cement content, 

higher portlandite consumption, and lower pH values (as a result of the lower alkali 

and higher Ca2+ concentration in the pore solution) [355]–[357].  

  

As wPc content decreases, the end of the deceleration period is obtained at earlier 

ages and at higher heat rate values. During the long-term period, samples with 20% 

and 30% SF content show heat evolution rate values slightly lower than the wPc and 

10% SF content pastes, an effect attributed to the exhaustion of Ca(OH)2 in the system 

produced by a lower content of clinker in the system. 
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 The Vicat needle penetration displacement of wPc pastes at different SF 

replacement levels is observed in Fig. 6-5b. At 20% SF content, the initial and final 

setting times slightly decrease, an effect related to the acceleration of hydration 

reactions and the rapid formation of C-S-H as a result of the faster availability of Si 

produced by the SF particles when reacting with the Ca released by the C3S 

dissolution. The initial and final setting time in the sample with 30% SF content 

decrease considerably due to quick setting of the paste as a result of a higher water 

demand, faster precipitation of hydrated products and a denser microstructure [358]–

[360]. 

 

 
 

0

2

4

6

8

0 4 8 12 16 20 24

H
ea

t f
lo

w
 (m

W
/g

 p
as

te
)

Time (hrs)

100% wPc
90% wPc + 10% SF
80% wPc + 20% SF
70% wPc + 30% SF

a)



6. Portland cement and blends 
 

146 

 
 

Fig. 6-5. wPc at different silica fume replacement levels as indicated in the legend: a) 

heat flow (normalised to total sample mass), b) Vicat determination of setting time. 

 

 Fig. 6-6a-d shows the wPc ACIS, resistivity/conductivity, and the impedance 

response in terms of bulk resistance and reactance at different SF replacement levels 

during the first 24 hrs after mixing. 

 

 In all samples, at early ages, a similar impedance behaviour is observed (Fig. 6-6a), 

however the Z’ values decrease with the addition of SF. At 30% SF content, the 

impedance response is affected by parasitic effects from the beginning of the 

measurement. The samples with 10-20% SF content show a slight decrease in the -

Z’’ values. As the SF content increases, higher conductivity values, attributed to a 

dilution effect and the rapid dissolution of ionic species, are observed [15]. 

 

 Between 1-1.5 hrs, a perturbation in conductivity and the Z’ impedance component 

(at high frequency) is observed in Fig. 6-6b-c. As the SF content increases, the 
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perturbation is delayed slightly, corresponding to the beginning of the dormant period 

observed in the thermochemistry results and attributed to the rapid dissolution of SF, 

which increases both ion concentration and ion mobility in the system. After the 

perturbation, the conductivity drops due to the rapid formation of C-S-H, reducing the 

dissolved Ca2+ content and stimulating earlier development of the microstructure 

[361]. 

 

 As was mentioned before, in the -Z’’ data at high frequency and at approximately 4 

hrs after mixing, the impedance response of wPc paste is affected by parasitic effects. 

The sudden appearance of parasitic effects is delayed as the wPc is replaced with SF 

(Fig. 6-6c-d), and the sample with 10% SF content is the paste with the longest 

parasitic effect delay. At high frequency, the pastes with a 20-30% SF content show 

two perturbations. The first perturbation appears at 5-6 hrs after mixing and the second 

perturbation at 7-8 hrs after mixing. 

 

 The effect of SF on the appearance of parasitic effects during the acceleration 

period correlates to the conductivity perturbation observed in Fig. 6-6b, attributed to 

the decrease of Ca(OH)2 available, alkali uptake, and the formation of C-S-H in the 

system [362], [363].  

 

 The second parasitic perturbation is probably related to the increase of the ionic 

strength and the partial transformation of ettringite to monosulphate. This effect is 

followed by an increasing tendency in the resistivity as SF content increases due to 

the precipitation of hydrated products. The effect of parasitic effects and its delay on 

the impedance behaviour need further investigation. 

 

 At low frequency, a second perturbation in the conductivity, Z’ and -Z’’ impedance 

components is observed between 7-10 hrs after mixing, showing that the increase of 

SF content accelerates the emergence of these perturbations, which coincide with the 

maximum exothermic peak and the decrease of heat release during the deceleration 
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period. At this point the conductivity drops rapidly due to the densification of the 

microstructure and the reduced availability of water. 

 

 At 24 hrs after mixing and as the SF replacement level is increased, the impedance 

and resistivity measurements show a decreasing tendency attributed to the low pH, 

alkali content, permittivity, and the level of percolation of the microstructure. At longer 

hydration times, resistivity and impedance values higher than those of wPc are 

expected due to a major contribution of the SF pozzolanic reaction, pore refinement, 

and densification of the microstructure [168], [170], [364], [365]. 
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Fig. 6-6. ACIS response of wPc pastes at different SF replacement levels as 

indicated in the legend: a) Nyquist plots, b) conductivity and resistivity, and c) the 

real component, and d) the imaginary component at 100 Hz and 1 MHz. 

 

6.4 Conclusions 
 

In this chapter different techniques have been used to assess the electrochemical 

response of wPc at different replacement levels of GGBFS, FA and SF during the first 

24 hrs after mixing. To improve the impedance data interpretation and understand the 

cement hydration process, electrochemical and thermochemical responses, and 

setting behaviour were assessed, in parallel with information on the effect of SCMs on 

the pore solution obtained from the literature. 
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• Microstructural changes produced by the addition of SCMs during hydration 

can be observed in the electrical resistivity and the impedance behaviour. 

• ACIS measurements can enable researchers to assess and differentiate the 

influence of the addition of SCMs on the electrical properties and kinetics of 

hydration. However, cement ACIS measurements at longer ages (>1 d after 

mixing) are needed in order to differentiate the influence of the pore solution at 

different SCM replacement levels. 

• Cement pastes with the addition of GGBFS show the appearance of inductance 

effects on the impedance measurements at early hydration periods (5 min after 

mixing) which are attributed to the GGBFS filler effect and the acceleration of 

wPc hydration. As the GGBFS content increases, a higher conductivity, 

attributed to an increase in the alkali bonding in the C-S-H produced by GGBFS, 

is observed. 

• As the addition of FA increases, a delay in the emergence of inductance effects, 

higher conductivity and lower impedance values are observed as a result of a 

dilution effect, clinker phase dissolution and slow reactivity of FA, and a lower 

concentration of OH- in the pore solution. 

• Samples containing SF show a delay in the emergence of inductance effects 

and small differences in the conductivity and the impedance values attributed 

to the SF filler effect, the lower K+ and Na+ concentration in the pore solution, 

and lower available water to react with wPc. 

• A correlation among the conductivity perturbation, the emergence of parasitic 

effects, hydration stages and setting times was observed. The results 

presented in this research have demonstrated that the ACIS technique and 

method of interpretation are robust and provide useful information, by being 

able to highlight correlations among the conductivity perturbation, the 

emergence of parasitic effects, hydration stages and setting times [37], [39]. 

However, ACIS data interpretation, the appearance and behaviour of 

inductance effects and the influence of the microstructure in the ACIS 

measurements need further investigation. 

  



 7. Microstructural assessment 

152 
 

Chapter 7: MICROSTRUCTURAL ASSESSMENT 

Chapter 7: 

MICROSTRUCTURAL ASSESSMENT 

 
Note: This chapter is based on the paper “Microstructural characterisation of Portland 

cement and blends” by A. F. Sosa Gallardo and J. L. Provis, [40], unpublished 

manuscript and submitted for publication, 2020, pp.1-51. 

 

7.1 Introduction 
 

In this chapter, alternating current impedance spectroscopy (ACIS) and imaging using 

a scanning electron microscope (SEM) are used to assess the electrochemical 

response and the microstructural development of Portland cement at different water 

to cement ratios, and dosages of admixtures and supplementary cementitious 

materials, in the early stages of hydration.  

 

 The main objective of this chapter is to evaluate microstructural development of 

cement and blends at early hydration ages (³ 24 hrs) by assessing the electrochemical 

response and other properties. In particular, we seek to use information from well-

established techniques such as electron microscopy, calorimetry and Vicat setting 

times to aid in the interpretation of the rich but complex relationships between the 

electrical response of cement during hydration and its microstructural development 

features (e.g. morphology, particle and pore size distribution). 

