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On the chemo-mechanical evolution process of high-volume slag 
cement paste 

Minfei Liang , Yu Zhang *, Shan He , Yu Chen , Erik Schlangen , Branko Šavija 
Microlab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft 2628, CN, The Netherlands   

A R T I C L E  I N F O   
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A B S T R A C T   

This study investigated the evolution process of high-volume slag cement (HVSC) paste from a chemo- 
mechanical standpoint. HVSC specimens with a 70 w.t. % slag replacement rate were studied at various ages. 
Evolution of phase assemblage, microstructure development, and micromechanical properties were analyzed 
using TGA/XRD/MIP/SEM-EDS and nano-/micro-indentation techniques. A two-scale micromechanical model 
was built to predict the effective elastic modulus based on the nanoindentation results. Key findings include: 1) 
Between 7 and 28 days, the formation of calcium silicate hydrate (C-S-H) gel phase improves the effective elastic 
modulus by filling capillary pores; 2) From 28 to 90 days, the phase assemblage and microstructure remain 
stable, with a transition from low-density to high-density C-S-H; 3) Between 90 days and 2 years, slag rims 
produced by slag grains result in increased elastic modulus; 4) The two-scale micromechanical model, combined 
with nanoindentation data, accurately predicts the effective modulus of HVSC composites, although the unhy
drated slag grains-hydrated cement matrix interface may cause an overestimation at an early age. With longer 
curing time, this interface disappears owing to the continuous hydration of large slag particles and therefore a 
good match is found between the modelling and experimental results.   

1. Introduction 

Under the global initiative of reducing carbon dioxide emissions to 
cope with climate change problems, replacing the energy-intensive or
dinary Portland cement (OPC) clinker with industrial by-products like 
blast furnace slag (slag for short) and fly ash is a practical method [1]. 
The use of slag as a supplementary cementitious material (SCM) in 
cement and concrete production is a mature application that lasts over a 
century in Europe and North America [2]. In the Netherlands, cement 
with about 65 to 70 wt% of slag (CEM III/B) has a market share of about 
60% [3]. It is well accepted that the addition of slag brings improve
ments in various properties of cement paste, including workability, 
permeability, resistance to chemical attacks (except carbonation), frac
ture energy, etc. [4]. 

Blast furnace slag is a by-product of pig iron production, and formed 
from the combination of limestone fluxes, coke ashes, and residues from 
iron ore [5]. It can be simplified as a CaO-SiO2-Al2O3-MgO system. In a 
cement-slag system, the hydration of slag is mainly induced by the OH– 

ions (released early by alkali hydroxides, e.g., KOH and NaOH and later 

by Ca(OH)2) that break down the network structure of slag. The 
pozzolanic reaction between Ca(OH)2 and slag keeps densifying the 
microstructure of cement matrix and forming layers of dark rim around 
unreacted slag particles, resulting in the long-term improvement of 
mechanical properties of slag cement paste [6]. In the authors’ previous 
study [7], the micromechanical properties of slag rims were character
ized and quantified by using a 40-year HVSC specimen. The work in [8] 
also concluded that the micromechanical properties of slag rims in 
alkali-activated slag pastes were higher than gel phases in the matrix. 
This dark rim consists of the ‘inner’ products of slag, a mixture of C-A-S- 
H gel phase, and a hydrotalcite-like phase [9–11]. 

