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Abstract

In this thesis, the porosity and electric properties of pure cement paste, nanoparticles-modified
cement pastes, and mortar were observed. Electrochemical impedance spectroscopy (EIS) was
the main method used to obtain these material properties. The dimensions of the samples
and electrode positions were specially designed for EIS measurement. Different equivalent
electric circuit models were used to evaluate the resistance and capacitance of the material.
Analytical models such as modified Archie’s law and general effective media model were used
to evaluate porosity from EIS. Moreover, for comparison with EIS, porosity was obtained by
gravimetric method, helium pycnometry, mercury intrusion porosimetry, and image analysis
based on scanning electron microscope output. In addition, a chloride penetration test was
performed to study the dependence of the electrical resistance on the chloride concentration.
During the observation period (1 day - 3 months), the resistances of all mixtures increased
with hydration time while the porosity decreased. The differences between the mixtures were
observed by all methods used. Analytical models considering multiple material parameters

are best suited for the evaluation of porosity from EIS.

Keywords

Porosity, electrochemical impedance spectroscopy, equivalent electric circuit model, Archie’s

law, general effective media model, nanoparticles, cement paste.

Abstrakt

V této praci byla pozorovana porozita a elektrické vlastnosti ¢isté cementové pasty, nanoc¢asticemi
modifikovanych cementovych past a malty. Jako hlavni metoda pouzita ke zkoumani téchto
materidlovych vlastnosti byla elektrochemickd impedanéni spektroskopie (EIS). Specidlné pro
EIS méfeni byly navrzeny rozméry vzorku a poloha elektrod. K vyhodnoceni odporu a ka-
pacit mérenych materidlu byly pouzity ruzné modely ekvivalentniho elektrického obvodu. K
vyhodnoceni porozity z méfeni EIS byly pouzity analytické modely jako jsou ruzné modifikace
Archieho zdkona a nebo general effective media model. Pro porovnani s EIS byla porozita
méfena také gravimetrickou metodou, héliovou pyknometrii, rtutovou porozimetrii a obra-
zovou analyzou zalozenou na vystupech ze skenovaciho elektronového mikroskopu. Byl prove-
den také test penetrace chloridu, ve kterém byla sledovana zavislost koncentrace chloridua v
materidlu na jeho elektrickém odporu. V prubéhu sledovaného obdobi (1 den az 3 mésice)
vzrostly s hydratacnim casem a soucasnym ubytkem porozity odpory vSech smési. Také
rozdily mezi jednotlivymi smésmi byly pozorovany ve vSech pouzitych metodach. Analytické
modely uvazujici vliv vicefazovych parametri v materidlu jsou nejvhodnéjsi pro vyhodnoceni

porozity z EIS.

Klicova slova

Porozita, elektrochemicka impedancni spektroskopie, model ekvivalentniho elektrického ob-

vodu, Archieho zdkon, general effective media model, nanoptisady, cementova pasta.
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1 Introduction

Concrete structures are very often reinforced with steel. However, the reinforcement needs
to be protected from adverse influences that can cause corrosion of the reinforcement and
subsequent degradation of the entire structure. The protection of reinforcement is ensured
by a covering layer of concrete. The long-term durability and resistance of the covering layer
are closely related to its porosity. High porosity increases diffusion through the material,
resulting in easier penetration of ions and gases through the porous system in a cement
matrix, as shown in Figure 1.1. The most common processes are carbonation, sulfate attack,
chloride penetration, alkali-silica reaction, and corrosion of steel structure [1]. As porosity

decreases, the durability of the structure increases because the mass transfer is retarded.

a) Highly porous concrete b) Less porous concrete
° Reinforcement
[ 1] . ° .
e ° o °
L[]
(J
e ° > °
. Faster diffusion /» Slower diffusion
and degradation Pores and degredation
®
o o e ° Concrete °
o ° °
Covering layer Covering layer

Figure 1.1: Effect of pore volume on concrete diffusity: a) highly porous concrete, b) less

porous concrete.

In order to reduce the porosity, additives can be added to the cement mixture, which
acts as a filler or enters into a secondary reaction to form additional hydration phases. The
additives vary in size, shape, and quantity used. On the micro-scale (1 - 100 pm), silica
fume, fly ash, granulated blast-furnace slag, and others are nowadays commonly used to
increase durability and mechanical properties of cement-based materials [2]. Much smaller
nanoparticles of 4 nm to 40 nm are also used as additives. These are mainly oxides (nano-
Si0g, nano-AlyO3, nano-FesO3, nano-TiO2) or they are composed of nano-clays, which also
change the microstructure of the material and affect the porosity, mechanical properties, and
durability [3, 4].

The porosity of cementitious materials can be determined by many methods, one of which
is electrochemical impedance spectroscopy (EIS). EIS is a non-destructive method that can
observe changes in microstructure and porosity. In contrast to the other industries, EIS
is not widespread in civil engineering. In the future, EIS could be used to investigate the
local properties of existing structures to assess their durability. Majority of studies deal
with corrosion of steel reinforcement [5, 6], chloride penetration into the material [7, 8], the
hydration and shrinkage process [9], the influence of mineral admixtures [10], and the cement

paste containing carbon nanotubes and carbon fibers [11]. However, EIS can also be used



Chapter 1. Introduction

to determine the porosity of the cementitious material [12-15]. The evaluation of porosity is
possible based on Archie’s law [16], modified Archie’s law [17, 18], and the general effective
media model [19].

1.1 Thesis motivation and objectives

The primary purpose of the thesis is the application of electrochemical impedance spec-
troscopy for the detection of changes in the microstructure and porosity of cement-based
materials. Microstructural changes affect the mechanical properties and durability of struc-
tures. EIS is a non-destructive method, the principle of which is to subject the sample by
an alternating electric current into the material and record the impedance. The method is
not common and sufficiently explored in civil engineering, such as in the industries involved
in biosensors, battery development, fuel cell development, and physical electrochemistry [20].

Therefore, research of this topic is beneficial. The individual research objectives are as follows:

e To design and manufacture several cement pastes/mortar mixtures modified with nano-

additives with varying porosity.
e To design and manufacture samples with geometry applicable for EIS measurement.

e To determine the electrical properties of designed mixtures by electrochemical impedance

spectroscopy at different hydration times.
e To evaluate the porosity from EIS measurements using analytical models.

e To compare porosity measured by EIS with porosity determined by other commonly
used methods: scanning electron microscopy, gravimetric method, mercury intrusion

porosimetry, and helium pycnometry.



2 Materials and microstructure characterization

This chapter describes properties (especially size), production of Portland cement, and nanopar-
ticles used in this thesis. It also discusses the hydration reaction and the morphology of pure
cement paste’s main hydration products, including the porosity, composition, and conduc-
tivity of the pore solution. Attention is given to the effect of the addition of nanoparticles
in the mature cement paste, which enter into a secondary reaction with the already formed

products.
2.1 Raw materials

a) CEM I 42.5R b) Nano-SiO, c¢) Nano-AlL,O,

5

Figure 2.1: SEM-BSE image showing a) cement CEM I 42.5R particles, b) nano-SiOy [21],
and c¢) nano-AlyO3 [22].

2.1.1 Portland cement

Concrete is the second most consumed construction material in the world after water. Port-
land cement is major component of concrete, shown in Figure 2.1a [23]. Cement is pro-
duced especially from limestone and clay by several process steps, which it is well-described
n [24, 25]. Average size of spherical cement particles is 5 - 50 pm and the specific surface
area ranges between 300 - 500 m?/kg [26].

The ordinary Portland cement (OPC) is composed of main clinker mineral phases: trical-
cium silicate (C3S), dicalcium silicate (CgS), tricalcium aluminate (C3A), and tetracalcium
aluminoferrit (C4AF). Other components like gypsum (CSH2) and MgO are also found in the

cement [25].

2.1.2 Nanoparticles

Supplementary cementitious materials (SCM) with different shapes, sizes, phases (powder or
colloidal solution), and amounts are usually added to cement paste or concrete. For example,

silica fume, fly ash, and granulated blast-furnace slag are the most widespread particles on



Chapter 2. Materials and microstructure characterization

the micro-scale (particle size ranging from 1 - 100 um, with a specific surface area of typically
15 - 30 m?/g [27]), while nanoparticles (NP) with specific surface area ranging from 60 -
600 m?/g [28] are not that common. In most research, NPs of the 4 - 40 nm scale range are
used [3], but in some cases nanoparticles with size 40 - 100 nm were used [3]. Many types
of NPs are added to the cement-based material, for example: nano-SiOs, nano-Al,Og3, nano-
TiO3, nano-Fes O3, nano-CaCQOjs, zeolites, nano-clays, nano-fly-ash, graphene oxide, carbon
nanotubes and fibers [3, 4].

Nano-SiOs

Nano-silica is spherical shaped particles as shown in Figure 2.1b. It is abundantly used
as a powder or as a colloidal suspension. There are three main methods to manufacture

nano-Si0gz, two of them are described in Figure 2.2.

a) Sol-gel process b) Olivine process
Ingredients Olivine
Reaction mixtures Crushing &
(stirring) screening
Colloidal SiO, Neutralization K— Acid
Gelation & Aging Decantation  |—> Inert mineral
Heat drying Silica filtration — Residual solution
Silica powder Silica powder

Figure 2.2: Production of nano-SiOy by a) sol-gel process [29], b) olivine process [30].

The first method is flame hydrolysis. The main product is called pyrogenic silica with
a specific surface area in the range 100 - 200 m?/g [31].

The second method is called Sol-gel process or Neutralization of a sodium silicate
solution with acid, most commonly sulfuric acid. Gradually, a sodium silicate solution is
added to the acid, forming a gel. Subsequently, the gel is dried and milled. Production of
sodium silicate solution is relatively demanding (occurs at 700 °C). Therefore the cost of the
final product is high [32, 33].

The third method - olivine process is an alternative method to the Sol-gel process. It
uses olivine as an entrance material to the neutralization in sulfuric acid. Precipitation of
silica occurs in a short time at temperature 50 - 95°C. The specific surface area of olivine
nano-silica is 100 - 500 m? /g, and a very high purity of 99 % is provided. This method is the

least costly and has the lowest environmental impact [34, 35].
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Nano-Al,O3

Nano-Al,Oj3 is spherical shape particles as shown in Figure 2.1c. It is made by various
methods from corundum. The type of a-AlsOg varies in physical properties from the other

types due to the different manufacturing processes summarized in Figure 2.3.

a) Combustion method b) Precipitation method ¢) Hydrothermal method
Oxidizer Fuel Aluminum salt Precmltatmg Alumina Peptizer
agent precursor
{ [ l | l |
Homogenization Mixing
Complexation Precipitation Destilled water
Continuous heating Filtration Dissolution
Tr_ansparent Drying Autoclave
viscous gel Je
Auto ignited D einat Hydrothermal
combustion Calcination treatment
Foam product Nano alumina Washing
Calcination Ethanol
Nano alumina Drying

Calcination

Nano alumina

Figure 2.3: Nano-AlpO3 manufacturing processes: a) combustion method, b) precipitation
method, ¢) hydrothermal method [29].

The first method is a low-cost simple aqueous sol-gel process. The method has the
same process as described for nano-silica manufacturing. It uses various types of acids (for
example acetic acid, and citric acid) or ethanol as solvents. It takes place at a temperature
of 1000 °C or higher [36, 37].

The second method - combustion synthesis is relatively fast and cheap. Combustion
synthesis can use a solid, liquid, or gaseous form of reactant. The gas phase used for combus-
tion is the least efficient. Synthesis uses glycine as fuel and aluminum nitrate as an oxidant to
ensure the production of pure foam a-AlyO3 from nanoparticles are produced by calcination
at 1100°C [38].

Precipation method is attractive due to the use of inorganic precursors (chlorides,
nitrates, sulfates) and precipitating agents. Ammonium acid carbonate acts as a precipitator
in the process of a-aluminum synthesis [39].

The principle of Hydrothermal synthesis is based on crystallization of anhydrous
materials from an aqueous solution under elevated temperature and pressure. This synthesis
is performed only in one complex step (without high temperature during calcination) in
autoclaves [29].

The last method is leaching method of kaolin. Kaolin is a natural material containing

20 - 26% alumina [40]. The impurities of kaolin can be removed by filtration with hydrochloric
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acid [41] or sulfuric acid [40] as a leaching agent. Precipitation in ethanol is an intermediate
step between filtrations. ~-aluminum is synthesized by this method. The nanoparticles have

a proper size, high surface area, and crystallinity.

2.2 Microstructure of cement based materials

2.2.1 Hydration of pure cement paste

Portland cement is composed of four main clinker minerals - C3S, CoS, C3A, C4AF, gypsum
and other minor components. When the cement is mixed with water, highly soluble clinker
minerals (especially C3S, C3A and CSHy) dissolve ions into the mix water. Then supersatu-
ration of the pore solution happens. Therefore, it is energetically advantageous to precipitate
ions in solution into new solid phases called hydration products. These precipitated ions leave
space for further dissolution of more ions. Thus, the process can continue to precipitate [42].

Individual clinker minerals form different solid phases. These solid phases occur in the
same pore solution. Therefore studying their separate reactions is enabled by an approx-
imation of the overall hydration behavior of cement. CsS and more abundant CsS form
calcium silicate hydrate (C-S-H) gel phase and crystalline calcium hydroxide, Portlandite
(CH), according to the following equations:

C3S + (1.3 + 33) H — C;7SH,; + 1.3CH, (2.1)

CoS + (0.3 + l‘) H — C;7SH, + 0.3CH. (2.2)

The main equation of hydration reaction includes variable z. It represents the amount
of water entering to the reaction. C3S contributes primarily to the early development of
strength, while CsS is involved in the strength development of mature cement paste [24].

Instantly after mixing water and C3A, a hydration product called hydrogarnet is formed.
It causes a setting almost immediately. This phenomenon is known as a flash set. However,
this is undesirable because it decreases workability or makes it almost impossible. Therefore,
gypsum is added to the cement mixture to delay setting. The product formed from C3A,
gypsum and water is called ettringite (CgAS3Hsz). It is quite unstable product and it converts
to monosulfoaluminate (C4ASH;5). C4AF reacts in a similar way as C3A but a little slower.
Final hydration products also contain ferrite, which partly replaces aluminate. For simplicity
and because of their fluctuating chemical composition, these products are called AFt and
AFm [43].

2.2.2 Degree of hydration and microstructure development

The hydration of the cement paste is described by the degree of hydration (DoH, «), which
indicates the percentage of hydrated cement particles. DoH values range from 0 (no cement
particles reacted) to 1 (complete hydration of all cement particles), see Figure 2.4a.

During the hydration of cement, an exothermic reaction occurs. It produces the so-

called hydration heat [43]. Hydration heat is generated by the reactions of all four main
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clinker minerals. The example of the rate of hydration heat evolution of OPC is shown in
Figure 2.4b. Immediately after mixing, rapid and highest hydration heat production occurs
due to the C3A reaction and the rapid formation of a layer of hydration product around the
cement particles. The second significant heat development is due to the CsS reaction. It
is affected by the temperature and the average particle size of cement. Approximately 30%
of the initial cement hydrates within 1 day. Reactions slow down as the layer of hydration
product around cement particle grows. This part of reaction is called the diffusion-limited

reaction period [25].

a) Degree of hydration b) Rate of hydration heat
1.0 5
initial reaction
of C,A
O 0.8 - 4
=}
g E secondary C,S
-1 = reaction
= =
[ 0.6 g @ 3 secondary C,A
-S @ reaction
= EE
3 0.4 g = 9 deceleration
. = .
¥ 3 period slow reaction
= ) period
%D = acceleration
< 0.2 = 1 period
induction
0.0 0 period
0.1 1 10 10 0 10 20 30 40
time (days) time (hours)

Figure 2.4: a) Degree of hydration [25], b) rate of heat evolution of OPC [25].