 A strong correlation among the changes in the electrical response and 

microstructural development of cement and blends is reported. However, the influence 

and behaviour of the parasitic inductive effects observed in the impedance 

measurements at high frequency need further investigation.
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7.2 Sample specifications 
 

To conduct a more detailed study, eight groups of Portland cement blends, previously 

assessed by ACIS measurements and supported by thermochemistry and setting 

tests in previous chapters (5 and 6), were selected by incorporating a microstructural 

development analysis. The first group consisted of wPc hydration analysis at a w/c 

ratio of 0.35. The remaining samples were produced at a water to binder (w/b) ratio of 

0.45 and are described in Table 7-1. 

 

Table 7-1. Sample specifications. 
 

No. Parameter Amount   

1 wPc (%) 100 *w/c: 
0.35 

Chapter 5  
[39] 

2 wPc (%)  

*w/c: 
0.45 

3 gPc (%) 100 

4 
wPc (%) 80 
Sand (%) 20 

5 
wPc (%) 99 

Anhydrite 
(%) 1 

6 
wPc (%) 80 

*w/b: 
0.45 

Chapter 6  
[38] 

GGBFS (%) 20 

7 
wPc (%) 80 
FA (%) 20 

8 
wPc (%) 80 
SF (%) 20 

*w/c: water to cement ratio and w/b: water to binder ratio. 
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7.3 Results and discussion 
 

7.3.1 Portland cement, w/c ratio and admixtures 
 

Fig. 7-1a shows the calorimetric curves of gPc, wPc and blends at the specified 

replacement concentrations, during the first 24 hrs after mixing. Fig. 7-1b shows the 

corresponding Vicat needle penetration displacement measurements for the first 14 

hrs after mixing. 

 

The gPc paste shows a heat of hydration lower than wPc paste due to a lower 

surface area, higher particle size and higher C3A content (Fig. 7-1a). Also, the 

emergence of a peaks at the acceleration period, as a result of the hydration of C3A 

and C3S, and the formation of C-S-H and ettringite, is observed. The initial and final 

setting times of the gPc are obtained at earlier ages as a result of a lower alkali content 

and a more stable formation and transformation of AFt into AFm and the formation of 

secondary phases [66], [80], [81], [289], [290]. 

 

The w/c ratio slightly affects the heat of hydration; a small delay in the dormant and 

acceleration period and a lower maximum in the heat release peak are observed due 

to the longer time it takes for the pore solution to be saturated. Also, a dilution effect 

which increases the particle spacing and degree of hydration is observed. However, 

the w/c ratio shows a stronger effect on the setting time of cement pastes, in which at 

lower w/c ratio a faster initial and final setting are obtained; this is due to the lower 

capillary porosity and available water [103], [109], [194], [195], [295], [296]. 

 

The addition of sand decreases the sulphate content and produces a filler effect, 

obtaining early conversion of ettringite into monosulphate and delaying the 

acceleration and the deceleration periods. Also, the heat release of the C3S peak is 

decreased and the sulphate depletion peak is delayed. The setting times are delayed 

in wPc/sand paste due to the sand water uptake and lower cement content in the 

system [42], [50], [184], [186], [305], [306]. 
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Likewise, the addition of anhydrite shows a decrease in the maximum heat release 

peak and a delay in the acceleration and deceleration periods. However, the addition 

of CaSO4 gave a small retardation in the initial and final setting times. These effects 

are attributed to the rapid dissolution of anhydrite, retardation of C3A hydration, and 

the nucleation of hydrated products limiting the space for reaction and prolonging the 

sulphate depletion time [311], [313]–[317]. 
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Fig. 7-1. Hydration of gPc, and wPc at different replacement levels and w/c ratios: 

a) heat flow, b) Vicat determination of setting time. Experimental data were obtained 

from Chapter 5 [39]. 

 

 Fig. 7-2 a-b shows the conductivity and resistivity response of gPc, wPc, and 

blends at the specified replacement concentrations during the first 24 hrs after mixing. 

A correlation between the hydration stages and the conductivity perturbations is 

observed. Approximately between 1-2 hours after mixing (during the dormant period), 

samples show a small perturbation in conductivity which is attributed to the quick 

dissolution of ionic species into the aqueous solution (e.g. alkalis, sulphate, Ca2+ and 

OH-). Also, as the new hydrated products are formed and free water content 

decreases, the conductivity decreases [100], [366]. At approximately 7-11 hrs, a 

perturbation in the resistivity and conductivity measurements, related to the maximum 

release of heat and the deceleration period, is observed in all samples (Chapter 5) 

[39]. 
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At longer hydration ages,  the increasing bulk resistance attributed to densification 

of the microstructure, and a decrease of free water content in all the pastes, is 

observed [13], [29], [36], [293]. gPc paste shows resistivity values lower than that of 

the wPc paste as a result of a smaller surface area and lower conversion of C3A. 

 These changes lead to a higher capillary porosity, a lower hydration rate and a 

lower volume of hydrate products [108]. wPc (w/c: 0.35) shows the highest resistivity 

values due to a denser microstructure obtained as a result of a faster hydration rate, 

and more limited space and available water [226], [297]. Similarities in the bulk 

resistance behaviour of wPc/sand and wPc/anhydrite pastes require further 

investigation. 
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Fig. 7-2. a) Conductivity and b) resistivity of gPc, wPc, and blends at the specified 

replacement concentrations and w/c ratios. Experimental data were obtained from 

Chapter 5 [39]. 

 

7.3.2 White Portland cement (w/c: 0.35 and 0.45) 

 

Fig. 7-3a-d show SEM images of wPc (w/c: 0.35 and 0.45, respectively) at different 

stages of hydration. 

 

At 4 hrs after mixing, wPc(w/c: 0.35) paste (Fig. 7-3a) shows a denser microstructure 

attributed to rapid dissolution of C3S and unfilled space leading to a faster setting of 

the paste, corroborating the Vicat test measurements obtained (Fig. 7-1). By 

comparison, the wPc(w/c: 0.45) paste (Fig. 7-4a) shows a larger capillary voids size and 

a higher amount of C-S-H due to a higher degree of hydration and interparticle spacing 

(dilution effect) [88], [194]. At 8 hrs after mixing, wPc(w/c: 0.35) (Fig. 7-3b) shows, an 
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amount of C-S-H and AFt formation(as observed in EDX analysis) higher than the 

wPc(w/c: 0.45) paste (Fig. 7-4b) as a result of the reaction of C3A in presence of gypsum 

and sulphate depletion [80]. 

 

 At 12 hrs, a denser microstructural development with a slightly higher growth of 

hydrated products (i.e. C-S-H, CH and AFt) is observed in both wPc pastes. Also, the 

formation of voids surrounded by hydrated products can be identified as a result of the 

complete reaction of some of the cement grains [203]. 

 

 As the hydration continues to 24 hrs, the wPc(w/c: 0.35) paste, Fig. 7-3d, shows a 

microstructure with higher connectivity between the cement phases and a lower 

capillary porosity attributed to the free water content and the limited space. wPc(w/c: 

0.45) paste (Fig. 7-4d) shows a lower connectivity between cement phases, higher 

capillary porosity and higher hydrated calcium aluminate content  as a result of the 

dilution effect which increases the initial pore space and the degree of hydration [72], 

[367], [368]. 

 

 
a) wPc (w/c:0.35) 4 hrs 50 μm
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Fig. 7-3. SEM images of wPc (w/c: 0.35) paste at different hydration stages: a) 4 hrs, 

b) 8 hrs, c) 12 hrs and d) 24 hrs after mixing. 

b) wPc (w/c:0.35) 8 hrs 50 μm

c) wPc (w/c:0.35) 12 hrs. 50 μm

d) wPc (w/c:0.35) 24 hrs 50 μm
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a) wPc (w/c:0.45) 4 hrs 50 μm

b) wPc (w/c:0.45) 8 hrs 50 μm

c) wPc (w/c:0.45) 12 hrs 50 μm



 7. Microstructural assessment 

162 

 

 
Fig. 7-4. SEM images of wPc (w/c: 0.45) paste at different hydration stages: a) 4 hrs, 

b) 8 hrs, c) 12 hrs and d) 24 hrs after mixing. 

 

 Fig. 7-5a-b show the impedance response of wPc pastes at w/c ratios of 0.35 and 

0.45, respectively, during the first 24 hrs after mixing. At 5 min after mixing, a 

semicircular arc of low impedance is observed for both pastes. However, the 

impedance measurements for wPc(w/c: 0.35) are affected by the parasitic effects at high 

frequency, which is probably attributed to rapid dissolution and a higher content of 

ionic species in the aqueous solution (e.g. Ca2+, Na+, K+, OH- and SO42-) as a result of 

a lower water content [56], [66], [288], [369]. 