The evolving properties of cementitious materials are intrinsically 
reflected by the development of phase assemblage and microstructure, 
which are tractable by a set of techniques e.g., X-ray diffraction (XRD), 
thermogravimetric analysis (TGA), nuclear magnetic resonance (NMR), 
scanning electron microscopy (SEM) equipped with energy-dispersive 
spectrometry (EDS), mercury intrusion porosity (MIP), etc [12]. In the 
last decades, several studies revealed the evolving phase assemblage and 
microstructure of slag cement paste using aforementioned techniques. 
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Taylor et al. [10] conducted tests of XRD, TGA, NMR, and SEM-EDS on 
14-month-old and 20-year-old slag cement samples (with slag content 
ranging from 0 to 100% wt.) to understand the evolution process of 
hydration products, regarding morphology, Ca/Si atomic ratio, alumi
nosilicate chain length of C-A-S-H gel phase, as well as Mg/Al atomic 
ratio of hydrotalcite-like phase. Based on XRD and SEM-EDS, Escalante- 
Garcia et al. [13] characterized the hydration products of 1-year-old slag 
cement samples which contained 60% wt. slag cured at temperatures 
ranging from 10 to 60 ◦C. According to stoichiometric calculations, Chen 
et al. [6] proposed a reaction model for slag cement to correlate the 
composition of raw materials (including cement and slag) with the 
quantities and composition of hydration products at different curing 
ages. In addition, some important indices, e.g., hydration degree of slag, 
chemically bound water content, and calcium hydroxide content, are 
often measured by tests like XRD, TGA, SEM, etc. [8,14]. In recent years, 
studies on the hydration of slag cement paste have been concentrated on 
more refined factors, such as the slag reactivity of different Mg/ Al ratios 
[15], and the influence of alumina [16] and sulfur [17] on the early-age 
hydration. 

Accompanying the evolution of various hydration products, the 
micromechanical properties of different phases evolve accordingly with 
time, which is important for understanding the overall mechanical 
performance of the material. Nanoindentation is often used to measure 
the indentation modulus and hardness of different phases in cementi
tious materials, including low-density C-S-H (LD C-S-H), high-density C- 
S-H (HD C-S-H), unhydrated particles, etc. [18,19]. Furthermore, mul
tiscale models - either FEM methods (e.g., the Delft Lattice Model [20]) 
or micromechanical homogenization schemes (e.g., Mori- Tanaka or 
Self-consistent scheme [21]) - allow predicting the overall mechanical 
performance such as elastic modulus based on nanoindentation results. 
Note that the number of studies concentrating on the micromechanical 
properties of cement-slag system is much lower than those focusing on 
OPC systems. Wei et al. [22] conducted nanoindentation tests on slag 
cement paste with a slag content of 70% wt. and w/c of 0.30. By sche
matizing the sample as a three-phase material and calculating the vol
ume fraction of each phase through backscattered electron (BSE) 
images, the authors upscaled the micromechanical properties of each 
phase measured by nanoindentation to the overall mechanical proper
ties of the composites using the Self-Consistent method. ̌Savija et al. [23] 
built a microscale lattice model for predicting the overall mechanical 
properties of slag cement at 28 days. By correlating the elastic modulus 
measured by nanoindentation tests with the grayscale values of X-ray 
computed tomography (XCT), a phase-free micromechanical model with 
a continuous distribution of micromechanical properties was built to 
predict the elastic modulus and tensile strength of the material. 

To sum up, the aforementioned studies encompass the phase 
assemblage, microstructure, and micromechanical properties of cement- 
slag system at different designated ages, forming a systematic under
standing of the composite. However, most investigations concentrated 
either at chemical measurement or micromechanical characterization, 
thus leading to a lack of mutual verification between the two. Addi
tionally, to examine the micromechanical properties of slag cement 
mixture, specimens were typically cured up to 28 days. Evolution of slag 
cement pastes remains scarcely studied. Meanwhile, only a small frac
tion of slag hydrates at this stage (i.e., until 28 days) due to its relatively 
low reaction rate, and its influence cannot be manifested completely. 
Besides, it is commonly recognized that the improvement in long-term 
mechanical properties of slag cement paste can be ascribed to the 
continuous densification of microstructure, originating from the 
pozzolanic reaction between portlandite and slag. It is still unknown 
whether other factors also contribute to this improvement. To address 
these issues, a chemo-mechanical study on cement-slag system with a 
continuous curing period up to later age (ie., years) is essential. 

Therefore, the current study conducted experiments on high-volume 
slag cement (HVSC) paste (70% wt. replacement level) at the age of 7- 
day, 28-day, 90-day, and 2-year. The experimental results of around 

40-year-old HVSC sample from the authors’ previous study [7] would 
also be used for discussion. Note that a reactive slag and a high substi
tution level were employed in the study to amplify the influence of slag 
itself. Tests including TGA/ XRD/ MIP/ SEM-EDS were conducted to 
characterize the evolution of phase assemblage and microstructure of 
the HVSC paste samples. Furthermore, nanoindentation and micro
indentation measurements were carried out to derive the evolution 
process of local and overall micromechanical properties. Afterwards, a 
two-scale micromechanical model was built to upscale the micro
mechanical properties of individual phases to HVSC paste. Phase 
assemblage evolution and microstructure development explained well 
the observations in the micromechanical tests. An in-depth under
standing of the chemo-mechanical evolution process of HVSC was thus 
provided. Moreover, a new assumption concerning the evolution/ 
densification of the transitional areas between unhydrated slag particles 
and cement matrix was proposed. 