DoH can be derived experimentally or by using computer models [44]. An experimental
approach as isothermal calorimetry quantifies the individual microstructural phases to de-
termine DoH [45]. The hydration result can be further observed, e.g. by scanning electron
microscopy or uCT. A computer-generated material structure can be distinguished by two
types of models: vector and digital microstructural models.

Vector models simulate particles as centroids with different radii and hydration as particle
growth with overlaps. Hymostruc3D [46] and pic [47] are the most commonly used models, see
Figure 2.5a. Jennings and Johnson model [48], the Navi and Pignat model [49], the Nothnagel
and Budelmann model [50], the Wang et al. model [51] and the Ducom model [52] are another
vector models used for DoH determination. In Hymostruc3D, the particles gradually dissolve
as hydration proceeds and inner and outer hydration products form around them. This
model is influenced by the particle size distribution of clinker, the amount of water, and the
temperature [46]. Another vector model, pic, works with an efficient calculation of spherical
grain overlap and offers the flexibility of setting [47].

Cemhyd3D [53] and HydraticCA [54] are computer-digital models that illustrate the mi-
crostructure using cubic voxels (volume element). The cubic voxels represent the individual
phases (anhydrous cement particles, pores, or hydration products), as shown in Figure 2.5b.
It reflects chemical composition, particle size distribution, curing condition, and temperature.
The voxels act like real phases, including dissolution, diffusion, transportation, and formation

of new hydration products. Cemhyd3D represents particles as multiphases, multi-size, and
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a) Hymostruc3D

b) Cemhyd3D

Figure 2.5: 2D slice from of microstructure of cement paste simulated by a) Hymostruc3D [44],
b) Cemhyd3D [44] (white = anhydrous cement grains, light blue = C-S-H gel, dark blue =

Portlandite, blue = outer products, grey = inner product, black = pores).

irregular elements. A finite element approach is used to calculate mechanical properties sim-
ply and efficiently. The degree of hydration and the real hydration time can be determined
from Cemhyd3D. However, due to the limitations of the method, the real hydration time may

be misrepresented. Therefore this value is not recommended for further use [44, 55].

2.2.3 Morphology of cement paste

As mentioned above, C-S-H gel, Portlandite, AFt, AFm, and other hydrates form simultane-
ously and therefore affect each other. Therefore, it is difficult to distinguish the individual
phases and the boundaries between them at the microscale (100 nm - 100 pm). The C-S-H
gel is often mixed with other hydration products forming inner and outer products. The
inner product is a high-density C-S-H gel with an internal system of tiny pores - gel pores
are described in Section 2.2.4. The inner product is created around the unhydrated cement
particles. The outer product was located between the cement clinker particles. And the space
that was originally occupied by capillary pores forms a continuous phase covered by the inner
product. The outer product contains low-density C-S-H gel mixed with other hydrates [25].

The most important hydration products are considered to be inner products, outer prod-
ucts, unhydrated cement particles, Portlandite, and capillary pores [2], which can be seen
in the scanning electron microscope (SEM) with a backscattered electron (BSE) detector at
polished samples surface with a magnification of about 300x - 5000x as shown in Figure 2.6a.
These SEM-BSE images can be further used for image analysis to get the volume fraction
of the main hydration phases [2], see Figure 2.6b. The unhydrated clinker, inner and outer
products contribute to the mechanical properties of mature cement paste. Also, Portlandite

provides mechanical properties, but if it gets into contact with fresh water, CH will leach
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Figure 2.6: a) Typical SEM-BSE image of ordinary cement paste showing the individual
phases at a magnification of 400x, b) example of image analysis with individual phases:
pores/cracks (black), main hydrates (light blue), CH (dark blue), clinker (white).

out and as a result, it increases porosity and reduces durability. Capillary pores cause higher
porosity, reduce the durability and mechanical properties of mature cement paste, and are

described in more detail in Section 2.2.4 [24].

2.2.4 Porosity

Porosity is an integral part of cement-based materials at the micro-scale that influences
strength and durability [56]. The measurement of porosity depends on the characteristics of
the pores. The pore characteristics differ in size, shape, and distribution in the solid matrix,
which determines the properties of mature cement. Generally, three types of pores can be
found in hydrated cement paste - capillary pores, gel pores, microcracks/air voids [25]. The
distinction of pore types and their exact size boundaries is not strictly defined and serves for
practical separation and nomenclature.

The first and the finest type is gel pores ranging from 0.5 nm to 10 nm (up to 100 nm). It
occurs in C-S-H gel and influences shrinkage and creep. Water in gel pores is non-evaporable
in ordinary conditions. Part of the gel pores is called interlayer spaces, see Figure 2.7, which
are adsorbed between C-S-H gel particles (physically bound water). Interlayer spaces are
smaller than 0.5 nm and differ in two ways compared to gel pores. The first difference is that
water in them is not liquid but chemically bound and therefore cannot be removed even by
vacuum drying, and the second difference is the tight binding between the water molecules
in the C-S-H gel structure.

The second type, capillary pores, with dimensions from 10 nm to 10 pm, occur in the

space formerly occupied by the mix water. The hydration product increases in volume during



Chapter 2. Materials and microstructure characterization

i interlayer space

gel pores

pairing silicate o bridging ions or o~ Ccalcium oxide
dimers interlayer Ca" layers

Figure 2.7: Schematic representation of gel pores and interlayer space in C—S—H by winding

calcium oxide layers [57].

the hydration, consuming the free water and taking its place. These pores are interconnected
and surrounded by low-density C-S-H gel. Capillary pores contain evaporable water and the
permeability. Strength of the cementitious material decreases as their volume increases. This
type of pores overlaps the size of gel pores, making the pore spectrum continuous.

The third and the most significant type of pores are the microcracks and air voids.
Microcracks are formed due to a shrinkage process, mechanical stress from external loads,
other environmental influences (as temperature), and, in the case of massive structures, as
a result of tension stress due to the development of hydration heat. Microcracks range in
diameter from about 10 pm to 200 pm in diameter. Air voids range in size from micrometers
to millimeters and are caused by mixing technology and imperfect placing. All these types of

pores contain bulk water, affect the permeability and strength of cement-based materials [43].

2.2.5 Pore solution

Instantly after mixing the cement with water, the ions of individual cement elements dissolve
into the pore solution. The concentration of the dissolved ions varies widely depending on
the composition, solubility, and ratio of all components, curing conditions, temperature, and
hydration time. A plasma spectrometer is a sensitive instrument used to analyze pore solu-
tions. It can distinguish the ions Nat, K*, S*, Ca™, Si™, AlT, Fe™, and Mg™ in the solution.
Sodium (Na™) and potassium (KT) are alkalis that are present in high concentrations in
the pore solution and have a positive charge. Therefore, hydroxyl ions (OH™) balance the
overall charge of the pore solution. The alkali prevents the dissolution of the main hydration
products in cement due to a pH of approximately 13 [25].

Vacuum filtration or centrifugation can be used to extract pore solution during the first

10
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hours of hydration. High pressure is required to obtain the pore solution from the hardened
cement paste of common water to binder (w/b) ratio (< 1.0). The used pressure significantly
affects the composition of the pore solution (due to too high pressure, a larger volume of ions
can be observed in the pore solution than the number of ions is actually present). The
amount of applied pressure depends on w/b ratio, age, and the material. The pressure of
about 250 MPa is usually sufficient for an adequate amount of the pore solution of the cement

paste, but higher pressures are necessary for mortar and concrete [58].

Conductivity of pore solution

The composition of the pore solution affects its conductivity, which is closely related to its
electrical properties and the diffusive ionic transport. The conductivity of the pore solution
can be determined by the direct method. It can be used only for early-age samples and
samples with a high w/b ratio. As an additional method, for example, ion chromatography
can be used [59].

The expected volumes of the pore solution and potential moles of available alkali ions
can be computed by a virtual rapid chloride permeability test (RCPT). Generally, it has a
reasonable agreement with the experimental test results, and it is used in the conductivity
estimation proposed by Bentz [60]. OH~, Nat, and K" ions are considered to be the most
significant contributors to the conductivity of the pore solution due to their high equivalent
conductivity and high abundance in the solution. The Ca?*, SO42~, and other ions can be
neglected, because they have much lower concentrations or mobility compared to OH™ [61].
Thereby, Snyder et al. [59] developed the procedure to calculate the electrical conductivity of
the pore solution oy based on the concentration of Nat, KT, and OH~ (the highest mobility

ions) using the following equation:
gg) = Eizi cCj e )\i, (2.3)

where z; is the ionic species valence, ¢; the ionic molar concentration, and ); is the equivalent

conductivity of each ionic species defined as:

N = M (2.4)
where \;° is the equivalent conductivity of an ionic species at infinite dilution, and G; is the
conductivity coefficient, both summarized in the Table 2.1. I, is the molar ionic strength
depending on z; and ¢; of ion species.

The diffusivity of ions in CBMs depends on the w/b ratio (ranging from 0.3 to 0.5), degree
of cement hydration (ranging from 0.6 to 0.9), and weight fraction of silica fume, fly ash, and
blast-furnace slag addition (ranging from 0.0 to 0.1) [60].

Pore solution composition (from the elements K+, Na®, and OH™) and conductivity
(S/m) for cement-based materials with a known degree of hydration and cement composition
can be estimated by the virtual method based on [59, 60] freely accessible on the Internet at
National Institute of Standards and Technology (NIST) [62].

11
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Table 2.1: Equivalent conductivity at infinite dilution and conductivity coefficients for

sodium, potassium, and hydroxide ions at 25 °C.

Species A° G
(em?® S / mol)  ((mol / L)~'/?)

Na™ 50.1 0.733
K* 73.5 0.548
OH™ 198.0 0.353

2.3 Effect of nanoparticles on cement paste

NPs improve mechanical properties (esp. at early ages) and durability because they have a
high specific surface area. The negatives of their use are the high cost and decreased worka-
bility of fresh concrete mix (proved by the slump test). The reduction in workability depends
on the amount of nanoparticles that absorb the mixture water [63]. Another disadvantage is
that NPs tend to make agglomerates in size 100 pm or larger.

There are two cases of why NPs are used as an additive. In the first case, they act as a
filling material. It fills the gaps occupied often by water hence it reduces porosity, increases
durability and strength. In the second case, they react mainly with Portlandite or potentially

with other products in the secondary reaction, which is called the pozzolanic reaction [4].

2.3.1 Nano-SiO,

Nano-silica (nS) is not widely used in the civil engineering industry compared to, for exam-
ple, the mining industry. However, it can improve the durability, transport properties, and
mechanical properties of hardened cement - especially compressive, flexural, tensile strength

and elasticity modulus. These properties are improved due to pozzolanic reaction:
CH + nS — CSH. (2.5)

During the secondary pozzolanic reaction, the Portlandite reacts with the nano-silica
to form additional C-S-H gel that provides the desired material properties. The unreacted
silica particles act as a filler agent and occupy the capillary pore space, which enhances the
properties [3].

The optimal dosage of nano-silica is about 2% of the cement, and the maximum dosage to
increase the mechanical properties is 4% of the cement weight. Further addition of nano-silica
reduces the mechanical properties [64]. The phenomenon of lower strength is caused by the
agglomeration of nanoparticles [4]. The use of a colloidal solution instead of a powder helps
to disperse the particles better. It has a higher hydration acceleration effect on the pozzolanic
reaction [65, 66]. Using SiO2 nanoparticles has a 10 times higher pozzolanic reactivity than
micro-scale silica fume [67].

Bai et al. [68] found that the specific surface area of nano-silica has an important effect

on the porosity of CBMs. At the age of 7 and 28 days, nano-SiOs with a specific surface area

12
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of 100 m?/g increased the porosity and nano-SiOs with a specific surface area of 470 m?/g

decreased the total porosity.

2.3.2 Nano-Al,O;4

Cement paste modified by nano-AlyO3 (nA) does not improve any properties up to 7 days
of age. New crystalline phases are not developed yet, compressive strength of cement paste
does not improve. Nanoparticles only act as fillers, making the microstructure denser [69].
A reaction occurs by adding nano-aluminum to the cement paste. The partial replacement
of the cement weight by aluminum produces C-A-S-H (calcium-alumina-silica hydrate) gel

according following equations [70]:
nA +3CH+ 11H + S — C3ASHy4, (2.6)

nA + 3CH + 29H + 3S — C3AS3Hso, . (2.7)

If the amount of aluminum is higher than 2 %, nano-Al;O3 tends to bind with the released
lime during hydration and leach out silica from the hydration process. This effect reduces
the mechanical properties of mature cement paste [4, 71].

The microstructure of materials is hence heterogeneous and porous [70]. Leén et al. [72]
find out, that the addition of 5 % wt. of nano-aluminum increase medium-size capillary pores
(10 - 50 nm), decreases the volume of large capillary pores (50 nm - 10 pm), and can increase

the volume of macro pores (larger than 10 pm).

2.4 Chloride penetration through cement-based materials

Chlorides are one of the most important substances that affect the durability of concrete.
However, in this case it is not dependent on the concrete itself, but on the potential corrosion
of the reinforcement. Chloride ions can penetrate through the pores into the cement matrix
and negatively affect the durability of the reinforcement’s covering layer. The transfer process
of chloride ions is caused by diffusion. The diffusion is the movement of (in this case) chloride
ions from an area of high concentration to an area of low concentration, i.e. its driving force
is a concentration gradient. Fick’s first law describes the diffusion through the fully saturated
material according to the following equation [13]:
_dac dC(x)
dt dr

where J is diffusion flux density, C is chloride concentration in the pore solution, ¢ is the

—J(z) = Dt (2.8)

time, and D.g is the effective diffusion coefficient. The Dqg is the net flux of chloride without
reaction in a porous medium at steady-state conditions and can characterize the long-term
resistance to ion penetration into the CBMs. The chloride penetration of CBMs is affected
by the diffusion coefficient and the binding capacity of material. The binding capacity is
affected by type of the cement, admixtures, and porosity because the quantity of bound
chlorides (describes below) depends on the quantity of hydration phases especially formed
from CsA, C4AF, and C3S [73].

13
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In cement paste, an overall balance of negative and positive charge is provided by positive
and negative ions present in the pore solution such as OH~, Na™, K*, and chloride ions C1~.
Chlorides in hardened cement paste are divided into bound chlorides and free chloride ions,
as shown in Figure 2.8 [74].

Bound chlorides occur in CBMs in two variants, either as Friedel’s salt (solid chlorides)
or as chlorides adsorbed into pore walls [74]. Chlorides are being adsorbed in between layers
of the C-S-H gel and are physically adsorbed due to high specific surface of C-S-H gels [70].
Friedel’s salt is bound by chemical substitution, which is characterized by a greater binding
force. As well as C-S-H gel, AFm phase and unreacted CsA particles are characterized by
high binding capacity [75]. Due to this, Friedel’s salt (C3A-CaCly-10H20) is formed [70].
The porosity should decrease with increasing Friedel’s salt volume as described in [76]. The
addition of up to 3 % wt. nano-Al,O3 to the cement paste has a positive effect on chloride
binding because it reacts with AFm phase to form Friedel’s salt [70]. On the other hand, the

amount of nano-aluminum less than 1 % wt. reduces the volume of solid chlorides [70].

a) Fast diffusion b) Slow diffusion

solid state
chloride

- solid liquid free . adsorbed
phase phase chloride chloride

+ + + + charge of pore wall ’\> diffusion direction bound chloride

Figure 2.8: Influence of bound chloride volume on diffusion rate a) fast diffusion, b) slow
diffusion [74, 77].