 

 At 4 hrs after mixing, the wPc(w/c: 0.45) paste impedance response is affected by 

parasitic effects, and the resistance and impedance values slightly increase due to the 

consumption of water and the increase of ionic species in the aqueous solution [164]. 

 

 Between 4 and 12 hrs after mixing, the impedance and resistance values continue 

increasing, and at longer hydration ages the parasitic effects at high frequency 

decrease for both pastes. These trends are attributed to the evolution of the 

microstructure in which the nucleation and crystallisation of hydrated products is 

d) wPc (w/c:0.45) 24 hrs 50 μm
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ongoing [169]. wPc(w/c: 0.35) paste shows impedance and resistance values higher than 

that of the wPc(w/c: 0.45), attributed to a lower capillary porosity and a lower degree of 

hydration which decrease the space between the cement particles and accelerate the 

cement setting time. These results corroborate the Vicat test measurements (Fig 7-1) 

and SEM characterisation (Fig. 7-3 and Fig. 7-4) [159], [169]. 

 

 At 24 hrs after mixing, a more developed semicircular arc and a major increase in 

resistivity are observed for both pastes. However, the impedance measurements for 

wPc(w/c: 0.35) paste at high frequency are no longer affected by parasitic effects due to 

a lower free water content, denser pore size distribution, and higher percolation of the 

microstructure. wPc(w/c: 0.45) shows a smaller semicircular arc of a lower impedance, in 

which parasitic effects are slightly affecting impedance measurements at high 

frequency, attributed to a higher capillary porosity and higher free water content [164], 

[367].  

 

 At this stage, the thermochemistry and Vicat test measurements of both wPc pastes 

show a similar behaviour (Fig. 7-1); however, the impedance response differs in each 

sample, as changes in the bulk resistance and impedance values demonstrate the 

influence of w/c ratio in determining the microstructural development and electrical 

properties of the cement pastes, in a way that is not readily captured by calorimetry or 

Vicat measurements. 

 



 7. Microstructural assessment 

164 

 
 

 
 

Fig. 7-5. ACIS response of wPc paste at different w/c ratios: a) 0.35 and b) 0.45. 
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7.3.3 Grey Portland cement 

 

Fig. 7-6a-d shows SEM images, and Fig. 7-7 displays the impedance response, of 

gPc at different hydration stages. 

 

At 4 hrs after mixing, a small difference in morphology between gPc (Fig. 7-6a) and 

wPc(w/c: 0.45) cement grains is observed. However, gPc shows a larger particle size 

which leads to an earlier beginning of the setting and the acceleration period. These 

effects are produced due to a more stable transformation of AFt into AFm, the 

formation of secondary phases (as a result of a higher sulphate content in gPc paste) 

and a lower degree of hydration that agree with the gPc calorimetric curve and setting 

time results [370]. The relationship among the water content, the particle size and the 

surface area of gPc cause a decrease in the impedance and resistance values, 

attributed to a slower dissolution rate of the clinker phases and a higher ionic strength 

[108], [294]. 

 

At 8-12 hrs after mixing, SEM images of gPc (Fig. 7-6b-c) show a more developed 

microstructure in which a higher content of hydrated products and an increase in the 

connectivity between the phases are observed. However, the impedance values of 

gPc are lower than of the wPc(w/c: 0.45) paste, showing a higher conductivity and porosity 

attributed to a lower degree of reaction and a higher ion concentration in the pore 

solution (section 5.3.1) [371].  

 

At 24 hrs after mixing, the SEM image of gPc (Fig. 7-6d) shows a denser 

microstructure attributed to a major consumption of the clinker phases and growth of 

hydrated products. An increase in the gPc impedance measurements is obtained due 

to a partial dissolution of C3S and a surface area lower than wPc which decreases the 

nucleation sites for hydrated product growth (making it more difficult for water to diffuse 

and reach anhydrous C3S). Also, the appearance of new available space from the 

partial consumption of the clinker phases can be identified. 
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Comparing the results of wPc(w/c: 0.45) (Fig. 7-4d) and gPc paste, a more 

disconnected microstructure with lower connectivity between the phases and higher 

porosity is observed in gPc paste [57], [148], [372], [373]. However, at 24 hrs, the 

emergence of parasitic effects in the impedance measurements of gPc at high 

frequencies needs further investigation. 

 

 

 

a) gPc (w/c:0.45)                          4 hrs                          50 μm 

b) gPc (w/c:0.45)                        8 hrs                           50 μm 
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Fig. 7-6. SEM images of gPc paste at different hydration stages: a) 4 hrs, b) 8 hrs, c) 

12 hrs and d) 24 hrs after mixing. 

 

c) gPc (w/c:0.45)                         12 hrs                         50 μm 

d) gPc (w/c:0.45)                        24 hrs                         50 μm 
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Fig. 7-7. ACIS response of gPc paste at different ages (w/c: 0.45). 

 

7.3.4 Anhydrite (A) 

 

Fig. 7-8a-d shows SEM images. Fig. 7-9 displays the impedance response, for wPc 

paste at 1% anhydrite replacement level (in addition to the gypsum that is already 

interground with this commercial cement, ≈ 2%) at different hydration stages. 

 

At 4 hrs after mixing, in comparison to the wPc(w/c: 0.45) paste (Fig. 7-4a), no notable 

changes in the microstructure by the replacement of wPc with this quantity of anhydrite 

(Fig. 7-8a) are observed. However, the addition of 1% anhydrite slightly decreases the 

impedance measurements due to a change in the pore solution (Ca2+ and SO42- 

content), leading to a small increase in the conductivity [207]. The influence of parasitic 

effects in the impedance measurements at high frequency remains similar. 

 At 8 to 12 hrs after mixing, although the addition of anhydrite caused a delay in the 

acceleration-deceleration periods and the final setting time, the wPc/anhydrite paste 
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0.45) paste. These changes in the wPc/anhydrite microstructure and the conductivity in 

the system are attributed to a higher formation of AFt and pore structure refinement, 

agreeing with the increase of the impedance measurements observed. 

 

 At 12 hrs (Fig. 7-8c), the impedance values of wPc/anhydrite and the conductivity 

of the system increase due to a change in the ionic strength as a result of anhydrite 

consumption, C3A hydration, and a partial conversion of AFt to AFm [313], [318], [374]. 

These results agree with the thermochemistry measurements (Fig 7-1). The heat 

evolution rate of the wPc/anhydrite paste is similar to that of the wPc(w/c: 0.45) paste. 

However, the heat flow peaks (corresponding to the C3S and AFt transformation) are 

observed at longer times due to a retardation effect attributed to the sulphate provided 

by the dissolution of anhydrite. 

 

 At 24 hrs after mixing, wPc/anhydrite paste shows an impedance semicircle arc 

higher than that of the wPc(w/c: 0.45) paste, in which the influence of parasitic effects on 

the impedance measurements of wPc/anhydrite paste disappear at early hydration 

ages. At this stage, wPc/anhydrite paste shows a slightly higher resistance than that 

of the wPc(w/c: 0.45) paste [319], [375]. However, the influence on the impedance 

measurements by the replacement of wPc with anhydrite needs further investigation, 

since there is not a strong correlation among thermochemistry, the setting behaviour 

and the microstructural changes. 

 a) wPc/Anhydrite                      4 hrs                       50 μm 
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Fig. 7-8. SEM images of wPc/ Anhydrite (99/1) paste at different hydration stages: a) 

4 hrs, b) 8 hrs, c) 12 hrs and d) 24 hrs after mixing. 

b) wPc/ Anhydrite                        8 hrs                    50 μm 

c) wPc/Anhydrite                        12 hrs                   50 μm 

d) wPc/Anhydrite                        24 hrs                  50 μm 
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Fig. 7-9. ACIS response of wPc paste at 1% anhydrite replacement level. 

 

7.3.5 Sand 

 

Fig. 7-10a-d shows SEM images and Fig. 7-11 displays the impedance response, of 

wPc paste at a 20% sand (wPc/sand) replacement level at different hydration stages. 

