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1 Introduction 

In this chapter, a concise background of the research area will be presented in section 1.1. The 
aim of this dissertation will be outlined in section 1.2. The following section, 1.3, will introduce 
the framework of this dissertation that internally links the different research topics. Finally, the 
limitations of experimental investigation and framework will be discussed in section 1.4. 

1.1 Background 

Risks of climate change have emerged gradually and some of them make direct influence on
our daily life, such as causing the rise of the sea level and the increase in frequency of severe
weather. Some others effects do not directly impact our current life but they are vital for future
of homo sapiens [1]. To ensure a habitable climate for present and future generations, it is
imperative to achieve the goal of net-zero by significantly reducing greenhouse gas emissions.
Concrete is the most widely-used construction materials in the world due to its critical role in
housing, transport infrastructure, hydroelectric dams and wind farms. Although the embodied
CO2 emission and energy for the production of one kilo of concrete is lower than most other
construction materials, emission from cement clinker production becomes a challenging
problem due to the massive demand of concrete [2]. The global production of cement in 2021
is around 4.3 Gt, among which China is accounting for about 55 %, followed by India (8 %),
the European Union (4 %) and the United States (2 %) [3]. The total production is expected to
grow up to 4.68 Gt in 2050 [4]. Traditional production process of ordinary Portland cement
consumes fuel (e.g. coal) in the energy supply and releases massive CO2 from the
decomposition of calcium carbonate (accounting for approximately 60 % of the emissions). It
is the third largest energy-consuming industry, which accounts for 6�7 % of anthropogenic CO2

emissions and 4�5 % of greenhouse gases [5,6].

The effective solutions for reducing emission in the cement industry mainly include using green
energy source, carbon capture and storage technologies, and reducing the Portland clinker
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2 Materials and methods



Chemical
Composition

CEM I 52.5 R Slag Fly ash Limestone
wt % wt % wt % wt %

CaO 62.2 1.11×10-02 39.11
SiO2 19.6 3.06×10-03 36.63
Al2O3 4.5 4.41×10-04 13.56
Fe2O3 3 1.88×10-04 0.49
SO3 3.5 4.38×10-04 0.27
MgO 3.5 8.75×10-04 8.52
K2O 1.01 1.07×10-04 0.57
Na2O 0.27 4.35×10-05 0.42
Cl 0.07 1.97×10-05 0.009
Sulfide - - 0.73* - - -
LOI 2.5 -1.07 40.1



Samples Binders w/bCement Fly ash Slag Limestone
P035

- - -
0.35

P045 0.45
P055 0.55
P135 65 % 35 % - - 0.35
P145 0.45
P235

- 35 % -
0.35

P245 0.45
P255 0.55
P335

- 35 % 16 %
0.35

P345 0.45
P355 0.55



Mix
ID

Cement Slag Fly ash Limestone Water PCE Sand (<4 mm)
Coarse aggregate

(4 10 mm)
C145 286 154 201 3.2 1411 246
C245 280 151 194 3.0 954 795
C255 247 133 209 2.7 1449 256
C338 242 173 79 187 4.0 953 780



Invented device

o Red circles Temperature sensors
o Blue circles Stainless steel screws, each row as 4-electrodes

with constant distance of 40 mm
Sensor array on the board at depth of  10,20,30,40,50,65,80 and 100 mm
from the top surface of concrete

In-situ conductivity of concrete

Container (~10 L)

Sensor board

150 mm

170 mm

200 mm

Top view

Side view





In-situ UPV of concrete

D~5 cm

L~6 cm

Rubber mould

Controller





10 mm





3 Interaction of water with cementitious materials at early age
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Figure 3.1. Graph presents the hydration heat flow of C3S with different deionized water to solid ratio (0.5,
100, 200) and sulfuric acid solution (pH=4) to solid ratio of 200. Graph
these samples, corresponding to Figure 2 in paper I [68].
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Table 3.1. The theoretical Ca2+ concentration from a complete dissolution of C3S with a high water to solid ratio.
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Figure 3.2. Hydration heat flow of C3S with the presence of C3A and additives in the first 5 h (a). Induction period
of C3S hydrating in solutions with and without C3A (b). Samples were mixed with a water to solid
ratio of 0.5 and cured at 25 , corresponding to Figure 7 in paper I.
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Figure 3.3. Hydration heat flow of C3S with deionized water, KOH and K2SO4 from 0.5 to 12 h. The solid line is
hydration data with a water to solid ratio of from [68], and the dash line is hydration data
with a water to solid ratio of



Figure 3.4. SEM images of C3S hydrated in deionized water . The hydration was stopped at 4 h after water
addition by freeze-drying. An image with higher magnification was provided to give a clear picture of
the particles on the surface (a) [68]. Nucleation of primary mono-flocs and dimer flocs was detected
above or near the etch pit. C-S-H grows by nearly oriented attachment and block attachment. Hydration
products of C3S with K2SO4 [22].