Free chlorides dissolved in pore solution can move freely compared to bound chlorides. In
contrast, the bound chlorides can not move in ordinary concentration gradient or in a highly
alkaline environment in concrete [77]. The pH of which, depending on the designed mixture,
is typically in the range of 12 - 13 [78].

A reduction in the pH of concrete can occurs due to carbonation, the diffusion process
of carbon dioxide into the material and its subsequent degradation [79]. Then, the bound
chlorides are released into the pore solution, increasing the free chloride concentration in the
carbonation zone [74]. The reduction of the high alkalinity environment in concrete can result

in the corrosion of reinforcement.
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The diffusion of chlorides through the CBMs is depended on the complexity of the pore
structure (tortuosity and constrictivity). The chloride binding retards the chloride penetra-
tion into the material. The increasing volume of bound chlorides slows the diffusion of free
chloride ions. Ishida et al. in [80] proposed explanations for this effect. The explanation
was based on the assumption that the rate of movement of free chloride ions is retarded by
increasing the volume of adsorbed chloride on the pore walls, as shown in Figure 2.8. There-
fore, the negative charge of bound ions in the narrow pore space slows down the diffusion
rate. An alternative explanation is that as the volume of bound chloride increases, the charge
of pore walls in neutralized and the diffusion is driven only by the concentration gradient of
free chlorides.

The total volume of chloride can be determined by a variety of experimental tests. For
example, the salt ponding test, the bulk diffusion test, the rapid chloride permeability test
(RCPT), the rapid migration test, or the sorptivity test can be used. During the test, chloride
bounds and moves through the material naturally or, in order to accelerate the process, due
to an external influence (e.g. an electric current) [81]. Then, the material is dried and ground.
Subsequently, analysis using nitric acid solution and subsequent potentiometric titration is
performed. The evaluation of the total chloride volume can then be determined according
the following equation [82]:

Cu = Viot - Clitr (2.9)

ms
where C is the chloride concentration in the sample (free and bound chloride), Vo is
the total volume of the solution used for titration, Clji, is the chloride concentration in the

solution, and my is the weight of the original powder.
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3 Methods of determination porosity of cementi-
tious materials

The porosity of cement-based material can be accessed either by direct or indirect methods.
Direct methods can measure the pore sizes from the largest pores in the order of a few
millimeters to hundreds or tens of nanometers. Direct methods analyze pore structure from
2D or 3D images of the sample. Therefore, these methods depend on the resolution of an
image (pixel size). These methods include 2D images of scanning electron microscopy (SEM),
3D images of X-ray microtomography or X-ray nanotomography, and laser scanning confocal
microscopy (LSCM) [57].

Indirect methods use liquid (such as water, gas, mercury, helium, etc.) inside cement paste
as a probe. The size of the measurable pores is limited by the lower (tens of nanometers)
and the upper boundary (hundred of micrometers). Indirect methods of measuring open
porosity include mercury intrusion porosimetry (MIP), gravimetric method, and pycnometry.
Electrochemical impedance spectroscopy (EIS) can also be ranked as the indirect method
because a liquid conducts an electric current and thus is involved in the measurement. [24,
57, 83].

EIS 10 nm -

SEM 50 nm -

gravimetric m. 77 -

MIP 3 nm - 200 um

texhniques used
in this thesis

He pycnometry 1 nm - 100 ym

gel pores capillary pores microcracks and air voids

0.1 1 10 100 1 000 10 000 100 000 1 000 000
pore size (nm)

Figure 3.1: Methods of determination the distribution and size of pores in the cementitious

material.
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Chapter 3. Methods of determination porosity of cementitious materials

3.1 Scanning electron microscopy and image analysis

Scanning electron microscopy (SEM) is a method that can be used for the porosity evaluation
of cement-based materials. The principle of SEM is based on the emission of a beam of
electrons in rows onto the measured area of the sample. The individual components of
the inhomogeneous material have different responses to the reflected electrons, which the
microscope uses to process the resulting image. The detection of the electron reflection
depends on the type of detector used. The first type of detector is the secondary electron
(SE), which mainly provides information about the sample’s topographical properties. The
second type is the back-scattered electron (BSE) shown in Figure 3.2, which records material
composition in addition to topographic properties. Using a BSE detector, it is possible to
achieve higher microscope resolution than using an SE detector [84]. SEM can also be used
for the elemental analysis or chemical characterization of a sample by energy-dispersive X-
ray spectrometry (EDS). The atoms on the sample surface are excited by the electron beam,

emitting wavelengths of X-ray that are specific and unique for every atomic structure.
Electron
source v

=

Anode

=

C:OHdenses Jence?

(=

Objective len®

Sample \

Figure 3.2: The principle of the scanning electron microscope with a back-scattered electron

detector.

The ability to identify the pore size of cement-based materials is dependent on the pixel
size of the image. The resolution of scanning electron microscopy based image analysis de-
pends on the magnification of SEM. For routine measurements using BSE images, a magnifi-
cation of approximately 400x is considered sufficient [85]. Image analysis based on the output
from SEM-BSE uses 255 gray levels of an 8-bit image, pixels with the same characteristics
are displayed with the same intensity of gray [86]. The gray level intervals for separating the
hydration products can be obtained by pixel color thresholding. The cement paste is divided
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Chapter 3. Methods of determination porosity of cementitious materials

at micro-scale (100 nm - 100 pm [2]) into main hydration products, such as unreacted clinker
particles; C-S-H gel also containing C-A-H, C-A-S-H; CH; and pores/cracks [87]. By com-
bining SEM-BSE image and image analysis, which are shown in Figure 2.6, it is possible to

measure pores in the range of 50 nm [88].

3.2 Gravimetric method

The total open porosity of a material is measurable by the gravimetric method and is defined
as the ratio of the open pore volume to the total volume of the sample. The volume (V) of

the sample can be calculated from the equation:

(M — maq)

v = e~ Ma) 3.1
- (31)

where p,, is the density of water, and is considered as p,, = 998 kg/m? at 20 °C. The weight
of a sample completely immersed in water (or other reagents) is m, (so-called Archimedes
weight), m,, is the weight of a fully saturated sample as shown in Figure 3.3. The sample

can be saturated naturally or in a vacuum of less than 800 Pa.

[

Figure 3.3: Gravimetric method measurement procedure.

Then, the samples are dried in an oven and weighed until the weight is stable. The
calculation of the bulk density of the sample pg grao (kg/ m?) and the open porosity ®0,grav

(%) is calculated according to the following equations [89]:

m,
Pograv = 31 (3.2)

(mw - md)

3.3
o (33)

¢O,gr(w =

where, my is weight of dried sample.

3.3 Helium pycnometry

Gas pycnometer measures the volume of pores of a material due to the intrusion of a fluid
(for example helium, nitrogen, or methanol) into the material. This method is based on a

pressure change in a chamber and uses the Boyle-Marriotte law. The most commonly used
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Chapter 3. Methods of determination porosity of cementitious materials

type of a pycnometer is a constant-volume pycnometer [90]. Nevertheless, variable volume

pyknometer [91] and comparative pycnometer [92] are also used.

L step 1 ~ step 2 N
N IS -
M | References | '/-\P' N | Sample | M
helium \_/ chamber
—> tank Absolute pressure
i i i transducer
Helium direction Solid
sample

Figure 3.4: Schematic of helium pycnometric device [93].

The constant-volume pycnometer consists of two chambers - a helium tank and a sample
chamber, which should be 1.5 - 3 times larger than the tank to achieve the effective range
of porosity values shown in Figure 3.4 [94]. The device uses pressures of 50 - 500 kPa. The
temperature of the pycnometer is an important factor in the accuracy of the pore volume
evaluation, and so is the volume of the chamber. Pycnometry is able to measure the pores
connected to the surface through the other. Their range is from 1 nm to 100 pm [95, 96].

The helium pycnometer measures the density of the sample, p. The porosity of the sample

can be calculated according to the following equation:

$0,pye = (1 = (pbuic/p)) - 100, (3.4)

where pp, 1 18 the bulk density of the samples determined e.g. by the gravimetric method.

3.4 Mercury intrusion porosimetry

Mercury intrusion porosimetry (MIP) is a commonly used method for obtaining the pore
size distribution of cement-based materials. MIP can measure pore size in the range of
3 nm - 200 pm. MIP is based on the mercury non-wetting properties (the contact angle for
CBMs varies with their mixture and hydration age and ranges from 130° to 140° [97]). The
mercury is injected into the dried sample using external pressure, and the change in pressure
is recorded. The required pressure increases as the size of the entering pores decreases - large
pores are measured at low pressure, as shown in Figure 3.5b, but the closed pores are not
measurable regardless of the pressure. High pressure is necessary to measure small pores as
shown in Figure 3.5¢c. However, it can damage the structure of the material.

Pore size can be calculated from the measured pressure using Washburn’s equation:
4-v-cosf
dp=——1 27, (3.5)
p

where d,, is the pore radius (cylindrical pore shape is considered), v the surface tension, 6 the

contact angle and p imposed pressure. For simplicity, v and 0 are assumed to be constant.
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Chapter 3. Methods of determination porosity of cementitious materials

By deriving this dependence, it is possible to obtain the pore size distribution curve, namely
the increments of pore volume as a function of size [98].

The size of large pores accessed by a small opening can be distorted and registered as
small porosity, which results in an overestimation of small pores and an underestimation of
large pores. This phenomenon is called the ink-bottle effect. Mercury intrusion porosimetry
does not register the largest capillary pores due to the upper limit of measurements. Since
the measurements are made on dried samples, the pore structure may change during the

drying process, which may cause inaccuracy in the recorded data [25, 99, 100].

a) No pressure b) Low pressure c¢) High pressure

Mercury Mercury Mercury

Figure 3.5: Intrusion of mercury into a pore material (cement paste) depending on the applied
pressure, 1.) pores accessible by a small opening, 2.) closed pores (inaccessible to the surface),

3.) capillary pores, 4.) small pore opening resulting in an ink bottle effect.
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4 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS), otherwise known as alternating current impedance
spectroscopy (ACIS), is a non-destructive method used to measure the resistance of materials,
including cement paste and concrete [12, 25]. Electric alternating current (AC) is applied to

the samples by a pair of electrodes embedded in the material or attached to their opposite
surfaces. The transmitted current with the periodic alternating signal can be decomposed
into a series of harmonic signals of sinusoidal shape with different frequencies due to fast
Fourier transform [101, 102]. The measurement is taken from the highest frequencies to the
lowest (typical range 10 MHz - 1 Hz for cementitious materials [8]), and the impedance is
recorded [6, 12].

Application of EIS in cementitious materials detects the corrosion process of reinforced
concrete [5, 6], the diffusion of chloride in concrete [7, 8], the hydration and shrinkage pro-
cess [9], the porosity and the microstructure of concrete [12-15], the influence of mineral
admixtures on cement-based material [10], and the cement paste with added carbon nan-
otubes and carbon fibers [11].

4.1 Equivalent circuit models for concrete

Cement-based materials cannot be considered as a single electrical resistor in EIS measure-
ments because the material consists of a bulk matrix, unhydrated clinker, aggregates, and
pores that may be empty or filled with a pore solution. Several researchers have proposed
different models for the microstructure of CBMs, although most of them interpret the behav-
ior of EIS unconvincingly. For example, the model for concrete proposed by Whittington et
al. [103] contains three conductive paths: aggregate, cement paste, and interface of aggregate
and paste. Although, the influence of the conductive path of the aggregate is very small in
concrete because the cement paste layer interferes with the interconnection of the aggregate
particles. In some cases, the resistances depend on the applied current, indicating unsuit-
able models (e.g. multi-layer [14], multi-cube [14], and ”T” model [104]). One of the most
complicated circuit models is the model proposed by Macphee et al. [105]. This model con-
sists of conductive paths of continuous pores, discontinuous pores, hydration products, and
unreacted cement particles. Resistance and capacitance extraction using this model is very
difficult due to its complexity. The model is impractical in application because the conductive
path of the unreacted cement particles is unimportant and has a negligible contribution to

current conduction.

Equivalent circuit models proposed by Song

Based on above mentioned models, Song et al. [12] established a new model that is based
on conductive paths in cement with respect to the pores. EIS is not able to record all types
of pores, which vary in shape, size, and distribution in the cement paste structure. For

example, capillary pores can be recorded because they are connected and have an elongated
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shape, whereas spherical enclosed pores are not measurable [25]. Electrochemical impedance
spectroscopy allows measuring only the capillary pores in CBM, and three conductive paths

are distinguished as shown in Figures 4.1:

e Continuous conductive path (CCP) - Series of capillary pores connected by pore necks
form CCP. The impedance of this path Z.., equals the resistance of interconnected

capillary pores Rccp:

chp = Rccp' (41)

¢ Discontinuous conductive path (DCP) - The continuity of a capillary path is disturbed
by a discontinuous point (DP) formed by a thin layer of cement paste. DP is considered
to be a double parallel capacitor with electric capacitance Cgp. The resistance of the
capillary path is labeled as R.,. The impedance of the path Z 4., is composed of Cgp

and R, connected in series as shown the following equation:

Zacp = Rep + Cap. (4.2)

a) Schematic microstructure b) Simplified microstructure

CONTINUOUS
coNDUCTIVE ~ (CCP)
PATH

G
ST AN
Ys

DISCONTINUOUS
CONDUCTIVE  (DCP)
PATH

INSULATION

PATH (ICP)

DISCONTINUOUS (DP)
POINT

AGGREGATE UNHYDRATED ) HYDRATION CONDUCTIVE 9 PORE
PARTICLE CLINKER PRODUCT PATH SOLUTION

Figure 4.1: a) schematic representation of microstructure and b) simplified microstructure of

concrete with illustrated conductive paths.

e Insulator conductive path (ICP) - The pores and voids do not form the largest part
of cement paste. It is made up of a bulk matrix that acts as an electric insulator.
The matrix becomes charged as a result of the current passing through the sample.
Therefore it is considered a double parallel capacitor with capacitance Cyat. Although
cement paste is not a perfect insulator, its resistance R, can be neglected if the sample

is not frozen or dried. Thus, the impedance of this path Zi.p, is just equal to the Cas:

Zicp = Cmat- (4.3)
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According to the typical Nyquist diagram (plot of real Z,. versus imaginary Z;, part of
impedance), capacitive loops occur in cement-based materials as shown in Figure 4.2b. These
loops can be replaced by parallel series of resistors (R) and capacitors (C'). An equivalent
electric circuit containing R and C' is necessary to use in order to evaluate the results of EIS
measurement [106, 107]. Many equivalent circuits based on various conductive paths have
been published and are summarized in [107].

Guangling Song in [12] published two different equivalent electric circuit models that were
used in this thesis. The first option is the equivalent circuit model (EC), which is composed of
all the above-mentioned paths, as shown in Figure 4.2a. The capacitance of the solid matrix
of cement paste is relatively low. Therefore the second option assumes the simplification that

Cmat does not have to be considered in the second equivalent model, as shown in Figure 4.2c.

a) Equivalent circuit (EC) b) Nyquist spectrum based on EC
— Impedance
—

dp s
It N
| N
Cmﬂt E

R R

N A
Re Z ()
¢) Simplified equivalent circuit (SEC) d) Nyquist spectrum based on SEC

—— Impedance

Im Z (Q)

Ro R

Re Z (Q)

Figure 4.2: a) Equivalent circuit model (EC), b) theoretical Nyquist EIS spectrum based on
a equivalent model EC, ¢) simplified equivalent circuit model (SEC), d) theoretical Nyquist
EIS spectrum based on a equivalent model SEC [12].