At 4 hrs after mixing, wPc/sand (Fig. 7-11) shows an increase in the impedance 

measurements leading to an increase in the resistivity of the system. The previous 

effects agree with the changes observed in the microstructure, with a slightly denser 

microstructure and a decrease in the pore size distribution attributed to a filler effect. 

[157]. 
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show that the addition of sand delays the acceleration period and the sulphate 
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This behaviour is attributed to the reduced paste content in the system and the 

microstructural changes produced by the replacement of wPc with sand, as the particle 

and the pore size distribution have an influence on the ionic conduction paths [30], 

[309]. 

 

 At 8 hrs after mixing, the final setting of the wPc/sand paste is reached, showing a 

relatively dense microstructure (Fig. 7-10b) with an amount of C-S-H generated higher 

than that of the wPc(w/c: 0.45) paste, agreeing with the high impedance values obtained. 

 

 At 11 hrs after mixing, an increase in the conductivity that agrees with the 

thermochemistry results (Fig. 7-1) with a secondary heat peak during the end of the 

acceleration period, is observed. The changes in the thermochemistry and electrical 

response are attributed to depletion of sulphate ions from the pore solution [184]. This 

is followed by a decrease in conductivity due to densification of the microstructure as 

a result of the crystallisation and growth of CH and C-S-H phases. At 12 hrs after 

mixing, Fig. 7-10c shows a small development of the microstructure with a higher 

connectivity between the phases. The impedance and the resistivity measurements 

slightly increase at the end of the deceleration period [152]. 

 

 At 24 hrs after mixing, wPc/sand paste shows a denser microstructure (Fig. 7-10d) 

with a higher degree of percolation. The increase of the impedance measurements 

agrees with the densification of the microstructure showing, at high frequency, a 

semicircle arc of higher impedance attributed to the sand/cement interface and a 

decrease of Ca2+ ions in the pore solution. At this stage, the mortar impedance 

measurements at high frequency are no longer affected by the parasitic effects. The 

small difference in impedance and conductivity values between the mortar and wPc 

paste implies that the conductivity contribution of the sand/cement interfacial transition 

zone is not strongly different from that of the wPc(w/c: 0.45) paste. 
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 Also, the deposition of hydrated products around the sand/cement interface, 

attributed to an increase in the nucleation sites and the crystallisation of CH due to 

better stability and nucleation conditions, is observed [26], [104], [140], [308]. 

 

 
 

 b) wPc/Sand 8 hrs 500 μm

a) wPc/Sand                    4 hrs                         500 
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Fig. 7-10. SEM images of wPc/sand (80/20) paste at different hydration stages: a) 4 

hrs, b) 8 hrs, c) 12 hrs and d) 24 hrs after mixing. 

c) wPc/Sand 12 hrs 500 μm

d) wPc/Sand 24 hrs 500 μm
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Fig. 7-11. ACIS response of wPc paste at a 20% sand replacement level. 

 

7.3.6 White Portland cement and supplementary cementitious materials 

 

Fig. 7-12a shows the calorimetric curves of wPc at different SCM replacement levels 

during the first 24 hrs after mixing. Fig. 7-12b shows the corresponding Vicat needle 

penetration displacement measurements, up to 14 hrs after mixing. 

 

These thermochemistry measurements show a heat release increase in the initial 

hydration period in all wPc blends. During the induction and acceleration periods, wPc 

pastes with GGBFS show similar trends to those of the wPc(w/c: 0.45) paste. In the case 

of wPc replacement with the addition of FA, the induction and acceleration periods are 

delayed and the height of the maximum exothermic peak at the end of the acceleration 

period is decreased, whereas the wPc replacement with SF slightly delays the 

induction and the beginning of the acceleration period (section 6.3.3). 
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At approximately 5 hrs after mixing and during the acceleration period, wPc/SF 

paste shows a slight increase in the heat rate (observing the maximum exothermic 

peak at an earlier time than that of the wPc paste) while the heat rate of wPc/GGBFS 

and the wPc/FA pastes decreases. The changes in the thermochemical behaviour, 

due to the replacement of wPc with GGBFS, FA and SF at early hydration ages, are 

mainly attributed to a dilution effect which has an influence on the ionic concentration 

of the pore solution, the particle size distribution, the water available for the cement 

reaction, and on the nucleation sites needed for the growth hydrated products [11], 

[328], [334], [339], [351]. The changes observed, due to the replacement of wPc with 

GGBFS, FA, SF in the thermochemistry measurements, agree with the setting time 

measurements (Fig. 7-12b) with a decrease in the initial setting time as result of a filler 

effect. The final GGBFS and FA paste setting times are similar to that of the wPc(w/c: 

0.45), whereas with SF the final setting time decreases considerably due to a quick 

setting of the paste as a result of a lower particle size, a higher water demand and a 

higher growth of hydrated products leading to a denser microstructure [359], [360], 

[376]. 

 

During the deceleration period, wPc paste shows a rapid decrease of the heat 

release, whereas the replacement of wPc with GGBFS/FA/SF expedite this period of 

hydration. The deceleration period is followed by a gradual decline of the heat release 

into the long-term period. 

 

Also, during the deceleration-long-term period, wPc/SF paste shows the highest 

influence in the heat release rate, showing a high release of heat until 18 hrs after 

mixing. This effect is attributed to sulphate depletion, AFt transformation and partial 

reaction of SF with CH, (Fig. 7-12a) [327], [351], [354]. 

 



 7. Microstructural assessment 

177 

 

 
 
Fig. 7-12. wPc hydration at different SCM replacement concentrations: a) heat flow 

(normalised to total sample mass), b) Vicat determination of setting time. 

Experimental data were obtained from Chapter 6 [38]. 
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Fig. 7-13a-b shows the conductivity and resistivity response of wPc at different SCM 

replacement concentrations during the first 24 hrs after mixing. 

At approximately 1-2 hr after mixing, the conductivity measurements (Fig. 7-13a) 

show a perturbation followed by a decreasing tendency, that agrees with the beginning 

of the induction period and its changes produced by the replacement of wPc with 

SCM’s. These perturbations are related to the particle size distribution and its influence 

on the diffusion of ions in the pore solution (section 6.3.3). 

 

At around 4 hrs after mixing, a second perturbation in the conductivity attributed to 

a decrease in the charge transfer resistance controlled by the chemical potential of 

the ionic species, is observed. The replacement of wPc with SCMs delays the 

appearance of a second perturbation that corresponds to the changes in the pore 

solution, and particularly its ionic strength. Between 7 and 11 hrs after mixing, a third 

perturbation in the conductivity measurements attributed to a decrease in the heat flow 

and Ca2+ & SO42- content, and followed by an increase in OH-, K+ & Na+ content in the 

pore solution at the end of the deceleration period, is observed. This behaviour agrees 

with the thermochemistry results (Fig. 7-12). At longer hydration ages and as the 

microstructure densifies, conductivity values follow a decreasing tendency [76], [330], 

[361]. 

 
Through the resistivity change rate and its perturbations and after the 

microstructure has reached a certain level where it is constrained by space for further 

hydrated growth (Fig. 7-13b), it is possible to follow the microstructural development 

of cement and the beginning of the hardening process, and identify the influence 

exerted by the reaction of the clinker phases. At this early stage of hydration, the 

replacement of wPc with SF or FA decreases the resistivity at early and longer 

hydration ages (up to 24 hrs) as a result of a lower percolation of the microstructure 

and pore structure refinement, a decrease in the CH content, and the generation of C-

S-H with lower Ca/Si ratio [337], [364]. The addition of GGBFS increases the resistivity 
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values due to a higher densification of the microstructure as a result of a filler effect 

which increases the nucleation sites for hydrate product formation [188], [332]. 

 

 

 
 

 

Fig. 7-13. a) Conductivity and b) resistivity of wPc pastes at different SCM 

replacement concentrations. 
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7.3.7 Ground-granulated blast-furnace slag 
 

Fig. 7-14a-d shows SEM images and Fig. 7-15 shows the impedance response of wPc 

at a 20% GGBFS (wPc/GGBFS) replacement level and different hydration stages. 

 

At 4 hrs after mixing, wPc/GGBFS (Fig. 7-14a) shows a microstructure with a similar 

morphology to that of the wPc(w/c: 0.45) paste (Fig. 7-4) with a small decrease in porosity 

and higher C-S-H gel formation. These differences in the wPc/GGBFS paste 

microstructure agree with a slight increase in the impedance values attributed to a filler 

effect which influences the hydrated product formation and grain distribution, and the 

decrease in the ionic strength, Fig. 7-15 [76], [340]. 