2. Experimental 

2.1. Materials 

CEM I 42.5 N manufactured by the ENCI Maastricht B.V. and a 
reactive slag with high MgO content (For detailed information, please 
refer to [15].) were used as the cementitious materials. The chemical 
compositions of the cementitious materials are shown in Table 1. The 
slag substitution level was set as 70% wt., to simulate CEM III/B that has 
been widely used in the Netherlands. A commonly-used water-binder 
ratio of 0.40 was adopted. Raw materials including cement and slag 
were firstly mixed for 1 min in the mixer. After adding water, they were 
continuously mixed for another 2 min. Cylindrical specimens with a 
radius of 1.3 cm and a height of 3 cm were casted for each sampling age 
of 7 days, 28 days, 90 days, and 2 years. All specimens were sealed at 
room temperature of 20 ± 3 ◦C. 

2.2. Characterization of phase assemblage and microstructure 

To reveal the evolution process of phase assemblage and micro
structure, tests including TGA, XRD, MIP, SEM- EDS were conducted on 
the 7-day, 28-day, 90-day, and 2-year HVSC paste specimens. Before the 
tests, slices cut from the corresponding specimens were immersed in the 
isopropanol solution for one week to stop hydration [24]. Subsequently, 
the slices were crushed and ground to a grain size below 63 μm for TGA 
and XRD measurements. 

XRD tests were carried out on a Philips PW 1830/40 powder 
diffractometer using the Cu K-alpha radiation. The adopted acceleration 
voltage was 40 kV and the X-ray beam current was 40 mA. The XRD data 
was collected with a step size of 0.03◦ for a 2θ range from 5◦ to 60◦. TGA 
test was performed on Netzsch STA 449 F3 Jupiter under Argon atmo
sphere. Around 40 mg of the sample powder was heated up from 40 to 
900 ◦C with a heating rate of 10 ◦C/minute in an Al2O3 crucible, with an 
identical crucible as reference. 

MIP analysis was used to measure the critical pore size distribution 
and porosity of HVSC pastes at different ages. Specimens were crushed 
into small pieces (with a size typically smaller than 4 mm) and stored in 
a vacuum container to remove isopropanol from the pores. The intrusion 
process of the mercury was performed in the following steps: 1) a low- 
press state from 0 to 0.170 MPa; 2) a high-pressure state from 0.170 
to 210 MPa; 3) an unpressurized state from 210 to 0.170 MPa. The pore 
radius was calculated based on the Washburn equation, with the surface 
tension of mercury being 0.485 N/m and the contact angle between 
mercury and sample being 140◦ [25]. 

SEM-EDS was employed to observe the elemental compositions of 
main hydration products, i.e., C-A-S-H gel phase and hydrotalcite-like 
phase of the HVSC pastes with time. The sample preparation proced
ures for SEM-EDS analysis are the same as the micromechanical tests and 
will be introduced in Section 2.3. Samples were carbon coated before 
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being moved into an FEI QUANTA FEG 650 ESEM. An accelerating 
voltage of 10 kV and a working distance of 10 mm were used throughout 
the research. Approximately 100 points were selected for each sample to 
characterize the composition of hydration products. 