Figure 3.5. Illustration of hydration process up to the main peak time from the nucleation perspective.
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Figure 3.6. A graphical representation of the temporal evolution of electrical conductivity during the hydration
process.
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Figure 3.7. Calculated conductivity of pore solution. (a)- the values in this study. (b)- the conductivity value
calculated based on the concentration of squeezed pore solution from literatures: solid line from [17]
with w/b=0.75, and dash line from [85] with w/b=0.5. Notes, C: Portland cement; FA: fly ash; S: slag;
L: limestone, corresponding to Figure 7 in paper II.





Figure 3.8. Evolution of formation factor for all pastes (a) and pore solution connectivity of binders with w/b of
0.35 over time, adopting from Figure 8 in paper II.
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Figure 3.9. Evolution of a-F over hydration time, adopting from Figure 9 in paper II.



Figure 3.10. Relationships between the volume of evaporable water ( e) and formation factor (F). P0, P1, P2 and
P3 correspond to CEM I, the fly ash, slag, and ternary blended pastes, respectively: adopting from
Figure 13 in paper II.
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4 Interaction of water with hardened cement-based materials



Figure 4.1. Water vapour desorption isotherms of paste
different binder systems with the same w/b, exampling with w/b of 0.35. Plots in b are comparison
between different w/b for CEM I paste, refer to [44] for more detailed data.
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Figure 4.2. The effect of ions in pore solution on the calculated PSD of hcps, exemplifying with CEM I pastes,
corresponding to Figure 4 in paper III.
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Figure 4.3. The PSD in hcp calculated by BJH method from water vapour desorption, exampling with pastes with
w/b of 0.35, refer to [44] (paper III) for the detailed information of all pastes.
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Figure 4.4. Phase assemblage of hydration products with the increase in hydration degree of fly ash, refer to paper
III [44] for data of other binder systems.
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Figure 4.5. Hydration degree of fly ash and slag in the blended hcp after a 6-month water curing calculated by use
of GEMS and water vapor isotherm data, corresponding to Figure 10 in paper III.
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Figure 4.6. Example of low temperature DSC curve for hcp, with OPC paste conditioned under RH of 97 % (a)
and pastes conditioned under RH of 33 % (b): corresponding to Figure 1 in paper IV.
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  ....................................................................................................................... (4.4)

 ............................ (4.5)



Figure 4.7. Ice volume distribution in P045 under different RH conditions. (a) Calculated ice volume under RH
of 97 %, 75 %, and 55 % using Eq. (4.5), and (b) corresponding ice volume in nanopores based on Eq.
(4.4) with respect to freezing (F) and melting (M) process: Figure 2 in paper IV.
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Figure 4.8. Moisture redistribution in P045 and P145 during the desorption equilibrium (Figure 6 in paper IV).
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Figure 4.9. Comparison of relaxation times of P145 at RH of 97 % (FTau*) and 33 % (FATau*). Data of ice lh
relaxation from [131] and ice-related relaxation in frozen tri-propylene glycol solution [132] are shown
for comparison: Figure 9 in paper IV.
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5 Effect of SCMs on moisture and chloride transport 

Moisture transport properties play crucial roles in determining the performance of cement-
based materials during construction process and the long-term service. The humidity levels in 
the concrete substrate before applying any covering material are directly linked to the risk of 
cracking and mould growth. Moisture also influence the transport of CO2, O2, and chloride 
ions in concrete, which ultimately determine the deterioration process of reinforced concrete 
structures [37,140]. Effect of SCMs on both water transport and chloride migration in cement-
based material will be investigated to provide better understanding for the design of more 
durable cement-based materials. The impact of SCMs on pore structure in pastes will be 
analyzed by interpreting various parameters. Finally, the moisture and chloride transport 
characteristics of pastes blended with different SCMs will be comprehensively compared to the 
pore structure parameters. This chapter summarises the content of paper V and VI.