 

At early ages (5 min; Fig. 7-15a), the impedance values and the parasitic effects 

increase slightly as the GGBFS replacement increases as a result of a decrease in 

the ionic strength produced by the replacement of cement clinker by the slower-

reacting GGBFS, lowering the concentrations of rapidly-soluble species (i.e. alkali, 

sulphates and gypsum) and increasing the water volume that reacts with cement 

particles. 

 

At 8 to 12 hrs after mixing, the wPc/GGBFS microstructure (Fig. 7-14b-c) compared 

to wPc(w/c: 0.45) ( 

 

Fig. 7-4b-c), shows a small development and small differences in the connectivity 

between the phases and the porosity content. The impedance measurements and 

resistivity values of wPc/GGBFS remain slightly higher than those of wPc(w/c: 0/45) paste 

(Fig. 7-5b). The small differences in the microstructure and the electrical response 

agree with the setting and the thermochemical measurements [377], [378]. 

 

At 24 hrs after mixing, wPc/GGBFS (Fig. 7-14d) shows a more developed 

microstructure with a higher level of percolation, similar to wPc(w/c: 0/45)  paste, with 
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small differences in phase connectivity and porosity. However, wPc/GGBFS paste 

shows a significant difference in the impedance and resistivity measurements due to 

a slight decrease in the pore size and ion species concentration (OH-, alkalis and 

sulphur species), and additional C-S-H formation, which lead to resistivity values 

higher than those of the wPc paste [101]. 

 

 
 

 

a) wPc/GGBFS                4 hrs                         50 μm 

b) wPc/GGBFS                 8 hrs                        50 μm 
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Fig. 7-14. SEM images of wPc/GGBFS (80/20) paste at different hydration stages: a) 

4 hrs, b) 8 hrs, c) 12 hrs and d) 24 hrs after mixing. 

c) wPc/GGBFS                12 hrs                       50 μm 

d) wPc/GGBFS                24 hrs                       50 μm 
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Fig. 7-15. ACIS response of wPc paste at a 20% GGBFS replacement level. 

 

7.3.8 Fly ash 

 
 

Fig. 7-16a-d shows SEM images and Fig. 7-17 shows the impedance response of wPc 

at a 20% FA (wPc/FA) replacement level and different hydration stages. 

 

At 4 hrs after mixing, the microstructure of wPc/FA (Fig. 7-16a) shows a dense 

arrangement between the phases. A high content of hydrated products formed around 

the cement grains, and major differences in the particle morphology and size 

distribution, can be observed. Even though the wPc/FA microstructure displays a 

lower porosity and a higher amount of occupied space, the impedance measurements 

(Fig. 7-17) show impedance and resistivity values lower than for the wPc(w/c: 0.45) paste 

(Fig. 7-5b). This electrical response is probably related to a higher pore connectivity 

(generated around FA particles) and a rapid dissolution of ionic species [335], [379]. 

However, this effect needs further investigation. 
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At 8 hrs after mixing, wPc/FA microstructure (Fig. 7-6b) shows a major consumption 

of cement clinker phases, a higher porosity and a more remarkable difference in 

morphology and particle size distribution between the cement and FA particles. These 

changes in the microstructure, due to a higher porosity and a lower hydrated product 

formation, agree with a small decrease in the impedance measurements of wPc/FA 

paste, obtaining a slightly more conductive system. A delay in the appearance of 

parasitic effects in the impedance measurements at high frequency, probably related 

to a decrease in the ionic strength of the system as a result of the replacement of wPc 

with FA, is observed [338]. 

 

At 12 to 24 hrs after mixing, wPc/FA paste shows a slight development in the 

impedance measurements compared to wPc(w/c: 0.45) paste measurements (Fig. 7-5b), 

obtaining the highest conductivity values in all the supplementary cementitious 

systems. This behaviour agrees with the changes observed in the microstructure of 

the wPc/FA paste (Fig. 7-16c-d) attributed to the addition of FA and its slow reaction 

which decreases the CH content and level of percolation, and increases the pore size 

[14], [337], [347]. 

 

 a) wPc/FA                    4 hrs                             50 μm 
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Fig. 7-16. SEM images of wPc/FA (80/20) paste at different hydration stages: a) 4 

hrs, b) 8 hrs, c) 12 hrs and d) 24 hrs after mixing. 

b) wPc/FA 8 hrs 50 μm

c) wPc/FA 12 hrs 50 μm

d) wPc/FA 24 hrs 50 μm
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Fig. 7-17. ACIS response of wPc paste at a 20% FA replacement level. 

 

7.3.9 Silica fume 
 
Fig. 7-18a-d shows SEM images and Fig. 7-19 shows the impedance response of wPc 

at a 20% SF (wPc/SF) replacement level at different hydration stages. 

 

At 4 hrs after mixing, the replacement of wPc with 20% SF (Fig. 7-18a) has a great 

impact on the microstructure of the system. At first instance, the microstructure shows 

a denser composition with lower available space for hydrated product growth, 

attributed to the smaller SF particle size and hydrated product formation around the 

SF particles. Higher conductivity and lower impedance values (Fig. 7-19) are obtained 

by the replacement of wPc with SF. These changes in the electrical response are 

attributed to a strong filler effect which affects the dissolution rate of the clinker phases 

and the content of ionic species in the pore solution, e.g. Ca2+, K+, Na+, OH- [170], 

[362], [363], [380]. At this stage, the impedance measurements at high frequency are 
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not affected by parasitic effects due to a decrease in the ionic strength and a lower 

densification of the microstructure probably related to a lower CH, alkali content and 

ion mobility. As a result, the supersaturation of the pore solution and the formation of 

hydrated products is delayed [175]. 

 

At 8 hrs after mixing a slight increase in the wPc/SF paste impedance 

measurements, a microstructure with higher connectivity between the pores (Fig. 

7-18b), and similar conductivity values, are observed. These effects are correlated to 

a lower content of CH, a decrease in the heat flow rate, and an increase in the OH- 

content. 

 

At 12 to 24 hrs after mixing, wPc/SF paste (Fig. 7-18c-d) shows a rapid 

development of the microstructure with a slight decrease in porosity attributed to the 

consumption of the clinker phases, and a different morphology and particle size of the 

hydrated products formed. These changes in the microstructure agree with a gradual 

increase in the impedance measurements as a result of the percolation of the 

microstructure, the precipitation of new hydrated products and the small contribution 

of the pozzolanic reaction of SF. The wPc/SF conductivity values are higher than those 

of the wPc(w/c: 0.45) paste (Fig. 7-13a) at early ages due to a higher pore connectivity 

and a stronger ionic strength. At later ages (< 3d), a higher densification and resistivity 

of the system is expected as a result of strong influence of the SF pozzolanic reaction 

on the microstructure [168], [170], [363]. 
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a) wPc/SF                   4 hrs                              50 μm 

b) wPc/SF                   8 hrs                              50 μm 

c) wPc/SF                   12 hrs                            50 μm 
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Fig. 7-18. SEM images of wPc/SF (80/20) paste at different hydration stages: a) 4 

hrs, b) 8 hrs, c) 12 hrs and d) 24 hrs after mixing. 

 

 
 

Fig. 7-19. ACIS response of wPc paste at a 20% SF replacement level. 
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d) wPc/SF                   24 hrs                            50 μm 
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7.4 Conclusions 
 
This chapter has evaluated the microstructural development of Portland cement and 

blends at early ages (³24 hrs) by assessing the electrochemical response and other 

properties. The results demonstrate that ACIS can be a useful and sensitive technique 

to obtain a better understanding of the relationships between the electrical response 

of cement during hydration and its microstructural development and features (e.g. 

morphology, particle and pore size distribution). However, in order to obtain a better 

ACIS data interpretation, the support of different characterisation techniques is 

needed. 

 
Summarising: 

 
• The hydration kinetics and microstructural changes produced by the partial 

replacement of wPc with sand, CaSO4, or mineral admixtures (e.g. morphology, 

particle size, chemistry) at early hydration stages, influence the electrochemical 

behaviour of wPc. 

• Water to cement ratio and particle size distribution plays an important role in 

controlling the ionic strength of the pore solution and the microstructural 

development, which in turn affect the electrochemical response of the system. 

• The emergence and behaviour of parasitic effects in the impedance measurements 

at high frequency are strongly related to a decrease in the charge transfer 

resistance as a result of an increase in the ionic strength in the pore solution. 