Furthermore, the electric circuit can be simplified into the simplified equivalent circuit
model (SEC) as shown in Figure 4.2c. Comparing the equivalent models in Figures 4.2a and

4.2¢, the following relations can be deduced [12]:

Rep- R
Ry = 22—, (4.4)
ch + Rccp
R 2
Rj=——F___ (4.5)
Rep + Reep
Rep \ 2
C, = <1 + P> - Cap, (4.6)
Rccp
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where R; is resistance of (continuous and discontinuous) pores and C' is capacitance of bulk
cement (including Cgp) and Ry is an offset resistance from the origin on real axis of Nyquist
diagram.

The theoretical Nyquist spectrum of EIS consists of arcs. The arc of diameter R; in
the EC model is the most important (due to its size and the fact that the accuracy of
data measured at high frequency is low), see Figure 4.2b. The SEC model contains only
arc Ry as shown in Figure 4.2d. The position of the center of the arc on the horizontal
axis Z, is given by the rotation by the depression angle («) [108], which is related to the
pore size distribution and the others imperfection of the sample [6]. Ry can be neglected
because high-frequency measurement (nearly to the origin on the real axis of the Nyquist
plot) is negatively influenced by surrounding phenomena and accuracy limitation of most

electrochemical equipment [12, 61, 108].

Equivalent circuit model proposed by Cabeza

Another equivalent circuit model was proposed by Cabeza et al. [109]. The model is composed
of two parts. The first part containing the capacitance C'; is defined for the solid phase and
the second part is associated with the liquid phase filling pores and is described by capacitance
C) and resistance R, as shown in Figure 4.3. The double layer capacity C), is formed at the
C-S-H gel, and capacitance at other hydration products (Portlandite, AFt, and AFm) are
neglected in the model. The parameters C), and R, exponentially change as the sample dries
off - with weight loss, capacitance decreases and resistance increases, while parameter C'; has
a constant value during drying. The Cabeza model deals with a wide range of frequencies
(100 kHz - 15 MHz).

Cabeza model

Figure 4.3: Equivalent circuit model proposed by Cabeza [109].

Equivalent circuit model proposed by Covelo

Covelo et al. [110] presented an equivalent electric circuit model shown in Figure 4.4. Covelo
model consists of a resistance R, which corresponds to the conductivity of the external solu-
tion and high-frequency limit on the impedance spectrum, and capacitances and resistances
of the sample connected in series. The part describing the electric behavior of the sample
consists of the C'1, which corresponds to the bulk matrix, the resistance R; for crossing (cap-
illary) pores filled with an electrolyte solution and R, C,, describing the movement of ions
in closed (occluded) pores. The Covelo model is designed for an experiment with electrodes

attached to the sample in a testing cell. In the case with embedded electrodes, resistance R,
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is zero because the external solution does not appear in the system. If resistance R, is equal
to zero, the Covelo model is the same as the EC model proposed by Song, which is more

suitable for the embedded electrodes experiment.

Covelo model

Figure 4.4: Equivalent circuit model proposed by Covelo [110].

Equivalent circuit model proposed by Cruz

The equivalent electric circuit model proposed by Cruz et al. [10] is based on the EC model.
The Cruz model consists of sub-circuit modeling of the electrode-solution interface and a sub-
circuit representing the sample. The first sub-circuit is composed of resistance Rgo of the
pore solution and the constant phase element Ce, which is an imperfect capacitor describing
the electric behavior of the embedded electrode in contact with the solution. The second sub-
circuit is described by Rj, which is the resistance of connected capillary pores (and/or gel
pores), CPE, which is a double layer capacitance of C-S-H gel, and resistance R, with the
constant phase element CPFE,, corresponding to the resistance and diffusion of ions in the

nano-pores (this branch overlaps with CPE,),).

Cruz model

Figure 4.5: Equivalent circuit model proposed by Cruz [10].

Fitting of the measured data

Measured data are interleaved with a fit curve based on EC, SEC, Cabeza, Covelo, and Cruz
models. The usability of the measured data is verified by Kramers-Kroning [111] fit and its
fractional residual error. Fits based on the models mentioned above to evaluate resistances

and capacitances are performed by the Simplex method. The goodness of fit x2 is calculated
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by using the equations contained in the software:
X2 = Zi\il : w7,2 : [(Zmeas,re - Zfit,'re)2 + (Zmeas,im - Zfit,im)2]7 (47)

where,

1
)
2 2
\/(Zi,meas,re + Zi,meas,im)

where Zpeas,re and Zpeqs,im are impedances of the measured data on the real and imaginary

(4.8)

w; =

part of the Nyquist spectrum, respectively. Z ti; . and Z f;; ;n, are the values of the fit on the

real and imaginary parts of the Nyquist spectrum.

4.2 Porosity calculation from EIS measurements

4.2.1 Archie’s law and its modifications

Archie’s law is the most widely used relationship between resistivity and porosity of porous
material. The relationship was originally derived from the sandstone filled with brine [16]

and is defined by the equation:
F=A ¢,", (4.9)

where F' is the formation factor (described below), A is a coefficient, ¢ is capillary porosity,
and m is Archie’s index. Archie’s law can also be used for simply evaluation of CBMs porosity,

but the following aspects need to be considered [17]:

1. The evolution of model parameter m is not considered over time. The value of m
significantly affects the porosity as shown in Equation 4.9. The Archie index depends
on the pore structure and differs with the age of the materials. Therefore, considering

the constant m is inappropriate.

2. The saturation degree is not considered. The transport of ions through the fluid cause
the conductivity of the porous material. The volume fraction of the fluid is the poros-
ity of saturated CBMs. For unsaturated CBMs, however, the porosity and degree of
hydration are included in the fluid volume fraction. Therefore, Archie’s law is applied
to saturated CBMs.

3. The conductivity of the solid phase is not considered. Both capillary and gel pores
are present in the cement paste. The conductivity of gel pores may be negligible in a
highly porous cement paste. However, at low porosity, the conductivity of gel pores

contributes significantly to the overall conductivity of the cement paste.

4. The percolation threshold is not considered because it is assumed zero in the capillary
pores of the sandstone [112]. The percolation threshold of capillary pores in CBMs
ranges from 0.16 to 0.20 [17, 113]. Thus the application of unmodified Archie’s law is

appropriate for very porous materials.
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Some selected modifications of Archie’s law used for the evaluation porosity of CBMs are

described below. Further modifications are summarized in [17, 18].

Effective electrical conductivity

In cement-based materials, resistivity is dependent on sample dimensions and electrode posi-
tions. Thus, it is more convenient to convert the resistance to effective electrical conductivity

oo as a function of electrode size and position:

l

= — 4.1
=, (410

O eff

where [ is the distance between the electrodes in the direction of current, S is the cross-
sectional area of the electrode embedded in the cement paste.
Therefore, the expression involving the effect of the saturation degree in Equation 4.9 is

rewritten to:
e = C - 00 o™, (4.11)

where o is the conductivity of conducting medium, C' is a constant depending on the satu-
ration of the sample (assumed to be 1.0 for fully saturated samples), ¢¢ is the pore volume
fraction, and m is Archie’s index. Exponent m reflects pore complexity and tortuosity and
is found in the range 1.5 - 4.0 [7, 106].

Modified Archie’s index including the effect of conductivity of solid phase

CBMs consists of two phases - pore phase (with volume fraction ¢, and conductivity o,) and
solid phase (with volume fraction ¢s and conductivity og). Thus, the total volume of the

material is:
¢p+ o5 = 1. (4.12)

The modification of Archie’s law can given as:
et = 0p - OO + 05 - P, (4.13)

where the exponent m' is a parameter dependent on the degree of solid phase connectivity
(better connectivity with the lower value), for cementitious materials with fluid-filled pores,
the parameter m' takes very low values in the range of 0.03 - 0.10, resulting in a value
of qbsml close to 1 [81]. In addition, capillary pores are the largest volume of the pores.
Therefore volume fraction of pore phase ¢, is considered equal to capillary porosity ¢g, which
corresponds to the equality of the conductivities 0, = 0¢. As a consequence, the modified

Archie’s law can be simplified to:
Teff = 00 - P’ + 0, (4.14)

where o, is taken as 0.01 S/m [106] for CBMs without sand.
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Modified Archie’s index including the effect of percolation threshold

Percolation threshold ¢, of capillary pores is the critical porosity for the fluid movement in
the material, and its value was predicted for cementitious materials. Percolation threshold

and capillary porosity ¢g enter the following equation:

_ ¢0_¢c o
F_<1_¢C> : (4.15)

where F' is the formation factor and m is Archie’s index. Formation factor is a commonly

used parameter in conductive models of CBMs and is written in the following equation:

F=_¢

o G

where o and ( represent total conductivity and resistivity of CBMs, oy and (y represent the

(4.16)

pore solution conductivity and resistivity respectively [17, 114].

4.2.2 General effective media model

The general effective media (GEM) model proposed by McLachlan et al. [19] successfully
describes the relation between electrical conductivity and porosity of a porous material. GEM
model is not eliminated by any percolation threshold and predicts that cement paste consists
of two phases [115]. The first phase with low conductivity is a solid matrix material and
the second phase with high conductivity is capillary pores. GEM model is derived from
Equations [17]:

Vk _ +1/k 1k 1/k
Po - 1_;0 ¢ + (1 — ¢o) - 1_251 ¢ =0, (4.17)
S R CORR
Vk _ pl/k
do=[(1—c)- F7VF 4 ¢, (MMl/k_Fl> 7 (4.18)

where ¢q is capillary porosity, ¢. is the percolation threshold of capillary pores, ¢ is total
resistivity of CBMs, (p is resistivity of pores solution, (i is resistivity of solid phase and
formation factor F' can be calculated using the Equation (4.16). Parameter £ is related to
the shape of pore structures and takes values ranging from 1.40 to 2.46 [17] for composites.

Parameter M is given by equation:

_Ga
Co
The application of the GEM model is impeded by the determination of parameters k

M (4.19)

and M, which should not be considered constant due to their dependence on the degree of
hydration. Both the tortuosity of pore structures and k increase with hydration. In contrast,
M decreases with the growth of the C-S-H gel and can therefore be considered constant at the

same degree of hydration. In addition, the parameter M is also affected by temperature [17].
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5 Experimental part

5.1 Experimental plan

Samples of pure cement paste, mortar, and cement paste modified by nanoparticles were
produced for porosity estimation by electrochemical impedance spectroscopy. The results
were supported by SEM + IA, gravimetric method, mercury intrusion porosimetry, and
helium pycnometry. Nano-silica and nano-alumina were chosen for cement paste modification
because they affect the porosity (and mechanical properties) of CBMs - nano-silica is assumed
to decrease the porosity, and nano-alumina is assumed to increase the porosity of a cement
paste. In addition, nano-silica and nano-alumina are relatively inexpensive and available
compared with the other nanoparticles that can be added to cement paste. Totally, five
types of mixtures were produced.

Pure cement paste (C) was produced as a reference to the modified mixtures. The optimal
dosage of nano-silica is up to 4 % [116] of the cement weight, but at higher amounts, the
particles may agglomerate and thus reduce the compressive and tensile strength. Therefore,
the cement was replaced with 1.25% of nano-SiO2 (CS-I) and 2.5% of nano-SiOy (CS-II)
- such dosage reduces the porosity, and the nanoparticles are evenly distributed. In [117],
Nagari et al. found that the highest compressive strength of cement modified with nano-
AlyOg3 is exhibited by its 1.5% replacement. Therefore, the CA mixture was produced in this
modification. Cement mortar (M) with aggregates was also produced because its properties

more closely match those of real concrete structures.

Table 5.1: Summary of the methods performed for porosity determination and chloride pen-

etration tested at different sample age.

helium gravimetric
sample age EIS MIP tSEM + IA
pycnometry method

1 day Vv Vv v

3 days vV 4 Vv

7 days v Y v v v v
14 days v v v v

Wdays v/ v Vi v v
56 days v 4 Vv Vv

84 days v v v Vv

Legend: T SEM with subsequent image analysis was not performed for mixture M.

1 Energy dispersive spectroscopy analysis was performed.

The chloride penetration test was performed as a supplementary test to the porosity
measurements in order to predict the effect of nano-additives on real structures.

The main method - electrochemical impedance spectroscopy - was performed on all types
of mixtures at ages 1, 3, 7, 14, 28, 56, and 84 days as shown in Table 5.1. At the early
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age of hydration, more time points of measurement were chosen because there are more
noticeable changes in the microstructure and macroscopic properties than in the changes
observed in mature cement paste. Helium pycnometry and gravimetric methods were also
performed at all observed times for all five mixtures due to the simplicity and speed of
the methods. SEM with subsequent image analysis was performed for C, CS-I, CS-II, and
CA. The mortar samples were not polished due to the very different elastic modulus of the
cement paste and aggregate particles. The early age samples of 1 and 3 days are in the phase
of developing microstructure. Polishing samples with the current procedure would affect the
image analysis results by highly overestimating the porous phase volume fraction. Due to the
complexity of the measurements, the samples were used for mercury intrusion porosimetry
and chloride penetration test only at 7 and 28 days of age. Since MIP and chloride penetration
tests are complementary experiments and are not required for EIS measurements, additional

observation times would not be chosen even if these experiments were not time-consuming.

5.2 Optimization of EIS measurement

Before the application of EIS to the samples used in this thesis, it was necessary to optimize
the method and the dimensions of the samples and electrodes. The test samples were made
from the CEM I 42.5R with a w/b ratio of 0.4, and measurements were performed at 14 days

of sample age.

5.2.1 Type of electrodes

The type of used electrodes has a significant effect on the measured impedance by EIS. Three
types of electrodes were tested. The first type was a full stainless steel plate (FP - Figure 5.1a)
of thickness 0.5 mm and was inserted 3 mm above the formwork bottom to the cement paste
interlinking. The second type was a perforated plate (PP - Figure 5.1b) from the same plate
as the first type with 8 drilled holes of diameter 1.5 mm. A perforated plate was inserted to
the full height of the sample, and the cement paste was linked through the holes. The third
type of electrodes was made from the stainless steel grid (G - Figure 5.1c) made of 0.5 mm

diameter wire with 1.8 mm mesh.

a) Full plate (FP) b) Perforated ¢) Grid (G)
plate (PP)
level of
embedment ..........................................
in the sample O O O O
O O O O

Figure 5.1: The types of electrodes: a) full plate, b) perforated plate, c) grid.
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It was found that the interlinking of the cement paste of the sample with the PP electrode
was insufficient. Also, drilling holes in the plate was time demanding. The area of the embed-
ded electrode of type G in the cement paste was more challenging to determine and may have
been inaccurate due to its unequal and ambiguous surface. All types of electrodes mentioned
above (FP, PP, G) are applicable for EIS measurements. However, the FP electrode was
chosen for the EIS measurements in this thesis. Since the inserted area of the electrode is
easy to calculate, the interlinking of the cement paste is secured by the 3 mm offset from the

sample surfaces, and the path leading to the electric current is clear.

5.2.2 Dimensions of samples and electrodes

The impedance measurement is also affected by the size and location of the electrode in the
sample. This is determined by the ratio S/d, where (5) is the area of electrode contact with
the material and (d) is a distance between the electrodes in the direction of the current. The
wrong assumption of the S/d ratio might significantly affect the results. Bayer [82] worked
with the samples of 3 mixtures of CBMs, a S/d ratio of 157. In contrast, Danoglidis et
al. [11] used carbon nanotubes (CNT) cement paste samples with S/d ratio of 6.6 for EIS
measurements. A smaller ratio of S/d can be used for CNT reinforced cement paste because
the CNTs in the cement paste form a continuous electrically conductive network. Thus, the
resistance of this sample is lower than that of a pure cement paste sample.