5.1 Moisture transport 

This section elaborates moisture transport properties of hcp measured by a novel method with
the corresponding procedures, as described in [28,58]. This method enables the measurement
of both water vapour diffusion coefficient (Dv) at steady state, total moisture transport
coefficient (Dw) and water vapour diffusion coefficient by semi-infinite drying (Dv,s) for the
same sample in a single procedure. The influence of w/b and SCMs on the moisture transport
properties will be discussed in detail.

5.1.1 Water vapour diffusion at steady state 

Figure 5.1 presents Dv of hcp measured by the tube method within four different RH intervals.
It is important to note that all �Dv� values in the figures represent the average diffusion 
coefficient within a specific RH interval. It has been observed that a higher RH interval leads
to a higher deviation within three parallel tests. However, it is worth mentioning that the tube



Figure 5.1. Water vapour diffusion coefficient of hcp measured by the tube method in four different RH intervals.
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conditions, where the pore volume is only partially filled with the liquid phase. The dominance
of either process depends on saturation state. Before the liquid phase achieves contiguous
connection (percolation) at the critical RH condition, the moisture transport process is
dominated by vapor diffusion. In contrast, a Darcian transport of the liquid phase is prominent
after percolation, resulting in particularly high transport coefficients. Therefore, at high RH
intervals, the results from the cup method will overestimate vapor diffusion due to liquid flow
mixing. Baroghel-Bouny [37] provided a detailed explanation of this phenomenon. The RH
dependence of measured Dv is well described by equation (14) in paper V [28], and Figure 5.2
presents the representative results in the top left corner.

Figure 5.2. Illustration of dependence of water vapour diffusion coefficient, exampling with w/b of 0.35.

5.1.2 Moisture transport during the first drying 

The total moisture transport coefficient (Dw) can be measured by the semi-infinite drying.
Using Dw and the moisture content at the drying RH enables to calculate the water vapour
diffusion coefficient under the drying process (Dv,s). This has been demonstrated in paper V in
detail.

Figure 5.3 shows the moisture transport coefficient for hcps dried at RH of 75 % and 50 %.
Pastes dried at 75 % RH exhibit lower Dw values compared to those dried at 50 % RH. Dw is
dependent on the moisture content of cement-based materials. As the degree of saturation
increased from zero, Dw decreased and reached its minimum value at a saturation degree of
0.5-0.8. Once the liquid percolation threshold was reached, Dw increased with the saturation
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Figure 5.3. The total moisture transport coefficient Dw and water vapor diffusion coefficient during semi-infinite
drying Dv,s at RH=50 % and 75 , respectively: a- Dw of all pastes; b- Dv,s of all pastes:
adopting from Figure 2 in paper V.
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Time/days
Chloride migration coefficient (×10-12 m2/s)

P035 P045 P055 P135 P145 P235 P245 P255 P335 P345 P355
28 8.02 15.56 21.08 8.90 11.35 5.12 5.82 7.29 5.79 5.39 6.40
90 5.84 11.67 26.28 2.27 3.67 3.17 3.85 4.52 2.70 3.64 3.81

180 3.52 10.46 26.15 0.84 1.51 2.50 2.60 2.91 1.76 1.94 3.71



Figure 5.4. The chloride profile in concretes after an exposure of 20 years under a de-icing salt road environment
adopted from Figure 4 in paper VI [42]. Notes: Anl- Swedish structural cement, SF- Silica fume, SL-
Finnish ground granulated blast-furnace, Fin Rpd- Finnish rapid Portland cement blended with 10 15 %
limestone filler.
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Figure 5.5. Pore size distribution of hcp after a sealed-curing for 390 d measured by mercury intrusion porosimeter,
adopted from Figure 6 in paper V [28].

Table 5.2. Properties of pastes at approximately 1 year (390 d), including electrical conductivity, pore solution
conductivity, inverse of F, porosity, and pore connectivity.
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Figure 5.6. The water vapour diffusion coefficient in relation to 1/F and porosity. The hollow marks are the data
of CEM I, the solid marks are the data of the blended pastes and the marks filled with green color are
fly ash blended pastes.
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Figure 5.7. The correlation between chloride migration coefficient and 1/F with data in this study at curing time
of 28 and 90 d and data adopted from .
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 The refinement
effect mainly reflects on the reduction in pore connectivity. The moisture transport properties
in the hcp are determined by both the formation factor and the porosity of small pores,
specifically volume of the middle capillary and mesoscale pores. However, at high RH the
formation factor is the primary factor affecting moisture transport, whilst at low RH, the
porosity of small pores is the main factor. Effect of SCMs on the chloride resistance of concrete
depends on the w/b, and the effect of slag is pronounced after 20-years of exposure under a
road environment for mixture with w/b of 0.5.