• The decrease in electrical resistivity of wPc due to the addition of sand, CaSO4, FA 

and SF is mainly attributed to a filler effect and the concentration of ionic species in 

the pore solution. 

• Regarding the conductivity perturbations observed, the first perturbation is 

associated to the rapid dissolution of the ionic species in the pore solution. The 

second is attributed to the charge transfer resistance decrease, and the third is 

related to a decrease in Ca2+ & SO42- content and an increase of the OH-, K+ & Na+  

content in the pore solution.
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Chapter 8: MODELLING & SIMULATION 

Chapter 8: 

Modelling and simulation 

 
Note: This chapter is based on the paper “Simulation of the impedance response of 

hydrating tricalcium silicate at early stages of hydration” by A. F. Sosa Gallardo, J. L. 

Provis and J. Dean, [249], unpublished manuscript and submitted for publication, 

2020, pp.1-32. 

 

8.1 Introduction 
 
Numerous techniques and theoretical modelling methods have been used in attempts 

to correlate the electrical response of Portland cement with its microstructural 

development. However, understanding these relationships remains challenging due to 

the complexity of cement chemistry and the kinetics of hydration. 

 

 Here we develop a finite element model (FEM) to simulate the impedance response 

for C3S, representing a simplified description of Portland cement, at different stages 

of hydration. The model proposed is composed of three phases: water/pore solution, 

C3S and C-S-H. The intrinsic properties (i.e. conductivity and permittivity) of these 

phases are assigned based on the degree of hydration (i.e. amount of C3S that has 

fully reacted with water) and the volume fraction of each phase (Table 8-1).
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Table 8-1. Approximate electrical properties and specifications of phases present in 

the simulation [381]–[383]. 

 

 

Water/Pore solution 
[294], [384]–[386] 

C3S C-S-H (high density) 

t s e s e DoH s e 

0.08 0.005 

80.06 

0.014 2.50 

0.00 0.0140 2.50 

4 2.03 0.05 

0.008 

1.0×103 

8 1.79 0.14 5.0×104 

12 1.30 0.22 8.5×105 

24 0.20 0.40 4.0×105 

 C-S-H (low density)*   

672 0.001 1.0×106 1.00 4.0×106 

t: time (hrs),  s: conductivity (S/m) and e: permittivity (F/m) [36], [156], [384], [387], and DoH:  
degree of hydration (%) [100], [226], [299], [381], [383], [388]–[390]. 

 

The intrinsic properties of Portland cement depend on different aspects such as the 

random arrangement of its constituents, particle size, morphology, curing conditions, 

ionic concentration, among others. These properties are defined to vary with time, as 

during the hydration process these phases go through different reactions, changes 

and stages (hydrolysis, oversaturation of the pore solution, and hydrated product 

precipitation, nucleation, and crystallisation) that lead to paste setting and changes in 

the intrinsic properties. As a result, the reaction and the contribution of each these 

phases to the physical and mechanical properties of the paste varies through time 

[59], [79], [80], [326], [391]. 

 

The hydration process of C3S is thus similar to that of Portland cement [7], [44], [56] 

[57]: 

• Rapid dissolution of C3S 

• Pore solution formation 

• Hydrated product formation (mainly C-S-H, and CH) 
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• Release of heat 

• Consumption of water 

• Setting and hardening of the paste 

 

However, the kinetics of reaction of C3S, mainly attributed to chemical composition 

and the reaction between their constituents, are different from those of Portland 

cement. A schematic representation of C3S hydration is provided in Fig. 8-1. 

 

 
 

Fig. 8-1. Schematic representations of C3S hydration, based on information from [3], 

[7], [80], [203], [343]. 

 

The degree of hydration of C3S was estimated in the model at different hydration 

times (0.08 to 672 hrs) [383], [388]–[390]. Immediately after C3S is mixed with water, 

the C3S surface is rapidly dissolved leading to the supersaturation of the pore solution 

with respect to C-S-H and the precipitation of the C-S-H phase. This is followed by an 

increase in the concentration of Ca2+ and OH- in the pore solution, leading to 

supersaturation of the pore solution with respect to calcium hydroxide, and 

precipitation of CH (<4 hrs). At this stage, the reaction of C3S decreases). 
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Approximately 4-8 hrs after mixing, C3S hydration is accelerated and controlled by the 

C-S-H growth rate. After the hydrated products cover unreacted C3S grains, the 

reaction rate of C3S is decreased and becomes diffusion controlled, lasting 

weeks/months. The reaction of C3S ends when there is not enough available space 

for hydrated product growth or when C3S is fully consumed, Table 8-2 [381]–[383]. 

 

Table 8-2. Mechanism of hydration and microstructural details of C3S hydrates. 

Mechanism of hydration Microstructure 

*t 1. Protonolysis of SiO44- and O2-. 

2. Rapid dissolution of C3S. 

3. Ca2+, SiO44, and OH- ions enter the 

pore solution. 

4. Oversaturation of the pore solution. 

5. C-S-H(I) starts to precipitate at C3S 

surface. 

6. C3S reaction rate decreases. 

7. C-S-H nucleation (slow process). 

8. Acceleration of C3S dissolution. 

9. Crystallisation and growth of a 2nd 

stage C-S-H(II) and CH. 

10. Hydrated products fill available 

space and the pore solution are 

reduced. 

11. Hydration of C3S is slowed down 

until C3S is consumed. 

12. Hydration process ends (limited 

available space for hydrated product 

growth or fully consumption of C3S ). 

1. Pore structure: 

a. Contains pores of different size.  

b. Decreases as hydration 

continues. 

c. Increases as water to solid ratio 

increases. 

2. Hydrated products formed: 

d. Hydrated products surface area 

varies. 

e. High density C-S-H or inner 

product: C-S-H formed from C3S 

grains. 

f. Low density C-S-H or outer 

product: C-S-H formed the initial 

water-filled pore spaces. 

g. Morphology of C-S-H varies 

fibres, flakes and honeycombs 

h. CH is formed in the initial water-

filled space. 

i. Morphology of CH: large crystals. 

*t: initial time after C3S is mixed with water; **C-S-H: amorphous or nearly amorphous calcium silicate 

hydrate products; CH: Ca(OH)2 [3], [7], [80], [203], [343]. 
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 The main objective of this chapter is to highlight the use of FEM to aid the 

interpretation of ACIS data for cement hydration. An impedance FEM package 

previously used to analyse dielectric materials for microstructural effects (i.e. core-

shell, porosity and electrical pathways) [212], [215], [217], is applied to model and 

simulate the impedance response of cement microstructure at different hydration 

stages by integrating basic cement microstructural and intrinsic properties. 

 

 The simulated data are compared to alternating current impedance spectroscopy 

(ACIS) experimental results obtained from white Portland cement paste at different 

stages of hydration. A strong correlation between the simulation and the trends in the 

experimental ACIS results is observed, demonstrating the combination of FEM and 

ACIS to be a promising approach to assess microstructural changes in cement. 

However, the differences and limitations observed when comparing the simulation 

values to the experimental ACIS results, attributed to the simplicity of the model 

proposed, require further development of the FEM and deconvolution of the intrinsic 

material properties of each phase present within the cement microstructure. 

 

8.2 Sample specifications 
 

To compare the simulated impedance response of C3S, the impedance response of 

white Portland cement (wPc) was assessed at different hydration stages. wPc paste 

samples were prepared at a water to cement ratio (w/c) of 0.45. 

 

8.3 Results and discussion 
 

8.3.1 Model setup 
 

To provide verification of the model, the capacitance and resistance values were 

extracted from the simulated impedance response to allow permittivity and 

conductivity values to be calculated. A simple cube with lateral dimensions of 200 μm 
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was created, and ten trial core-shell spheres, each with a diameter of 20 μm (Fig. 8-2) 

were meshed using tetrahedron and prism elements and placed into a box. The 

intrinsic material properties of all the phases were set to be the same (s: 1.0×10-4 

S/m, e: 1.0×103 F/m, selected according to a defined reference analytical solution), so 

that the model was verified against the reference analytical solution. 

 

 
 

Fig. 8-2. Basic model: ten 20 µm spheres in a 200 µm box. 

 

The analytical resistance (R) and capacitance (C) values of the model were 

determined to be R: 50.0 MΩ and C: 1.77 pF using Eq. 1 (e0: permittivity of free 

space, e: material permittivity, s: conductivity 𝑙: thickness and	𝐴:cross-sectional area). 