2.3. Micromechanical tests 

2.3.1. Sample preparation 
Nanoindentation and microindentation tests were carried out to 

probe the local and overall micromechanical properties of the HVSC 
pastes at different ages. A KLA G200 nanoindenter equipped with an XP 
head and DCM II head was used to conduct the micromechanical tests. 
Before the measurements, the roughness of the sample surface needs to 
be small enough to fulfil the assumption of an ideally flat surface in the 
calculation of indentation modulus, either based on root-mean-squared 
(RMS) roughness or a mirror-like surface [26]. The following procedure 
was used to obtain the flat surface for nanoindentation and micro
indentation tests: 1) immerse the sample in isopropanol solution to ar
rest hydration; 2) slice the sample into a thin slice (around 2 mm thick) 
using a micro-dicing saw; 3) grind the sample using a 4000 grit abrasive 
paper for 5 min; 4) polish the sample with synthetic silk polishing cloth 
(MD-Dac from Struers) charged with 3 μm and 1 μm diamond pastes for 
2 separate 30-minute sessions. During the grinding and polishing pro
cesses, an oil-based lubricant (DP-Lubricant Brown from Struers) was 
used to dissipate the heat build-up. Between each grinding and polishing 
interval, the sample was immersed in an ultrasonic bath filled with pure 
ethanol for 30 sec to remove debris. According to the roughness criterion 
proposed by [26], the measurement of surface roughness highly depends 
on the chosen scan size, the inhomogeneity of sample surface, and the 
filtering parameters, thus, the surface roughness can only be regarded as 
a qualitative or comparative index for evaluating the validity of the 
surface preparation. Meanwhile, a more conservative rule-of-thumb is a 
mirror-like surface able to reflect overhead light. The surface of HVSC 
paste sample in Fig. 1, which shows that the sample was well polished to 
qualify for a mirror-like surface. Based on a digital microscope (Keyence 
VHX-7000), the roughness (i.e., arithmetical mean height) of the center 
area of 400 × 500 μm2 for the samples at 7-day, 28-day, 90-day and 2- 
year were calculated to be less than 80 nm using a Gaussian filter (i.e., a 
S-filter of 20 μm and a L filter of 25 μm). 

2.3.2. Testing details 
The nanoindentation and microindentation tests were performed 

using DCM II head and XP head, respectively. Both the DCM II head and 
XP head were first calibrated by the standard SiO2 with an elastic 
modulus of 72 GPa. The nanoindentation tests aim to measure the local 
micromechanical properties using Continuous Stiffness Measurement 
(CSM) [27,28]. By imposing a small oscillation with an amplitude of 1 
nm and a frequency of 75 Hz on the primary loading signal, the elastic 
modulus can be measured continuously throughout the indentation 
depth, which is set as 500 nm in this study. For each HVSC paste sample, 
20 × 30 indents were made with a spacing of 10 μm. A typical 
load–displacement curve and continuous measurement of the elastic 
modulus of the 2-year sample are shown in Fig. 2. It should be noted that 
the nanoindentation results at a depth of h actually represent the local 
micromechanical properties of the surrounding composites with a 
length scale of 3–5 h [18,29]. Aiming to probe the micromechanical 
properties of a single phase, the indentation depth should be properly 
selected. Published studies [22,30] have found that an indentation 
depth of 100–200 nm is considered to be deep enough for HD C-S-H, 
while LD C-S-H requires a deeper indentation depth of around 500 nm. 
Therefore, in this study, the value of elastic modulus is calculated by 
taking the average of the CSM results at the depth ranging from 100 to 
500 nm. 

Microindentation tests were conducted with a load-controlled 
method: the load applied on the sample was increased to the 
maximum (i.e., 3500 mN in this study) in 30 sec, kept for 10 sec, and 
then decreased to 10% of the maximum load in another 30 sec. The 
displacement into the surface, which reaches over 15000 nm, is suffi
cient to represent the overall micromechanical properties of the desig
nated HVSC paste sample at certain ages [31]. Typical 
load–displacement curves of the investigated HVSC paste samples are 
shown in Fig. 3. 

The indentation modulus was calculated based on the slope at the 
onset of the unloading region of the load–displacement curve [32,33]: 

Er =
dP
dh

=

̅̅̅
π

√

2β
S
̅̅̅̅̅
Ac

√ (1) 

where Er is the indentation modulus; S is the contact stiffness 
calculated at the beginning portion of the unloading curve; Ac is the 
projected area of the indenter which is calculated using the calibration 
parameters derived by a standard SiO2 sample; β is the geometry con
stant of the Berkovich tip which equals to 1.034. For a homogenous 
isotropic elastic material, the indentation modulus Er can be correlated 
to the elastic modulus E and the Poisson’s ratio ν of the local material, as 
follows: 

1
Er

=
1 − v2

E
+

1 − v2
i

Ei
(2)  

where Ei and νi are the elastic modulus and Poisson’s ratios which are 
equal to 1141 GPa and 0.07, respectively. The Poisson’s ratio of all 
samples is assumed to be 0.20. Despite that the accurate value of Pois
son’s ratio of cement paste is not accurately known, it only has a minor 
influence on the calculated elastic modulus: a change in Poisson’s ratio 
over the full range of possible/reasonable values (that is from 0.18 to 
0.25), reduces the computed value of elastic modulus by only about 7 
percent [18,34]. 