Contact between the electrode and the material can be achieved in two ways. The first
is embedding the electrodes in the material. The second way is by attaching the electrodes
to the material. In order to improve the measurement condition, a conductive material
(e.g. graphite felt) should be inserted between the material and the electrodes to ensure a
conductive and flexible bond between them. The sample should also be placed in a cell to

ensure a stable condition during the measurement [82]. In this thesis, embedded electrodes

were used.

d) L-1.0

54 [mm]

Figure 5.2: Illustration of the samples with different dimensions and distances between the

electrodes.

Firstly, the samples were made for the electrode type test with dimensions of 70 x 20 x
11.7 mm (length, width, height) and crosswise electrodes were spaced 50 mm apart (C-5.0)
- §/d ratio was 3.2 inspired by Danoglidis study [11]. Measurements of this sample did not
yield adequate results, e.g. too high resistance was measured, the Nyquist spectrum was not
smooth. Therefore no evaluation could be performed since the equivalent electric circuit was

changed compared to the samples containing CN'T. Consequently, three types of samples with
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different S/d ratios were made to yield adequate results. Two samples with dimensions of
30 x 20 x 11.7 mm (length, width, height) had electrodes inserted crosswise with distances
between them of 10 mm (C-1.0) and 5 mm (C-0.5). The third sample with dimensions 54
x 30 x 11.7 mm (length, width, height) was made with a distance of 10 mm between the
electrodes inserted lengthwise (L-1.0). The offset of the electrodes from the bottom of the
formwork was 3 mm for all the samples, and the electrodes were inserted across the entire

width of the sample. The ratio of S/d is 17, 35, and 47, respectively, as shown in Table 5.2.

Table 5.2: Dimensions of test samples and electrodes.

label  length width height S d S/d

(mm) (mm) (mm) (mm2) (mm) (mm)

C-5.0 70 20 11.7 174 50 3
C-1.0 30 20 11.7 174 10 17
C-0.5 30 20 11.7 174 5 35
L-1.0 54 30 11.7 470 10 47

The sample L-1.0 has the largest S/d ratio and thus seems to be the most appropriate.
However, sample C-0.5 with a smaller ratio of S/d had comparable results. Therefore, samples
with both geometries could be used for future measurements, as a S/d ratio of around 40

was sufficient. In the main part of the thesis, the L-1.0 sample geometry was used.

5.2.3 Influence of ambient solution

Samples hydrate in limewater, but measurements are made at a lower relative humidity of
~ 40 - 60 %. After the removal of the samples from the water, the sample begins to dry
out, which affects the measured resistivity (the resistivity increases as the drying process
continues). The drying process should be prevented, for example, by partially immersing the

sample in the solution to avoid contact water with the electrode.

a) b) ¢)
tap/destilled water or high conductivity low conductivity
limewater limewater tap/destilled water

cement paste embedded conductive path
specimen electrode of least resistance

Figure 5.3: Assumed conductive paths of the electric current depending on position of elec-
trodes - differences between a) and b). Conductive paths also depend on the conductivity of

the immersion solution - differences between b) and c).
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The assumed conductive path of electric current passes between the embedded electrodes,
especially through the cement paste. However, when the embedded electrode was placed
across the entire width of the sample and immersed in the solution, the electric current
could pass through different conductive paths of least resistance (e.g. from the embedded
electrode to the solution and back), as shown in Figure 5.3a. The electrodes should therefore
be embedded in the sample with a sufficient covering layer of cement paste (the samples
used in this thesis were protected on all sides by 3 mm thick covering layer). Only a partial
immersion of the sample in the solution is necessary to avoid contact between the solution

and the electrodes on the top of the sample, as shown in Figure 5.4.
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Figure 5.4: Illustration of a partially submerged sample in water during EIS measurement.

The conductivity of the solution in which the samples are immersed during the measure-
ment greatly influences the measured resistance. Three types of solutions were tested: tap
water, destilled water and limewater, where the samples were stored. Every sample was mea-
sured 5 times with ~ 5 min intervals. The whole process took about 30 min. The conductive
path is assumed to be affected by the high conductivity of limewater (1030 mS/m), as shown
in Figure 5.3b, which is several times higher than the conductivity of tap water (average
30 mS/m [118]) and destilled water (around 0.15 mS/m [119]). The resistivities of tap and
destilled water were stable and almost identical, as shown in Table 5.3. The resistivity mea-
sured in limewater was about 20 - 25 % lower than resistivities of tap and destilled water
because the electric current passes through a highly conductive solution as shown in Fig-
ure 5.3b. The resistivity increases with increasing immersion time in the limewater solution.
It is probably that although the surface water was removed from the top of the sample, a
small amount of limewater remained. Therefore, electric current can pass through this sur-
face water and the measured resistivities are lower compared to tap and destilled water. The
increase in resistance over time could be due to the gradual drying of the sample. Therefore,
the tap water and destilled water can be used as an immersion solution for EIS measurements

as shown in Figure 5.3c.
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Table 5.3: Resistances of samples measured by EIS in different immersion solution.

solution resistance ()
destilled water 233+ 1.1

tap water 230 £ 0.5
limewater 174 £ 1.2 - 182 £ 0.2

Legend: T Resistivity increased over the 30-minute measurement interval.

5.2.4 Influence of relative humidity

The vast majority of structures are not located in an environment with 100 % relative humid-
ity (RH). The average relative humidity is about 40 - 70 %. Therefore, the samples originally
intended for optimization of measurements were stored at different relative humidities for 1
month until weight stabilization was observed. Subsequently, EIS measurements were per-
formed at this time and after 2 months of storage at different RH. The different relative
humidities were provided by saturated salt solutions and silica gel, summarized in Table 5.4.
Before that, reference measurements were performed on the 4 and 6 month old fully saturated
samples that were not immersed in the water during the measurements because some of the
used (test) samples had electrodes located at the edge, as shown in Figure 5.3a. Subsequently,
some of the saturated samples were stored at 43 %, 76 %, and 98 % relative humidities. Sam-
ples for the storage at 11 % RH were dried at 50°C for 14 days in order to reach the steady
state more quickly and then placed in a box with silica gel. The reference sample was kept

in the limewater.

Table 5.4: The relative humidity provided by saturated salt solutions.

saturated salt silica gel relative
solution humidity (%)
KNO3 98
NaCl 76
K2COs 43
silica gel 11

5.3 Samples preparation

Five types of samples (C, CS-I, CS-II, CA, and M) were produced with a water to binder ratio
of 0.4 and with a different mixture as shown in Table 5.5. The ordinary Portland cement,
CEM 1 42.5 R, was used from the Radotin cement plant, Ceskomoravsky beton, a.s., and
with a specific surface area 359 m?/kg. Cement mineral composition is shown in Table 5.6.
Cement paste was modified by colloidal nano-SiOy (50% solution of Levasil CB8, Nouryon)
and nano-AlsO3 powder (with particle size 20 - 30 nm) with weight replacement of cement.

The ratio of cement to aggregates was chosen to be 1:1 in the mortar mixture because of
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the good workability of fresh concrete without the need for the addition of a plasticizer. The
siliceous aggregates with fraction 0 - 0.5 mm were used because of the small dimensions of

the samples and because a larger fraction caused worse immersion of the electrodes in the

mixture.
Table 5.5: Types of sample mixtures.

label  Additive cement water nano-SiO2 nano-AloOs  aggregate

(%) (8) (8) (8) (8) (8)
C - 1000 400 0 0 0
CS-I  1.25 nano-SiO2 987.5 400 12.5 0 0
CS-11 2.5 nano-SiO2 975 400 25 0 0
CA 1.5 nano-Al203 985 400 0 15 0
M siliceous aggregate 1000 400 0 0 1000

Table 5.6: Mineral composition of CEM I 42.5 R, X-ray fluorescence data provided from the

manufacturer.

SiOQ A1203 F6203 CaO MgO SOg KQO NagO Cl~
%) (%) ) ) B B (R (%)

CEMI425R 19.66 4.35 2.44 66.24 2.07 3.08 0.73 0.11  0.09

Two types of samples were made - samples with electrodes inserted for EIS measurement
(in this thesis, one sample with electrodes was used for measurements at all observed times)
and samples without electrodes, which were used for all other measurements (one sample was
produced for each observed time, which was then cut at the desired time as described below).

The first type used for EIS measurement was a block with dimensions of 54 x 30 x
11.7 mm (length, width, height). Additionally, a pair of electrodes from a stainless steel
plate was put longitudinally into the formwork. Electrodes were inserted 3 mm above the
formwork bottom and 3 mm from the formwork edges. The distance between the electrodes
was set to 10 mm. The scheme of the sample geometry for EIS measurement is shown in

Figure 5.5. Three samples of the first type were produced for each mixture.

T
b |
b s e —— EMBEDDED
= 7/ ELECTRODE
7/
3 48 3 [mm]| CEMENT
54 PASTE

Figure 5.5: An illustration of the sample with embedded electrodes.
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The second type with a cylindrical shape with a diameter of 27 mm and height of 64 mm
was prepared for porosity measurement using other methods. Both types of samples were
removed from the formwork after 24 hours and placed in 0.5% limewater solution where
retained until the measurement.

Cylindrical shape samples were sliced by a precise diamond saw at the required times (1,
3, 7, 14, 28, 56, and 84 days). All slices were used for measurement by gravimetric method,
and other methods were done on the slices of various thicknesses. The slices were cut into
three thicknesses - 6 pieces of 2 mm, 3 pieces of 7 mm and one slice with a thickness of
approximately 13 mm. The slices of 2 mm thick were used only to the gravimetric method.
The small thickness accelerates the drying process. Two 7 mm and 13 mm thick slices were
used for helium pycnometry measurement. Further, one of the slices was used for SEM with
TA - the sample polisher requires samples with a minimum thickness of 7 mm. Another
cylindrical shape sample was cut at 7 and 28 days of age into 3 pieces of 3 mm and 1 piece
of 15 mm, which was used for MIP. The 3 mm thick slices were placed in 0.5% sodium
chloride solution for 40 hours. This time was predicted by the Fick law to allow the chloride
to penetrate the entire slice thickness. The chloride surface concentration was assumed as
6 g/kg, and the diffusion coefficient D s was assumed as 11-107!2 m? /s [120]. Subsequently,

all the cut samples were dried in an oven at 50°C.

5.4 Experimental setup

5.4.1 Scanning electron microscopy and image analyses

The dried samples were ground and polished in a scanning electron microscope before ob-
servation. Series of 500, 1200, 2000, and 4000 grit silicone carbide papers were used for
lubricant-free grinding, each lasting approximately 2.5 min. Polishing was performed on a
soft cloth with a diamond spray containing dispersed particles of size 0.25 pm. Also, the
samples were immersed in alcohol and an ultrasonic cleaner after each step to remove free
particles.

A Phenom XL desktop scanning electron microscope was used to characterize the phase
composition of the C, CS-I, CS-II, and CA mixtures and the volume of each phase. The
image maps were at the time of 7, 14, 28, 56, and 84 days in BSE mode (at 15 kV, 1000x

2. This area size should be

magnification, spot size 300 pm) covering an area of 1.65 mm
sufficiently representative for the studied microstructures [121]. Moreover, energy dispersive
X-ray spectroscopy was performed for one selected spot of cement paste mixture for chemical
characterization at 28 days of age (at 15 kV, 3500x magnification, spot size 80 pm, map

resolution 1024 x1024, pixel time 4 ms).

5.4.2 Gravimetric method

The open porosity of all samples (C, CS-I, CS-II, CA, and M) was measured by gravimetric

method at all observation times. Firstly, the fully saturated sample slices (10 slices per
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sample) were weighed in water at atmospheric pressure to obtain Archimedes weight m.
Then, the water was removed from the surface slices, then weight m,, was measured, and
the volume of samples was calculated. Subsequently, the slices were placed in an oven and
dried at 50°C until the weight was stabilized. The stabilization period of 2 mm slices took ~
3 days, for 7 mm slices about 10 days. Dried samples were also weighed (mg4) and the bulk

density pg grav and open porosity ¢g grqv of the samples were evaluated.

5.4.3 Mercury intrusion porosimetry

MIP also characterized the pore structure of all produced mixtures at a hydration age of 7
and 28 days. The measurements were done on approximately 5 g fragments of dried samples
using set of instruments PASCAL 140 + 440 made by Thermo Fisher Scientific Inc. From
this method, the pore size was calculated based on the external pressure required for mercury
intrusion into the pores using the Washburn equation. The cumulative pore distribution
curve was obtained for pore radii from 3 nm to 100 pm, and the mercury contact angle was
considered to be 130°.

5.4.4 Helium pycnometry

The porosity of samples was also measured on dried samples by helium pycnometer Pyc-
nomatic ATC from Thermo Fisher Scientific. The matrix density of all five mixtures was
measured by a change of pressure in the device chamber on three samples at 7 observation
times. The total open porosity ¢g,y. of the studied material was calculated based on the

bulk density measured by the gravimetric method and the matrix density.

5.4.5 Chloride penetration test

Samples C, CS-II, CA, and M were used for chloride penetration tests at 7 and 28 days of
age. The samples were placed in 3 % NaCl solution. Three 3 mm thick slices from each
mixture were immersed in 10 1 of salt water to ensure a stable NaCl concentration during
chloride penetration and binding to the pore walls. The exposure time was estimated to be
40 hours. This time was assumed to be sufficient to allow chloride penetration into the entire
volume of the samples exposed to the solution from both sides. After 40 hours, the samples
were dried in an oven at 50°C until their weight had stabilized.

The same procedure as in Bayer’s thesis [82] was used to obtain the total chloride volume.
The dried samples were ground to powder. A quantity of ~ 2.5 g of powder was weighed
accurately and placed in a beaker with 50 ml of demineralized water and 10 ml of 5 mol/1 nitric
acid. Subsequently, 50 ml of boiled demineralized water was added and covered with a watch
glass. The suspension was boiled for 3 min. Then, the suspension cooled to room temperature
and was filtered through filter paper. Potentiometric titration was then performed on an
EasyPlus APO 15 device from Mettler Toledo using 0.1 M AgNOj5 solution. The concentration
in the sample C was then calculated from the known total volume of the solution Vi, the

weight of the original powder mg, and the chloride concentration in the solution Ctit,.
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5.4.6 Electrochemical impedance spectroscopy

EIS measurement was performed using Zahner Zennium X device and ThalesXT USB soft-
ware with a frequency range of 12 MHz - 100 Hz and 10 steps per decade. The amplitude
of the sinusoidal voltage was set to 10 mV. The use of a larger potential amplitude is not
recommended due to possible changes in the surfaces of the samples [102]. The cables con-
nected two working electrodes to one of the embedded electrodes. The reference electrode
and the counter electrode were connected to the other of the embedded electrode as shown
in Figure 5.5 [122]. Short coaxial cables were used to reduce the influence of surrounding
phenomena and a measurement noise [102]. Samples were partly submerged in the tap water
while simultaneously avoiding contact between electrodes and water as described in Subsec-
tion 5.2.3. The samples were measured at 7 different ages of hydration - 1, 3, 7, 14, 28, 56,
and 84 days. The EIS measurements were performed three times on the individual samples,
for a total of 9 measurements were taken for each mixture at one observation time. Totally,

315 measurements were performed during the whole observation period.
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6 Results

6.1 Scanning electron microscopy and image analyses

Samples at 28 days aged were used for EDS analysis to obtain the chemical composition of
the mixtures. The performed maps are shown in Figure 6.1. The percentage representation
of oxides (CaO, SiOz, AloO3, MgO, SOs, FesO3, and K20) is summarized in Table 6.1. As
visible, the differences between individual mixtures are minor since the same type of Portland
cement was used for mixtures. The small amount of NPs addition (1.25 % - 2.5%) did not

affect the chemical composition of the mixtures very much.