 

𝑅 =
𝑙

𝐴 ∙ s 	 , 𝐶 =
e! ∙ e ∙ 𝐴

𝑙  
 (1) 

 

The impedance response of the basic model was then simulated using the FEM 

approach and the immittance response associated Z* and electric modulus (M*, where 

M* = jwCoZ* with w = angular frequency and Co = vacuum capacitance of the cell) 

generated (Fig. 8-3). The intercepts were then obtained from the Nyquist plots of Z* 
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(Fig. 8-3a) and M* (Fig. 8-3b) providing the R and 1/C values respectively [153], [218], 

[234]–[236]. The values extracted were R: 50.0 MΩ and C: 1.77 pF, which matched 

extremely well to the analytical solution, providing verification that an accurate 

impedance response simulation can be generated for this microstructure. 

 

 
 

Fig. 8-3.Basic model Nyquist plots: a) impedance and b) electric modulus. 

 

To test the effect of particle volume fraction and demonstrate the influence of the 

number of particles in the simulated impedance response, three models, made up of 

400, 600 and 800 particles respectively, were generated (Fig. 8-4a-c). Particles were 

randomly dispersed inside a cube of 200 μm and shrunk to form a core-shell structure. 

The individual regions were then assigned intrinsic material properties as follows: the 

space (solution) surrounding the particle s1: 1 x 10-4 S/m and e1:1.0 x 103 F/m, the 

particle shells s2: 8 x 10-3 S/m and e2: 50.0 F/m, and the particle core: s3: 5 x 10-3 S/m 

and e3: 25.0 F/m. These properties were assigned to validate the relationship between 

the number of particles and the influence impedance response (as the number of 

particles increases, the impedance values decrease; shell/core conductivity is higher 

than the solution). Fig. 8-4d shows the phase distribution of a single particle model. 
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Fig. 8-4. Volume fraction models: a) 400 particles, b) 600 particles, c) 800 particles 

and d) phases distribution. 

 

The impedance simulations of three different models with different particle volume 

fractions were calculated as shown in Fig. 8-5. As the volume of the particles 

decreases, the results show an increase in the simulated Z* response, providing good 

agreement between the intrinsic properties of each phase and the model 

specifications. The models with 450 and 600 particles display, by distributing the 

resistance and capacitance in the system, an overlapping response of the solution and 

core/shell (single semicircle arc), attributed to a higher influence of the solution over 

a) b)

c) d) 
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the core/shell particles. Conversely, the 800-particle model shows an inclined spike  

at high frequency related to a slight increase in the relaxation times between the 

solution and the core/shell phases; making it possible to differentiate the phases in the 

system. 

 

 
 

Fig. 8-5. Z* plots of the impedance response simulations for different particle volume 

fractions (represented as number of particles in the simulation box). 

 

To optimise the accuracy of the impedance response and verify the mesh 

independency of the model, a mesh refinement process was assessed by evaluating 

the convergence of the solution in terms of resistivity and the number of elements 

generated by the mesh refinement. The purpose of the mesh refinement was to obtain 

a mesh-independent solution (i.e. intrinsic material properties and the impedance 

simulation are not mesh size dependent) without compromising computational 

resources and time [208], [392], [393]. 
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To obtain convergence of the solution, four different mesh sizes (i.e. 0.5, 0.4, 0.3, 

and 0.1 μm) were evaluated by considering the same intrinsic material properties of 

the phases used in the volume fraction test and using a structure of 780 randomly 

dispersed particles inside a 200 μm cube. Fig. 8-6a-d shows the mesh structure and 

cross-sectional area for each mesh size, in which can be observed the influence of 

the mesh size on the geometry of the particles (i.e. shell and core). 

 

As the mesh size decreases, the geometry of the phases becomes smoother as a 

result of an increase in the number of nodes and elements in a specific region of the 

model. However, the decrease of the element number/size through this method can 

generate a combination of different geometries due to an insufficient or excessive 

mesh refinement in certain regions (the code controls the mesh refinement without a 

preferential region selection). 

 

 

a)
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b)

c)

d)
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Fig. 8-6. Mesh size structure, and cube cross-sectional/volume fraction view: a) 0.5 

μm, b) 0.4 μm, c) 0.3 μm, d) 0.1 μm, and e) phases distribution. 

 

Fig. 8-7 shows the mesh refinement convergence plot using four different mesh 

sizes. As the mesh becomes finer, the results show an increase in the number of 

elements and resistivity values, reaching a point at which the resistivity starts to 

emerge at a mesh size of 0.4 μm and the changes in its behaviour become small 

enough to consider the solution to be converged at 0.2% element change. 

 

Through this, a maximum mesh size of 0.3 μm was found to be needed to simulate 

the impedance response of the model generated (200k tetrahedron and prism 

elements on a 200 μm lateral dimension cube), slightly compromising the time and 

computer resources to generate the solution. 

 

e)
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Fig. 8-7. Mesh refinement convergence. 

 
8.3.2 Impedance response of cement microstructure 

 

The initial cement hydration model was based on a 200 μm lateral dimension cube 

and considering the particles to be the major clinker phase (C3S) with a particle size 

of 20 μm at a water to cement ratio (w/c) of 0.45. The cement system volume 

distribution at w/c of 0.45 was 41% C3S (780 particles) and 59% water. The impedance 

responses were simulated for microstructures representing six different hydration 

times, considering the intrinsic electrical properties of system constituents at the 

corresponding time and the volume of each phase present, Table 8-1. 

 

To complement and compare the impedance simulation of each hydration time, 

wPc  was assessed in previous investigations by impedance spectroscopy and other 

supporting techniques (Chapter 4-7) [37]–[40]. The experimental results for wPc 

showed small impedance and bulk resistance response (5 min after mixing) followed 

by a perturbation in the conductive response as a result of the rapid dissolution of the 
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ionic species in the pore solution. At 4 hrs after mixing, wPc impedance measurements 

were affected by parasitic effects at high frequency. The emergence of these parasitic 

effects was attributed to a decrease in the charge-transfer resistance of the paste due 

to the supersaturation of the pore solution and an acceleration in the reaction rate of 

wPc constituents. 

 

From 4-24 hrs after mixing, wPc results showed an increase tendency in the 

impedance and resistivity measurements due to the precipitation and growth of 

hydrated products, densification of the microstructure, and water consumption [13], 

[29], [139], [292]–[294]. However, there are significant differences between the 

kinetics of hydration of wPc and C3S pastes that are attributed to chemical composition 

and the interaction between wPc constituents (e.g. reaction rate, ionic species 

concentration, heat rate, setting behaviour, formation of AFm and AFt phases). 

Nevertheless, these differences in the kinetics of hydration of wPc and C3S pastes 

have a slight influence on the primary hydration mechanisms, making it possible to 

evaluate the simulated impedance response of C3S by comparison with the 

experimental impedance response of wPc [6], [44], [67]. 

 

Fig. 8-8a-d shows the experimental and simulated impedance, resistivity and 

conductivity. 

 At 5 minutes after mixing, the experimental results show a semicircular arc of small 

impedance at high frequency (Fig. 8-8a). Between 4 hrs and 24 hrs, the experimental 

impedance measurements at high frequency were affected by parasitic effects (values 

below the Z’ component) attributed to the high cement paste conductivity as a result 

of a rapid dissolution of ionic species in the pore solution, decrease in the charge 

transfer resistance (controlled by the ionic strength) and water content in the system 

[56], [148], [185], [288]. 

 

 The simulated impedance response at 5 min to 12 hrs (Fig. 8-8b) shows a good 

agreement with the experimental data, showing an increase in the calculated 

impedance values as the hydration continues. The simulation also allows analysis of 
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the impedance spectra at high frequency. This is obscured by parasitic effects in 

experimental measurements. The impedance values obtained in the simulations are 

much higher than the experimental ones. These higher values are attributed to the 

parameters selected, and the reaction kinetics and microstructural features which 

were not considered in the model (water-filled pores, C-S-H porosity, diffusion of water 

between the cement grains and hydrated products). For this reason, just a qualitative 

analysis was conducted. 