6 Monitoring the hardening process of the blended concrete



Figure 6.1. Evaluation of dimension factor by the numerical simulation and experiments, corresponding to Figure
2 in paper VII.

Depth [mm] V1 [mV] V2 [mV] V [mV]
Calculated conductivity
based on semi-infinite
assumption

Dimension factor

Simulated Experiment
10 51245 43459 7786 0.051 1.96 1.91
20 47015 40443 6572 0.061 1.65 1.54
30 45570 39833 5737 0.069 1.44 1.40
50 43865 39001 4864 0.082 1.22 1.22
80 43173 38728 4445 0.089 1.12 1.10
110 43121 38786 4335 0.092 1.09 1.09
150 43026 38730 4296 0.093 1.08 1.07

Given electrical conductivity [0.1 mS/cm]
Applied constant current [10 mA] from A to B

Dimension factor [ ]=Given value/Value with semi-infinite assumption

Run one simula tion a t Each depth to get the value in table below

Wenner method for electrical conductivity at semi-infinite ground

V1 V2

A
B

Dimension factor for calibration



Figure 6.2. The monitored electrical properties of concretes: graph a evolution of electrical conductivity; graph
b formation factor of concretes: graph c the difference between electrical properties of paste and
concrete, note that C338 was evaluated based on P335: corresponding to Figure 3 in paper VII.
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Figure 6.3. Monitored UPV in hydrating concrete (a) and dv2/dt, corresponding to Figure 5 in paper VII.
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Table 6.1. Critical time of a-F and a-UPV in percolation (t0), the inflection time and setting time.

Sample
Critical time [h] Setting time [h]

t0 of UPV t0 of F
Peak of
a-UPV

Inflection time
of a-F Initial setting Final setting

C145 2.80 2.68 7.00 8.48 3.81 6.82
C245 1.80 4.08 5.67 7.33 4.83 6.56
C255 2.40 2.41 7.25 8.58 3.73 6.97
C338 2.34 3.56 6.64 7.72 4.41 6.31

Figure 6.4. Correlation between critical time of monitored data and setting time of concrete: corresponding to
Figure 10 in paper VII.
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Figure 6.5. Quantitative correlations between compressive strength and electrical properties in different functions,
corresponding to Figure 13 in paper VII.

Figure 6.6. Quantitative correlations between compressive strength and UPV: Figure 13 in paper VII.
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7 Conclusions and future research work 

7.1 Conclusions 

Supplementary cementitious materials (SCMs) are one of the promising options to reduce the
emissions from production of cement and concrete. Most of them have a lower reactivity than
cement clinker, so activators are commonly added to mitigate this issue. Both the SCMs and
activators alter the hydration of the blended binders, change the microstructure of hardened
cementitious materials, and thus impact the transport process related to the durability. Water
plays a crucial role in the hydration reaction, in the microstructure of hydration products and
in the deterioration process of cement-based materials. This study has revealed the limitations
of dissolution theory and based on this, proposed a new hypothesis to explain the mechanism
in early hydration of C3S. A novel non-destructive method was developed to detect the
microstructure change during the setting and hardening process. A new approach for assessing
the hydration degree of SCMs has been proposed by use of thermodynamic simulations and
water vapour isotherm. The proposed moisture transport testing method enables an effective
detection of steady-state and transient moisture transport coefficients. The key structural
parameters for moisture and ion transport in cementitious materials have been identified, and
a simplified model has been proposed for an accurate prediction of chloride migration
coefficient in the blended cementitious systems.

Hydration of C3S at early age is not solely controlled by the dissolution rate of minerals. The
duration of the induction period is mainly determined by the nucleation rate of hydration
products in localized areas on the surface. The new hypothesis proposed in this study is focused
on the crystallization and precipitation process of the main hydration products, which provides
a better explanation of early hydration mechanism. it suggests that C-S-H primarily nucleates
within the near-surface region and its precipitation involves a nonclassical nucleation process.
Additionally, the effect of potassium salts and pH levels on the dissolution of C3S and
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