Figure 6.1: EDS maps performed for 28 days old samples: a) C, b) CS-I, ¢) CS-1I, d) CA.

Image analysis was performed for C, CS-I, CS-II, and CA using color pixel thresholding.
Sample older than 7 days were used for image analysis. Color pixel thresholding was used
to segment the images into individual components. In general, the sample’s microstructure
was divided into main hydrates, unhydrated clinker particles, CH, and pores/cracks. The
volume fraction of individual components of the mixtures during the time is summarized
in Table 6.2. The volume fraction was obtained from a single image map covering a suffi-
ciently representative area of each mixture. Some phases were not clearly separated due to
similar color intensity. Therefore, phases e.g. C-S-H gel, C-A-H gel, and C-A-S-H gel were
jointly identified as main hydrates. The group of pores contains shrinkage cracks or cracks

artificially created during polishing. Also, the color intensity overlaps with other phases,
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Table 6.1: Stoichiometric weigh concentration of oxides measured by EDS analysis for 28

days old samples.

mixture stoichiometric weight concentration (%)

CaO SiOz Aleg MgO SOg F6203 KQO
C 640+04 23503 46+03 18+x01 36=+x01 26=x03 02=£0.0
CS-I 63910 222+15 5311 18+x01 3502 31x£07 02=£0.0
CS-1I 61.3+£06 240=%x07 5103 23x03 35x£02 3.0x£03 0.7=£0.0
CA 63.0+11 226+16 64+£06 1700 3904 29£05 05=£0.1

causing an overestimation or underestimation of the phases, so this method is approximate
and dependent on the accuracy of the estimation. The example of SEM-BSE images and
corresponding image analysis performed is shown for two selected hydration times (7 and
56 days) in Figure 6.2.

In general, the volume of pores and cracks decreases with increasing time due to continuous
hydration and ranges from 12.9 % at 7 day of age samples to 7.1 % measured at 84 days.
The volume of cracks and pores at age 1 day of hydration is similar for all mixtures and is
~ 12.8 %. At further hydration ages, the crack/pores volumes of CS-I and CS-II take on
lower values than those of pure cement paste in proportion to the amount of nano-silica added.
These values are almost identical to the reference mixture at the 84 days with ¢g ~ 7.3 %. In

contrast, CA has ~ 1.5 % more volume of cracks/pores, which ranges from 12.8 % to 9.0 %.

Table 6.2: Volume fraction of individual microstructure components evaluated by image

analysis from SEM-BSE images.

mixture cracks/pores (%) main hydrates (%)

7d. 14d. 28d. 56d. 84d. 7d. 14d. 28d. 56d. 84d.

C 129 11.2 10.0 8.7 7.4 62.4  66.0 69.8 73.6 75.1
CS-1 13.0 10.3 8.3 8.0 7.4 63.0  68.7 72.7 73.9 76.1
CS-11 12.3 9.0 8.0 7.8 7.1 63.5 69.9 73.6 76.2 78.1
CA 12.8 11.3 10.5 9.4 9.0 62.7  66.9 68.9 72.7 73.3
mixture Portlandite (%) unhydrated clinker particles (%)

7d. 14d. 28d. 56d. 84d. 7d. 14d. 28d. 56d. 84d.

C 12.8 11.3 10.5 10.4 10.3 12.0 114 9.8 7.4 7.1
CS-1 124 10.2 10.0 9.8 9.4 11.6  10.9 9.0 8.3 7.1
CS-11 12.3  10.1 9.4 8.1 7.8 12.0 11.0 9.1 7.9 7.1
CA 12.6 11.6 10.9 10.7 10.7 119 10.2 9.6 7.2 7.1

The volume of main hydrates generally increases with hydration time as new phases are
formed at the expense of the volume of unhydrated clinker particles and Portlandite. The

volume of unhydrated clinker particles is not affected by nano-additives and therefore has
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Figure 6.2: SEM-BSE images and image analysis of different mixtures at 7 and 56 days aged
showing individual phases: pores/cracks (black), main hydrates (light blue), Portlandite
(dark blue), unhydrated clinker particles (white).

approximately the same for all mixtures at the observed times. The volume of unhydrated
clinker particles varies from ~ 11.9 % at 7 days old to ~ 7.1 %, which is the value measured
for the 84 days old sample. The results show that the volume of Portlandite decreases with
continuous hydration. The addition of nano-silica decreased the volume of CH because it
formed an additional C-S-H gel. The reduction in the volume of Portlandite increases with
the amount of nano-silica added. The initial CH volume is almost identical for all mixtures
and is &~ 12.5 %. Based on mention above principle, the CH volume of CS-I and CS-II
mixtures decreases by about &~ 9 % and =~ 25 %, respectively, compared to the C-84d sample.

In contrast, the addition of nano-aluminum increases the volume of formed Portlandite
compared to the pure cement paste by ~ 3 % at the last measurement time. The volume of
main hydrates in all mixtures is & 63 % at 7 days old. The volume gradually increases with
time due to hydration. At 84 days, the highest volume of main hydrates has CS-II (78.1 %),
followed by CS-I (76.1 %), which confirms the addition reaction of nano-silica. The volume
fraction of the reference C mixture was measured as 75.1 %. The slowest increase of main

hydrates was observed for the CA sample as 73.3 %.
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6.2 Gravimetric method

A wide range of open porosity values measured by the gravimetric method lies in the interval
from 19.4 % to 37.8 % as summarized in Table 6.3. The results are also graphically shown in
Figure 6.3. The highest porosity was measured for 1 day old samples and gradually decreased
with hydration time. This phenomenon corresponds to the formation of new hydration prod-
ucts which occupy the space initially occupied by water (esp. capillary pores). After 28 days,
the porosity decreases from =~ 37 % to ~ 30 % for all cement paste samples. Furthermore,
changes in open porosity were measured at less than 1 % for all mixtures. No apparent
effect of nanoparticles was observable. The open porosity of mortar samples was measured

significantly lower by up to 35 % compared to samples due to the presence of aggregates in

the volume.
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Table 6.3: Total open porosity of different mixtures evaluated by gravimetric method.
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Figure 6.3: Porosity evaluated by gravimetric method.

age porosity (%)

(days) C CS-1 CS-TT CA M

1 378 £ 07 38103 388=£05 39106 269=%0.5
3 34607 349+04 339+04 34505 221=+x0.5
7 321+13 327+12 325+£08 327+£12 214+1.1
14 315+11 323+10 31.8+11 31.9+07 204=+x09
28 30.6 £ 08 31406 31.3+£04 31.0x08 19.6 0.7
56 301 £08 302+10 305+07 299+10 19.3=+0.8
84 301 £10 29712 301+£12 29806 19.4=+0.7
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6.3 Helium pycnometry

The porosity obtained by helium pycnometry lies in the interval from 16.5 % to 34.0 % as

shown in Table 6.4 and graphically in Figure 6.4. The highest porosity was measured for

the 1 day old and gradually decreased with hydration time, similar to the measurement with

the gravimetric method in Section 6.2. After 28 days, the porosity decreased from ~ 38 %

loss to ~ 31 % compared to the first measurements. The differences between the modified

cement pastes and the reference cement paste vary but do not have a typical trend. The

maximum differences between the modified cement mixtures decrease from ~ 10 % to ~ 5 %

with increasing hydration. The only stable phenomenon is the higher porosity of CS-I and

CA mixtures compared to CS-II. Mortar is again characterized by significantly lower porosity

of ~ 30 % compared to cement pastes.
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Figure 6.4: Porosity results measured by helium pycnometry.

Table 6.4: Total open porosity of different mixtures measured by helium pycnometry.

age porosity (%)

(days) C CS-1 CS-II CA M

1 340+ 05 31.6+0.1 306+£1.0 31.7+£03 235%0.2
3 31.1+04 305+£09 289+14 298 +1.0 21.0+0.7
7 281 £ 05 26.8+02 256=+05 2744+00 19.3+0.6
14 25,74+ 05 256+05 25.0+05 260+04 182+0.5
28 245 +04 246 07 23.7+08 244+02 17.0=+£0.1
56 23.3+1.2 2454+02 228+ 08 23.7+08 16.6+0.8
84 23.0+£08 23.7+02 225+03 233+0.1 16.5+£0.2
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6.4 Mercury intrusion porosimetry

The results of mercury intrusion porosimetry can be processed into the different outputs -
cumulative pore volume curve, distribution pore volume curve and pore volume distributed by
pore diameter into five groups according to the decade from 1 nm - 100 pm. The cumulative
pore volume is shown in Figure 6.5. Mixture C acquires the largest values of total cumulative
volume, 0.157 cm?/g and 0.135 cm®/g, at both 7 and 28 days, respectively. In contrast, the
mortar has the smallest total cumulative pore volume. M-7d has reduced values by ~ 50 %
compared to C-7d, and the total cumulative pore volume of M-28d has reduced by =~ 38 %
compared to C-28d. The modified cement pastes assume nearly the same values at 7 days,
differing by ~ 2 %. However, CS-II-28d achieves ~ 20 % higher values than the CS-I and
CA mixtures at 28 days.

a) 7 days b) 28 days
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Figure 6.5: Cumulative pore volume curves of different cement pastes measured a) at 7 days
and b) at 28 days of hydration.

The pore size distribution curves in the material are shown more clearly in Figure 6.6
and the interval distribution according to pore size is shown in Figure 6.7. The largest pore
volume is occupied by pores with diameters in the range of 0.01 - 0.1 pm for all mixtures.
The maximum pore volume of give pore size of a mortar mixture differs significantly from
the other mixtures at both times. The largest peak for the mortar at 7 days is &~ 55 % lower
than that for C-7d, and at 28 days the reduction is =~ 35 %.

The differences in pore volume of a certain size between observation times are shown in
Figure 6.7. In the first pore size range, 1 nm - 10 nm, the pore volume of each mixture
generally decreased over time. The exception is sample C, where the pore volume increased
in this diameter range. In the second pore size range, 10 nm - 0.1 pm, the pore volume of C
and CS-I remained unchanged at both times. CS-II-28d and CA-28d decrease by ~ 8 % and

~ 12 %, respectively, compared to age 7 days. In contrast, the pore volume in this range for
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Figure 6.6: Distribution curves of different cement pastes measured a) at 7 days and
b) at 28 days of hydration.
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Figure 6.7: Pores measured by MIP a) at 7 days and b) at 28 days of hydration divided

according their size.
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the mortar increases by =~ 40 % at 28 days compared to the 7-days-old sample. The pore
volume of modified cement pastes at this pore diameter range stayed lower than C at both
observation times, however with various ratio between each mixtures. The largest change
over time is observed between mixtures C and CA. In the pore size range of 0.1 - 1 pm, the
pore volume of all mixtures generally decreases with time. The smallest reduction is for the
CA, ~ 6 %. For the other mixtures, the reduction at 28 days is &~ 33 % compared to 7 days.

In the range of 1 - 100 pm, the differences between the observation times are negligible.

6.5 Chloride penetration test

The chloride concentration of the samples ranges from 6.044+0.29 mg/g to 12.60+0.06 mg/g,
as shown in Figure 6.8.The differences in concentrations of C of C, CS-II, and CA mixtures
are about ~ 7 % at 7 days. For the mortar, the C is ~ 43 % lower than the reference pure
cement paste. The differences between the concentrations at 28 days of age are more signifi-
cant, with the chloride concentration of CS-II being =~ 26 % lower than that of the reference
mixture C, while the concentration of CA is =~ 7 % higher. The mortar at 28 days of age

contains almost the same chloride concentration as at 7 days of age.

15
m7d 28d
I
. 10
g z
&}
= I
. I
0
C CS-11 CA M
Sample

Figure 6.8: Results of chloride penetration test.

The mixtures C, CA, and M have larger chloride concentrations measured at 28 days of
age compared to the measurement at 7 days. That was unexpected since the samples with
lower porosity should have measured smaller concentrations. It is assumed that chloride has
not penetrated the entire sample thickness, and the diffusion coefficient used for prediction
varies with hydration time. Also, it is possible that the ability to bind chloride may have
decreased with decreased porosity. It can therefore be stated that the penetration time should

have been longer.
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6.6 Electrochemical impedance spectroscopy

6.6.1 Equivalent electric circuit models

An example of a typical Nyquist spectrum measured by EIS for the C-56d sample is shown
in Figure 6.9a. This spectrum is typical for all saturated mixtures (even mortar) at all the
observed times used in this thesis. Figure 6.9b shows the position of the data obtained from
EIS measurement on the Nyquist spectrum based on the SEC model. The measured points
lie in the lower frequencies of the Nyquist spectrum. Before evaluating the resistance and
capacitance, the experimental data was corrected and cut off at both ends. Correction of the
data was necessary because the values at very low frequencies correspond to the electrodes’
resistance and their contact with the material. The values at high frequencies are inaccurate
due to the limitations of the measuring device. Furthermore, the data was fit with the Simplex
algorithm with the application of different models. Four different equivalent circuit models
(EC, SEC, Cabeza, and Cruz) were used to evaluate the resistance of the connected capillary
pores. The resistances differ by ~ 2 % as shown in Table 6.5. The most appropriate fits are
Cabeza, Cruz, and SEC with the goodness of fit in the order of 10%. The accordance of the
fits with the experimental data is shown in Figure 6.10. The fits of the EC model deviate
mostly from the measured data at high and low frequencies. In contrast, the fits of SEC,
Cabeza, and Cruz have almost identical shapes, and the fit measured data more accurately.

SEC model was chosen and applied for porosity evaluation in this thesis, although Cabeza

and Cruz models would be equally appropriate for used mixtures.

a) Experimental data b) Nyquist spectrum based on SEC
150
noise © cement matrix @ electrode —— Nyquist spectrum === measured data
100
S)
N . °
= °
50 ‘e
°
°
)
'V < high frequency R low frequency —
0 N ]
150 200 250 300 50 100 150 200 250

Re Z (Q)

Figure 6.9: a) Experimental Nyquist EIS spectrum of real measured data, b) the position of

the measured data on the Nyquist spectrum.
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Table 6.5: Resistances of continuously connected pores (CCP) of the C-56d sample evaluated

by different equivalent electric circuit models.

model resistance of CCP  goodness of fit
label R (Q) x>
EC Reep 2524 %+ 0.9 3.7E-05
SEC Ry 254.4 +£ 0.9 4.5E-06
Cabeza Ri 254.1 £ 0.8 1.8E-06
Cruz Ry 250.0 £+ 2.2 1.9E-06
150
----EC fit SEC fit - - - Cabeza SEC fit ----Cruz fit SEC fit
® Exp. data
100 R
N g Y '\we\ ‘\'&
g ., L) e
. 50 o e QQ

150 200 250 300 150 200 250 300 150 200 250 300
Re Z(Q)

Figure 6.10: Experimental Nyquist EIS spectrum with fits (EC, SEC, Cabeza, Cruz).