 
 At 24 hrs, the simulated impedance follows the same behaviour observed in the 

experimental measurements. A further increase in the simulated impedance values 

attributed to a higher percolation of the microstructure, reduction of free water, and C-

S-H growth, is observed. Conversely, at high frequency, the simulation shows a more 

developed semicircular arc with an impedance higher than the one observed in the 

experimental measurements. An effect attributed to the characteristics of the 

parameters selected in the model design (e.g. complete connectivity between the 

phases) and the lack of other different parameters (e.g. entrained air, capillary pores, 

water remain in the pores, and reaction kinetics) [331], [366], [372]. 

 At 672 hrs (28 days) after mixing, the experimental impedance measurements are 

no longer affected by the parasitic effects. At high frequency a more developed 

semicircular arc, of higher impedance and significant increase in resistance, is 

observed. These changes in the electrical response of wPc are attributed to the level 

of percolation of the microstructure and the degree of hydration (around 70-75%). This 

is a stage at which the available space for new hydrated products and free water 

content is limited and the porosity of the system has decreased significantly [164], 

[294], [367]. 

 
 The simulated impedance data show one semicircular arc and an inclined spike, 

which are attributed mainly to the high-density C-S-H and low-density C-S-H 

respectively. These values are one order of magnitude greater that the experimental 

values and could be due to the cement hydration model not taking into consideration 

the reaction kinetics, pore structure and its connectivity, capillary water and ion 

strength of the pore solution. As the model only considers the connection between the 



 8. Modelling and simulation  

206 

clinker phase and the hydrated products without any kind of disruption higher 

impedance values are obtained. Also, the impedance result obtained from the 

simulation depends on the accuracy of the input parameters and the sensitivity of the 

model to these parameters. Further work is required to estimate uncertainties and the 

influence of different parameters in the impedance simulation (porosity, air voids and 

degree of percolation). 

 
 At the early hydration stages (i.e. initial, dormant, acceleration periods), the 

experimental measurements (Fig. 8-8c) show high conductivity values related to the 

ionic strength, free water content, and plastic state of the mixture. As the hydrated 

products are formed and the connectivity between the pores is reduced, a rapid 

decrease in the conductivity during the deceleration period, leading to the densification 

of microstructure and consumption of water, is observed. At longer hydration periods, 

the resistivity of the cement system increases gradually as the hydration process and 

development of the microstructure continues [13], [29], [100], [293], [366]. 

 
 The conductivity and resistivity measurements obtained from the simulated 

impedance response show a good correlation with the experimental trends (Fig. 8-8d). 

However, the C3S model does not represent the real complexity of cement hydration 

and its electrical response (it shows resistance and impedance values higher than 

those ones observed in wPc paste) due to: 

• Assumptions and input parameters used in the model 

• Differences in the experimental setup 

o Cell design, electrode properties and current dispersion 

• Differences in the wPc response attributed to: 

o Chemical composition 

o Particle size and morphology 

o Kinetics of hydration 

• Other aspects 

o Influence of parasitic effects at high frequency 

o Formation of an electric double layer between the electrode and cement 

paste 
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 As a result, the simulated impedance response shows a different evolution of the 

semicircle arcs at high frequency (material bulk response) and low frequency 

(material-electrode response). 
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Fig. 8-8. ACIS response of wPc: a) experimental Nyquist spectra; b) simulated 

Nyquist spectra c) experimental conductivity and resistivity d) simulated conductivity 

and resistivity. 

0

0.4

0.8

0

200

400

0 300 600

C
on

du
ct

iv
ity

 (S
/m

) 

R
es

is
tiv

ity
 (Ω

.m
) 

Time (hrs)

c)

d)



 8. Modelling and simulation  

209 

 
8.4 Conclusions 
 

This chapter assesses the capabilities of a FEM to simulate the impedance response 

of the evaluation of the cement hydration process. The results show that the FEM 

method can be a useful tool to assess the impedance behaviour of cement, overcome 

experimental impedance spectroscopy limitations (e.g. parasitic effects, electrode 

effects and current dispersion), and obtain a better understanding of the relationship 

among the liquid phase, hydrated product formation and the electrochemical response 

of cement pastes during hydration. A good correlation between the simulated and 

experimental electrical response (i.e. impedance, conductivity and resistivity) were 

observed. Further work is required to obtain a more accurate impedance simulation 

and include changes in the different chemical (e.g. pore solution, phase composition), 

microstructural (e.g. particle size and morphology), thermochemical and kinetics 

parameters. 
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Chapter 9: CONCLUSIONS 

Chapter 9: 

CONCLUSIONS 

 
In this research, alternating current impedance spectroscopy (ACIS) was used, in 

parallel with other supporting techniques, to assess its capabilities for measuring the 

electrical response of Portland cements and blends at early hydration ages (0-24 hrs). 

The assessment was accomplished by exploring four areas: 

 

1) Electrochemical cell design, experimental procedure, sources of parasitic 

effects at high frequency and impedance response of Portland cement at early 

hydration stages. 

2) Electrical properties of Portland cement and blends, and the effect of water to 

cement ratio and partial replacement of cement with different replacement levels 

of admixtures on the electrical response of Portland cement. 

3) Microstructural characterisation of Portland cements and blends. 

4) Microstructural modelling and impedance simulation of cement. 

 

9.1  Electrochemical cell design (Ch. 4) 
 

The results show the importance of evaluating different cell parameters, i.e. 

experimental procedure, cell geometry, leads positioning and length, electrode 

properties and its attachment method to the cell. These parameters can affect 

impedance data acquisition and interpretation through nonlinear effects, noise, 

polarisation and parasitic effects at high frequency (Fig. 9-1).

 

A significant decrease of the parasitic effects at high frequencies (caused mainly by 

leads and electrode effects) can be achieved through an optimal cell design and 

impedance measurements correction, making it possible to correlate the electrical 
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response to the rate of cement hydration. However, due to the limited solid phase 

microstructural development and the highly conductive condition of cement at early 

hydration periods, the parasitic effects could not be fully corrected. 

 

 
 

Fig. 9-1.Experimental protocol highlights. 

 

9.2  Electrical properties of Portland cement and blends (Ch. 5-6)  

 

The results demonstrate that ACIS is a sensitive technique capable to assess the 

early-age cement hydration and the influence on Portland cement of partial 

replacement with admixtures, or different water to cement ratios. This enabled, 

through the analysis of the electrical response of cement paste, the differentiation of 

changes in: 

 

• Rate of hydration (Fig. 9-2a) 

• Microstructural development (Fig. 9-2b) 

• The ionic strength of the pore solution ((Fig. 9-2c) 

• Electrical and physicochemical properties at different water to cement ratios 

and admixture replacement levels 

• Emergence of parasitic effects (Fig. 9-2a) 
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Fig. 9-2. wPc property correlations: a) reactance and rate of hydration; b) resistance 

and setting behaviour; c) conductivity and pore solution behaviour. 

 

9.3  Microstructural characterisation of Portland cement and blends (Ch. 7) 

 

A strong correlation among the changes in the electrical response and microstructural 

development of cement and blends was observed. The results demonstrate the 

capabilities of ACIS, in parallel with other techniques, to assess the influence of 

different parameters (filler and dilution effects, water to cement ratio) on the 

microstructural development (hydrated product formation and degree of percolation) 

at early hydration stages, e.g. Fig. 9-3. However, the influence of more complex 

cementitious systems on the parasitic inductive effects observed in the impedance 

measurements at high frequency needs further investigation. As a result of the 

pozzolanic reaction of FA and SF, the electrical response of wPc/FA/SF at longer ages 

(> 1d) is expected to be significantly different from that obtained at early ages (≤ 24 

hrs). 
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Fig. 9-3. wPc impedance response and microstructure percolation: a) w/c:0.35; b) 

w/c:0. 45. 

 
9.4  Modelling and simulation (Ch. 9) 
 
A strong correlation between the simulation and the trends in the experimental ACIS 

results is observed, demonstrating combined FEM and ACIS to be a promising 

approach to assess microstructural changes in cement. However, the differences and 

limitations observed when comparing the simulation values to the experimental ACIS 

results, attributed to the simplicity of the model proposed, require further development 

of the FEM and deconvolution of the intrinsic material properties of each phase present 

within the cement microstructure. 
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9.5  Further research 

 
Although the results of this research may contribute to demonstrate the capabilities 

and sensitivity of ACIS as a useful characterisation technique to assess the early 

hydration and microstructural development of Portland cement, further work is needed 

in different areas, Fig. 9-4. 

 

 
 

Fig. 9-4. Further research framework. 
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