6.6.2 Resistance and capacity measured by EIS

In the case of EIS measurement, the resistances were not converted to effective electrical
conductivity because of the same sample and electrode dimensions (i.e. the ratio S/d is
identical for all mixtures). Moreover, resistance values are better describable. Resistances
of CBMs increase with ongoing hydration and range from 83.2 Q to 471.7 Q for all types
of samples up to 84 days old, as shown in Figure 6.11a. The capacitances do not have a
clear trend. However, they decrease with continuous hydration from 69.2 pF to 28.3 pF, as
shown in Figure 6.11b. This effect corresponds to increasing the volume of C-S-H gel and the
associated porosity decrease. For example, the resistance of C-84d is =~ 2.8 x higher than
that of C-1d.

During the first 7 hydration age, almost no differences (=~ 2 %) were observed between
the resistances of the reference and all modified cement pastes. However, from 14 days of
age, the differences between individual paste mixtures started to be more pronounced. The
resistances of cement pastes modified by nano-silica increases from 14 to 56 days of age with
the increasing nano-SiOs dose and continuous hydration. The highest resistances of nano-
silica modified cement paste is for the CS-1-56d and CS-I1I-56d, with values higher by ~ 18 %
and 46 %, respectively, compared to C-56d. However, at 84 days of age, the resistance values
slightly decreased compared to the measurement at 56 days. The reason for this decrease is

unknown and may be explained by measurements at a later observation time. The resistances
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Figure 6.11: a) Resistances R; and b) Capacitances C'; of different mixtures evaluated from
EIS by the SEC model.

of CS-1-84d and CS-11-84d are only about ~ 12 % and 30 %, respectively, higher than C-84d.
In contrast, the addition of nano-aluminum reduces the resistivity by ~ 5 % at 56 days of
age compared to the reference cement paste at the same hydration time. At 84 days of age,
the resistance is the same as that of CA-54d. The mortar has significantly higher resistances
than all cement paste samples from the beginning due to the aggregates reducing the number

of conductive paths in the matrix.

Table 6.6: Resistances of continuously connected pores (CCP) in materials at different hy-
dration ages evaluated from EIS by the SEC model.

age R (Q)

(days) C CS-I CS-I1 CA M

1 95.0 £ 2.0 87.6+20 832433 87.1+87 1283467
3 1210 £28 119.0+£20 1196+44 1214+83 197.4+74
7 1723 £49 1738 +£3.6 1683+£22 1628 +49 279.7+ 114
14 200.2 £ 5.2 2276 £3.9 2650423 191.0+ 38  363.4 £ 82
28 21814+ 2.3 2611+ 105 3604492 2021457 3864+ 9.4
56 2524+ 3.1 3084449 3963+ 6.3 2483+ 10.7 458.9 & 19.9
84 266.7 £ 4.6 303.0 £ 7.9 3828 £ 7.6 2489+49 4717+ 9.9

6.6.3 Influence of relative humidity

The example of measured Nyquist spectra for samples stored 1 month at 11 %, 43 %, 76 %,
and 98 % RH is shown in Figure 6.12. The data for samples at 76 % and 98 % RH (in
Figure 6.12a, b) have the same shape as fully saturated sample (Figure 6.9), but with larger

arc diameter. Data measured for the sample with a relative humidity of 43 % produce a
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Figure 6.12: Nyquist spectrum of samples stored in different relative humidities showing
different models fits: a) 98 % RH, b) 76 % RH, ¢) 11 % RH, d) 43 % RH.

fuller curve shape (which in this case is no longer a semicircle) and achieve significantly
larger values of imaginary impedance (Figure 6.12d). The resistance of the sample stored at
11 % RH was too high, and only disorder data was measured, not applicable for evaluation
as shown in Figure 6.12c.

All four models: EC, SEC, Cabeza, and Cruz, were used for the resistance evaluation
from data obtained for samples stored in different relative humidities (11 %, 43 %, 76 %,
and 98 % RH). Both SEC and Cruz models show negligible differences for 76 % and 98 %
RH between each other as shown in Figure 6.12a, b, and both are applicable for evaluation.
The evaluation of the samples stored at 43 % RH was only possible with the Cruz model
because the fit of this model most accurately corresponds to the experimental data, as shown
in Figure 6.12d. The fits of all other models were inappropriate.

The resistances from the reference measurement had to be converted to effective electrical
conductivity due to the dimensions and position of embedded electrodes since test samples
with different dimensions were used for relative humidity testing. Similar values of the ref-
erence samples (before storing in RHs) o.g were obtained as shown in Table 6.7. o.g after
storage at different RH for one month decreased by 20 % for the sample stored at 98 % RH),
50 % for the sample at 76 % RH, and 98 % for the sample at 43 % RH compared to reference
measurement. After 2 months of storage, the decrease of o.g is attributed to ongoing hydra-
tion, not the effect of relative humidity, since the relative humidity should already be stable.

Unfortunately, further measurement of samples stored in limewater was not successful. Thus,
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Table 6.7: Resistances of mixtures stored in different relative humidities evaluated from EIS
by the SEC model.

RH (%) R1(Q2) Oeft (MS/m)

ref 1 month 2 months ref 1 month 2 months
11 420 £ 5 - - 75.0 £ 0.7 - -
43 842 + 12 38730 &+ 254 59667 + 665 77.0+ 0.9 1.7+ 0.0 1.1 £ 0.0
76 338 £ 1 683 + 2 914 + 10 746 £ 0.2 369 4+01 276402
98 337 £ 2 418 £ 3 425 £ 1 78.6 £ 0.3 63.5+04 624+0.1
100 312 £ 2 - - 76.6 £ 0.3 - -

the effect of relative humidity and ongoing hydration was not possible to separate.

Although samples with various dimensions were used (samples stored in 76 % and 98 %
RHs had the exact dimensions), the noticeable changes in measured resistances are observable
for different relative humidities. The resistivity of samples stored at 76 % and 98 % increases
proportionally with decreasing relative humidity, as shown in Table 6.7. The sample stored
at 43 % in relative humidity has different electrode dimensions than samples stored at 76 %
and 98 %. However, many times larger resistances than the reference, so the position of the
electrodes is not as significant as the effect of low relative humidity.

Observation of the influence of relative humidity on the application of EIS was not the
main objective of this thesis. Although, given the results above, the influence of RH would

deserve a more thorough study with a different experimental plan.

6.7 Estimation of porosity from EIS

The relationship between porosity and the electrical properties are defined by Equations (4.11),
(4.13), (4.15), and (4.18) in Section 4.2. These relationships contain more than one unknown
parameter (porosity ¢p, the conductivity of solid phase o, percolation threshold ¢.) or a
parameter with an unknown time evolution during the hydration period (Archie’s index m,
parameter k).

In general, for subsequent evaluation using modified Archie’s Law and GEM model, the
values of conductivity /resistivity of the pore solution are necessary. The values depend on
DoH and are summarized in Table 6.8. The DoH was obtained from Cemhyd3D as shown in
Figure 6.13, which reconstructs the hydration process of cement paste in three dimensions.
Cemhyd3D uses the typical mineral composition as input according to Taylor’s assumption of
it [123], the specific surface area of the used clinker, and the ambient temperature. The pore
solution’s conductivity (respectively resistivity) was obtained from the estimated DoH and
the cement composition by the virtual method given in Section 2.2.5. However, this virtual
method is derived for DoH in the range of 0.6 - 0.9 [60], so the calculated conductivity of the
solid phase at 1 and 3 days may not be accurate. The conductivity o5 was considered to be
in the range of 0.0025 Qm [112] (OPC paste with w/b ratio of 0.4) to 0.01 Qm [124] (OPC
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hydration age DoH 00 Co 1.000
(days) (%) (S/m)  (Qm) O 8:23(5) —
=
42.0  11.67  0.086 2 0768
3 56.8 1252 0.080 £ 0600
>
65.5 13.08 0.076 = 0400 | 28 dinvs
14 717 1352 0.074 ° T I T 56 davs
g \
28 76.8  13.90  0.072 B 02001 84 days
56 80.5 14.19  0.070 A DoH
0.000
Time (days)
Table 6.8: Degree of hydration and
conductivity of pore solution at spe- Figure 6.13: Evolution of degree of
cific hydration time. hydration estimated by Cemhyd3D.

paste with w/b ratio of 0.45). The percolation threshold was considered in the range of 0.15
to 0.2 [113] (OPC with various w/b ratios ranging from 0.3 - 0.5).

Consequently, the porosity, Archie’s index m, and parameter £ (GEM model) are left as
only unknowns in presented relationships. Therefore, porosity values measured by helium

pycnometry and gravimetric method were used for calibration of parameters m and k.

6.7.1 Modified Archie’s law

Three types of modifications of Archie’s law were used in this thesis for porosity evaluation.
The classic modification of Archie’s law described by Equation (4.11), Archie’s law consid-
ering the effect of solid phase conductivity described by Equation (4.13), and Archie’s law
considering the effect of percolation threshold described by Equation (4.15).

Table 6.9: Values of Archie’s index of three Archie’s law modifications calibrated by porosity

from helium pycnometry.

age Archie’s index, mpyc (-)
(days) classic modification of consideration of consideration of perco-
ays
Archie’s law - Eq. (4.11) solid phase - Eq. (4.13) lation threshold - Eq. (4.15)

cC CS1I ¢s-II CA M C CSI CS-II CA M C CSI CSII CA M

1 3.5 3.2 3.1 32 28 36 33 3.1 33 29 22 19 1.8 19 1.3
3 3.5 3.5 3.3 34 30 36 3.5 3.3 34 30 21 20 1.9 20 1.1
7 3.6 34 3.3 35 30 36 3.5 3.3 35 31 20 1.8 1.7 1.9 -
14 3.5 3.5 3.6 35 31 35 36 3.7 3.5 32 1.8 1.8 1.8 1.8 -
28 3.4 3.6 3.7 34 31 35 36 3.8 34 31 17 18 1.7 1.6 -
56 3.4 3.7 3.7 35 31 35 38 3.8 35 32 1.6 1.8 1.6 1.6 -
84 3.4 3.6 3.6 34 31 35 3.7 3.7 35 32 15 1.7 1.6 1.6 -

The classic modification of Archie’s law uses a total conductivity parameter (o.g) calcu-

lated from the measured EIS resistances and the dimensions of the embedded electrodes in
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the sample. The constant C' depends on the saturation of the sample. Since the samples
were fully saturated before measurement and partially immersed in tap water during the
measurement, the parameter C' was considered equal to 1.0. The conductivity of the pore
solution oy depends on the hydration time and is calculated in Table 6.8.

The modified Archie’s law considering the effect of solid phase conductivity also uses oeg
and o varying in time. The conductivity of solid phase o is assumed to be 0.00775 Qm [115].
The modified Archie’s law accounting for the effect of the percolation threshold uses a for-
mation factor that depends on the total conductivity oeg and the conductivity of the pore
solution og. The percolation threshold ¢. is taken to be 0.2 [113].

In this thesis, for all modifications of Archie’s law, the parameter m is not considered a
constant as in literature [7, 106] but as a function of the hydration time. The porosity value
¢o was primarly assumed from measurement by helium pycnometry ¢g ,y.. The parameter m
is calculated for each observation time and each modification of Archie’s law and summarized
in Table 6.9. Archie’s index with the effect of percolation threshold could not be calculated
for M-7d samples and older. Because the measured resistances were higher with time, it is
impossible to evaluate the logarithm of a negative number.

The evolution of Archie’s index computed from the above modifications is shown in Fig-
ure 6.14a. The classic modification and the modification considering the effect of o4 have the
same trend. However, the value of the parameter mpy., including the influence of the solid
phase conductivity, is &~ 0.1 higher. In contrast, the values of Archie’s index with respect

to the percolation threshold change significantly in their values (55 % decrease) and time

course.
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Figure 6.14: Example of Archie index, a) mpy. evaluated by different Archie’s law modifica-
tions for CS-II sample calibrated by helium pycnometery, b) Archie index for CS-II sample

calibrated by helium pycnometry (mpy.) and gravimetric method (mgrav).
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The logarithmic function was used to describe the evolution of the Archie index over
time, as it gave the most accurate fit calculated data. An example of the fit performed for
the classic modification of Archie’s law for selected mixtures is shown in Figure 6.15. A
different trend can be observed for mixture C, whose values decrease with hydration time.
In contrast to the other mixtures, where values increases. The values are likely to stabilize
with additional hydration time. In general, it can be concluded that the values of the Archie
index for different mixtures at a later period have the following trend: M < C = CA <
CS-1 = CS-11L

5.0
X C X CS-1 X M

40 —fit —fit —fit
% e R X
T 3.0 £
k= y = -0.027 In(x) + 3.5375 y = 0.0939 In(x) + 3.2557 vy = 0.0563 In(x) + 2.8781
o R?= 0.8724 R2= 0.9150 R2= 0.9113
© 20
g
g
< 1.0
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Figure 6.15: Examples of fits of classic modified Archie’s law - Equation (4.11) for mixtures
C, CS-I, and M.

The porosity evaluated by the gravimetric method was also used to determination of
Archie’s index mgray. Both mpye and mgay have the same curve shape, as shown in Fig-
ure 6.14b. However, the values of mgray are shifted upwards by ~ 0.89. A reason is that the
porosity obtained by the gravimetric method takes higher values than the porosity obtained
by helium pycnometry. Archie’s index is in fact quite closely related to the calibration values
used. The trend of Archie’s index varies at the initial observation times, which is probably
due to an inaccurate estimation of the pore solution conductivity at the first three hydration

days.

6.7.2 General effective media model

General effective media model can be used to evaluate porosity directly if all the necessary
parameters are known, which are percolation threshold ¢., solid phase conductivity o, pore
solution conductivity og, total sample conductivity oeg, and parameter k. Similar to Archie’s
law, the parameter k is unknown. Also, the model results are very sensitive to the value of
solid phase conductivity. Thus, calibration of these parameters is necessary. In contrast to
Archie’s law, where experimental measurement at only one time is needed, the GEM model
requires several measurements over time to evaluate porosity from experimental data. These
experimental data (porosity calibrated by helium pycnometry) were recorded at all seven
observation times and plotted as formation factor versus porosity. Then it was used for

function fitting according to Equation 4.18 as shown in Figure 6.16.
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Figure 6.16: Relationship between porosity and formation factor.

The percolation threshold was again assumed to be ¢, = 0.2 since other values significantly
affect fit and lower the coefficient of determination values. The result values used to fit the
GEM model are summarized in Table 6.10. The conductivity of the solid phase was evaluated
to be ~ 0.0063 Qm for the samples (C and M) without nanoparticles addition. This value
is within the range of values found in literature 0.0025-0.01 Qm [112, 124]. Mixtures C and
M differ in the parameter k, which is twice higher for cement paste than for mortar. The
nano-silica probably significantly affects the solid phase conductivity since it takes values
even lower than the low limit to ensure the most appropriate fit. The conductivity of the
solid phase of CS-I and CS-II mixtures is 0.00100 Q2m and 0.00052 Qm, respectively. Hence,
this value decreases with the increasing amount of nano-silica addition. The conductivity
of the solid phase of the CA sample is equal to 0.00266 Q2m and is close to the lower limit
reported in literature [112, 124].

Table 6.10: Values of parameter £ (GEM model).

mixture k (-) os (Qm) ¢ (S/m)  R? (-)

C 3.314  0.00631 158 0.999
CS-1 2.160  0.00100 1004 0.995
CS-11 1.930  0.00052 1939 0.996
CA 2.327  0.00266 375 0.996
M 1.654  0.00630 159 0.999

However, the differences in porosity results of the NPs modified cement pastes compared to
helium pycnometry are observable. The values more likely correspond to the inverse results
of resistances from EIS measurement. The higher the resistance, the lower the porosity
obtained. The mixtures CS-I-84d and CS-11-84d have lower porosities of ~ 15 % and =~ 24 %,

respectively than the reference C-84d sample. That confirms the fact that porosity decreases
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Figure 6.17: Porosity calculated according to GEM model.

with the amount of nano-silica addition. The nano-alumina modified cement paste has a

lower porosity of &~ 10 % than mixture C at 84 days.

In conclusion, the GEM model, after proper constant calibration, is more suitable for

porosity evaluation from EIS measurement than Archie’s law since it reflects resistance values

from EIS.

Table 6.11: Values of porosity calculated by GEM model.

age do,cEnm (%)

(days) C CSI CSII CA M
1 33.2 28.7 27.7 29.7 23.1
3 30.2 25.8 24.6 26.4 20.5
7 26.5 22.8 22.2 23.9 18.6
14 249 20.8 19.2 22.5 17.2
28 23.9 19.7 17.3 22.0 16.7
56 22.5 18.6 16.7 20.4 15.8
84 22.0 18.7 16.9 20.4 15.7
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7 Discussion

7.1 Comparison of EIS results with the literature

7.1.1 EIS resistances

Several researchers have investigated the electrical properties of cement-based materials using
EIS.

Vedalakshmi et al. [125] worked with OPC concrete with sample dimensions of (100 x
100 x 100) mm. The electrodes were two stainless steel plates of (40 x 40) mm embedded
in the fully saturated sample. An equivalent electric circuit model considered two phases -
bulk matrix and pore solution in pores. In the experiment, the obtained resistances were
lower than those evaluated in this thesis for the M mixture. At 3 days of age, the effective
conductivity obtained by Vedalakshmi was 0.103 S/m, which is &~ 17 % lower than that of
the M-3d (0.124 S/m). At 28 days, the value is 0.028 S/m, about ~ 55 % lower than the
value M-28d obtained in this thesis. The reason is given that larger aggregates were used for
concrete instead of mortar.

Another researcher, Herrera et al. [126], obtained the electrical properties of fully sat-
urated concrete with a w/c ratio of 0.55. However, this experiment cannot be compared
with this thesis. The experiment setup was very diverse. The sample was block-shaped (70
X 70 x 150) mm with a single embedded electrode made of steel bar at a depth of about
30 mm. The concrete sample was placed in a PVC container filled with tap water, and stain-
less steel external electrodes were placed on both sides. Thus, the EIS measurements were
performed with a three-electrode arrangement. Measurements were taken for samples aged
7 - 120 days. The resistances and capacitances were evaluated using an equivalent electric
circuit for carbonated and non-carbonated material behavior, which has not been included
in this thesis.

Mostafa et al. [127] compared the electric properties of different mixtures of ultra-high
performance concrete by EIS. Although cylindrical samples with a single rod electrode em-
bedded in the middle of the sample and a different experimental setup were used. It was
found that the resistance of the material increased with the addition of nano-silica. The same
effect is observed for the mixtures (CS-I, CS-II) used in this thesis.

Many other scientists have studied EIS measurements of CBM. Unfortunately, their re-
search cannot be directly compared with the finding in this thesis. Because the papers do not
report the values of the resistances measured [128], the dimensions of the samples [124], the
positions of the electrodes [61, 124, 129], or the observation times [106]. In addition, some
focus on measurements of values for samples significantly older than in this thesis [130] or
samples that have been affected by various influences: isopropanol exchange [128], tempera-

ture cycles [130], and forced migration of chloride ions [8] .
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7.1.2 Porosity calculation from resistances

Porosity can be calculated from the measured resistances according to the modified Archie’s
law or GEM model. Several researchers have used the same relationships as used in this

thesis.

Modified Archie’s law

Sanish et al. [81] worked with cement pastes with w/c ratio of 0.3 and the concrete with w/c
ratio of 0.35. According to the classic modification of Archie’s law Equation (4.11), Sanish et
al. considered Archie’s index equal to 4. The porosity calculated using this value of m shows
a large discrepancy (up to 30 %) between the measured and predicted values, especially at
early ages. Also, the modified Archie’s law, including the effect of solid phase conductivity
according to Equation (4.13) was used. The parameter m was still considered to be 4, and
05 is 0.01 S/m. In this thesis, parameter m is 3.5 and 3.6 for classic modification of Archie’s
law and modified Archie’s law, including the effect of solid phase conductivity, respectively.
These values are relatively close to m = 4 considered by Sanish.

Neithalath et. al [106] worked with the concrete samples with w/c¢ ratio of 0.33. Nei-
thalath considered the Archie index to vary over time, ranging from 1.5 to 2.5 in the classic
modification of Archie’s law according to Equation (4.11). In this thesis, parameter m is
higher (=~ 3.0 for M mixture). That is because a different material was used. Also, the
modified Archie’s law, including the effect of solid phase conductivity according to Equa-
tion (4.13), was used to obtain the time evolution of m. However, these values are not given
in the paper.

He et. al [132] worked with a mortar with w/c ranging from 0.3 to 0.4. The parameter
m was considered to vary in time. However, these values are not given in the paper. He used

a porosity obtained by MIP to calibrate modified Archie’s law.

GEM model

Sanish et al. [81] found that the GEM model’s predictions are closer to calculated porosity
than modified Archie’s law. Also, Sanish determined that parameter k lies in the range of
1.93 to 2.10 for different mixtures. In this thesis, parameter k ranges from 1.7 to 2.2 for
all mixtures except the C sample (k = 3.3). It can be considered as a good agreement. In
addition, Sanish claimed that if the porosity is under the percolation threshold, the GEM
model predicts very accurate porosity results. This effect is observable in Figure 7.1 with
helium pycnometry porosity calibration.

He et al. [132] used porosity obtained by MIP to calibrate the GEM model. The parameter
k was evaluated for samples up to 6 months old and was equal to 1.8127 for the cement paste

with w/c = 0.4. That value is also within the range obtained in this thesis.
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7.2 Comparison of porosity measurement techniques with EIS

The porosity values obtained by different methods are shown for the C sample in Figure 7.1
as an example. The same trends are observable for all other mixtures used in this thesis,
only with different values. The decrease of the porosity with continuous hydration reaction

is observable by all methods used.
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Figure 7.1: Porosity of the C sample obtained by different methods.

The decrease in the porosity over time is well observed by the gravimetric method and
helium pycnometry and is associated increase in material resistance measured by EIS. The
gravimetric method observed the highest porosity values since it contains large pores and
air voids. On the contrary, almost three times lower porosity values were observed by the
image analysis of SEM-BSE images. Here, the image analysis serves only as the indicator
of pores/cracks phase changes between mixtures and over time. The absolute values do not
reflect the actual porosity of the samples.

The porosity obtained by helium pycnometry has lower values than that obtained by the
gravimetric method. That is probably due to the different pore size limits of the methods.
The helium pycnometry porosity procedure might give another reason since helium pycnom-
etry directly measures matrix density. The bulk density necessary for porosity evaluation is
determined by the gravimetric method. Therefore, the value of ¢g . is affected and depends
on the gravimetric method.

Moreover, the image analysis can detect the evolution of hydration products over time.
The effect of nS addition is observed by the increased amount of main hydrates phase of CS-I
and CS-II samples compared to C and CA samples. A similar observation can be noticed by
EIS measurement, where the values of resistances have the same trend as the main hydrates
phase. During the formation of the new hydration products, the porosity is decreased since
the originally free space is filled by these products. It results in an increase of resistance
measured by EIS. This observation was not possible made by the gravimetric method or

helium pycnometry.
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The MIP was the only method able to determine pore size distribution. It can be assumed
that the decrease of porosity occurs mainly in pores of size 1 nm - 10 nm with continuous
hydration between 7 and 28 days. That means gel pores are the most affected during the
observation period. However, a slight reduction in the volume of capillary pores was also
observed. Despite this observation, a clear conclusion of which types pores are causing the
increase of resistance (reduction of CCP) cannot be made, and it is caused by an overall
reduction in porosity.

Porosity calculated by the GEM model and Archie’s law modification depends on the
methods used for calibration (helium pycnometry, gravimetric method). In the case of
Archie’s law modification, the porosity value used for calibration is also the value calcu-
lated from the model. Thus, the measured resistances from the EIS are not directly reflected
in the porosity value but only for the calibration constant Archie index.

On the contrary, the GEM model reflects resistance values during the calculation, despite
of technique used for calibration. Nevertheless, the final values are still dependent on the
calibration technique used, as shown in Figure 7.1. Although the data from the gravimetric
method used for calibration are the highest, the calculated porosity (¢o G, grav) is lower than
that of the porosity calculated using the helium pycnometry data (¢o.cenm pye)- In addition,
the coefficient of determination was higher when the porosity from helium pycnometry was
used for calibration. Also, the difference between the values of (¢o GEM pye) and (¢opye) is

much smaller compared to the gravimetric method.

7.3 Chloride penetration test
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Figure 7.2: The dependence of resistance on chloride concentration.

The relationship between chloride concentration and resistance of the samples is shown in
Figure 7.2. Generally, the chloride concentration linearly increases with decreasing resistance.
This trend also follows porosity results from another measurement. Also, the chloride con-

centration measured in the material depends on the age of the sample (degree of hydration)
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at which the material is exposed to chloride penetration. Since the exact sample thickness
penetrated by chlorides is unknown for 7 and 28 days, as stated in Section 6.5. No conclusion

can be drawn between these times.
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8 Conclusions

In this thesis, the porosity and electric properties of pure cement paste, nanoparticles-modified
cement pastes and mortar were investigated. The main method of obtaining the electric prop-
erties of the materials was electrochemical impedance spectroscopy with different equivalent
electric circuit models used for evaluation. Analytical models were used to evaluate porosity
from EIS. Moreover, porosity was also obtained by gravimetric method, helium pycnometry,
MIP, and SEM. In addition, a chloride penetration test was performed. Based on the EIS
measurements and their comparison with other accompanying tests, the following conclusions

can be deduced:

e The sample dimensions and electrode positions have a significant effect on the measured
electric properties of the material. Since there are no standardized dimensions for CBMs
samples in EIS measurements, a block-shaped sample with dimensions of (54 x 30 X
11.7) mm was designed and found to be optimal in this thesis. The cement paste sample
of these dimensions is not affected by hydration heat (cracks formation). For adequate
EIS measurement, it is necessary to ensure a sufficient ratio of the area of the electrodes
embedded in the material and their distance in the direction of the electric current. In
the case of fully saturated samples, measurements should be performed with partial
immersion in the solution. Tap water or destilled water is appropriate to use. The lime
water used to store the samples is unsuitable because of its high conductivity. Also,
samples measured in water must have a sufficiently large covering layer of electrodes to

avoid changes in the expected path of the electric current.

e The SEC model is the most appropriate model for saturated cement pastes and mortar
for used experiment setting. The Cruz model can be suitably fitted to experimental
data, but contains multiple resistors and capacitors that may affect each other. The EC
model is inappropriate because it does not overlay measured data at later observation
times. The Cabeza model is also inappropriate because it does not fit the measured

data sufficiently.

e The measured resistances increase with increasing hydration time for all mixtures used.
The resistances of C, CS-I, CS-II, and CA mixtures do not differ in the first 7 days of
hydration. Thereafter, the resistance of the CS-I and CS-II increases with the amount of
added admixture, by a maximum of ~ 18 % and =~ 46 %, respectively, compared to the
C mixture over the observation period. In contrast, the resistance of the CA mixture
has slightly lower values ~ 5% than the C mixture. The resistance of the mortar was
higher than for all cement paste mixtures during the entire observation period since
the amount of continuously connected pores is significantly reduced by the presence of
aggregates. This trend in the differences in resistivity across mixtures corresponds to

changes in porosity obtained by several other methods.

e Samples stored at high RHs (76 %, 98 %) are measurable and evaluable as fully sat-

urated samples. The resistance of these samples increases as the relative humidity
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decreases. The Cruz model is the only model that can evaluate samples stored in in-
termediate RH (43 %). The resistance of these samples is approximately 100 x higher
than for fully saturated samples. The resistances of samples stored in very low relative
humidity (11 %) are too high, measuring only scattered points on the Nyquist spectrum.

Therefore, no model can evaluate their resistance values.

e The evaluation of porosity from measured resistances can be performed by several
modifications of Archie’s law or the GEM model. However, a direct evaluation is not
possible without knowledge of parameters in these models such as m (Archie’s index),
k (GEM model). Therefore, porosity obtained by helium pycnometry and gravimetric
method was used to calibrate and determine the unknown parameters. Both methods
are only as accurate as the porosity used for calibration. However, since the porosity
determined by the GEM model depends primarily on the measured resistances, the

effect of inaccurate porosity is not as significant as in the case of Archie’s law.

e Archie’s index can be calculated for each observation time separately. Archie’s index
is highly influenced and dependent on the porosity obtained by another method. But
the influence of resistances determined by EIS is not apparent. Generally, the values
of Archie’s index evolve with hydration time and are different for every mixture used.
Archie’s index should not be treated as a constant as in literature. A natural logarithmic

function can be used to describe Archie’s index evolution over time.

e Several measurements over time are necessary for the calibration of the GEM model.
The parameter k£ and the solid phase conductivity can be obtained by the porosity cal-
ibration (e.g. from helium pycnometry or gravimetric method). The porosity can then
be calculated with the knowledge of these calibrated parameters. The porosity calcu-

lated from these determined parameters depends mainly on the resistances evaluated
by EIS.

e The microstructure evolution was observed on both SEM-BSE images and EIS resis-
tance. As the volume fraction of the main hydrates increases, the amount of continuous
conductive paths decreases. That corresponds to an increase in resistance. The percent-
age volume of the main hydrates increases with the amount of nano-silica added together
with resistance as additional C-S-H gel is formed, and porosity decreases. Nano-alumina
addition did not have a dominant effect on porosity, but a slight decrease in resistance

compared to the C sample was found.

e The porosity obtained by the gravimetric method has the highest values because it
contains large pores and air voids. The porosity values obtained by helium pycnometry
were lower compared to the gravimetric method, probably due to the different pore
size limits of the methods. The decreasing porosity of both methods corresponds to
the increasing resistance measured by EIS. A slight reduction in gel pores and capillary
pores is observed in the pore size distribution obtained by MIP, which also caused an

increase in resistances.
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e The chloride concentration depends on the sample resistance. With higher resistance,
the chloride concentration decreases. The effective diffusion coefficient varies at each
observation time, so a more accurate parameter determination should be done at each

observation time.

e Generally, EIS can be used to observe the electric properties all designed cementitious
mixtures (C, CS-I, CS-II, CA, and M). For resistances and capacitances evaluation, the
SEC model is the most accurate and simplest. The GEM model should be used for
porosity evaluation because it is complex and time-dependent. For calibration of the
GEM model, the porosity obtained by helium pycnometry is the most suitable as it has

similar values to the GEM model.

Future outlook

Based on the observations retrieved and uncertainties arising from this thesis, the following

additional research could be performed, as summarized below:

e Measurements should also be performed at further observation times. That is because
the microstructure of CBMs is still evolving with ongoing hydration, especially during
the first year (the predict degree of hydration is 0.86). However, EIS measurements
were made on samples up to 3 months old when the degree of hydration was predicted

to be 0.82. Thus, the measured resistances are not steady.

e To investigate the effect of different RHs on the setup and electrical properties from
EIS measurements. The EIS measurements should be performed with samples of the
same dimensions and electrode positions, with a more extensive RH spectrum, and with
sufficient measurement statistics. The experimental setup should allow the separation
of the RH and DoH effects. Also, samples should be measured at the same RH in which
they were stored. It should eliminate the negative effect caused by the RH gradient

during the measurement.
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