Table 1 
Chemical compositions of the adopted cementitious materials (% wt.).   

CaO SiO2 Al2O3 MgO FeO/Fe2O3 TiO2 MnO/Mn2O3 Na2O K2O SO3 Residual 

Cement 64.0 20.0 5.0 – 3.0 – – 0.58 – 2.93 4.49 
Slag 34.09 32.99 15.01 16.07 0.34 0.73 0.16 0.22 0.21 0.01 0.13  

Fig. 1. Mirror-like surface reflecting overhead circular light.  
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2.3.3. Gaussian mixture model (GMM) for statistical analysis 
During the nanoindentation test, each indent measures the micro

mechanical properties of a composite of the characteristic length 1.5 ~ 
2.5 μm when the maximum indentation depth is 500 nm [18]. Therefore, 
the nanoindentation results over a grid (i.e., 20 × 30 in this study) follow 
a continuous distribution distinguished by several peaks which are 
representative of certain phases. Assuming that: 1) the distribution of 
micromechanical properties of a composite dominated by a certain 
phase follows the Gaussian distribution; and 2) the superposition of the 
distribution of each phase is linear, then the GMM is suitable to 
decompose the distribution of each phase from the overall histogram of 
grid indentation results [35,36]. In the GMM model, the overall distri
bution of testing results (X) can be expressed as the weighted sum of the 
distribution of multiple phases Xi (i = 1, 2, 3, …, N), as follows: 

p
(
X|
{

w, μ, σ2} ) =
∑N

i=1
wip
(
Xi|
{

μi, σ2
i

} )
(3)  

where wi, µi, σi are the fraction, mean, and standard deviation of i-th 
phase, respectively. The probabilistic distribution Xi is a Gaussian dis
tribution and, therefore, is solely determined by its mean and standard 
deviation, as follows: 

p
(

Xi|
{

μj, σ2
j

})
=

1
̅̅̅̅̅̅̅̅̅̅
2πσ2

i

√ exp

(
(Xi − μi)

2

2σ2
i

)

(4)  

2.3.4. Micromechanical homogenization schemes 
Micromechanics links the mechanical properties of individual phases 

to the effective mechanical properties of the composite. The effective
ness of homogenization schemes including Mori-Tanaka (M-T) [37] and 
Self-Consistent (SC) [38] in predicting the effective mechanical prop
erties of cement composites from micromechanical properties of indi
vidual phases has been proven by numerous studies [18,39–41]. Herein, 
a two-scale micromechanical model (Fig. 4) was built, assuming the 
HVSC paste as a five-phase composite. The first four phases are solid 
components of different hydration products, slag, and cement clinker, 
which are distinguished by their mechanical properties according to the 
results of statistical nanoindentation tests (see Section 3.2). The fifth 
phase comprises large pores which cannot be directly measured by 
nanoindentation tests; instead, their volume fraction is determined by 
BSE images. The MT scheme is suitable for the case where the matrix 
with a relatively large volume encloses the inclusion phase [37], while 
the SC scheme is suitable for the case where the matrix and the inclusion 
are difficult to distinguish and are both wrapped in a homogeneous 
medium [38]. In level 1, phases 1 and 2 correspond to the main hy
dration products and form a clear inclusion-matrix morphology, with 
phase 1 (i.e., LD C-S-H) being the matrix and phase 2 (i.e., HD C-S-H) 
being the inclusion. Therefore, the MT scheme is adopted to homogenize 
Phase 1 and 2. Then, the homogenization result of the level 1 is used as 
the input of the matrix for Level 2, where different inclusions, including 
Phase 3 and 4 (mainly CH, slag and cement clinker), are presented. 
Therefore, in level 2, the SC scheme is adopted to obtain the effective 
elastic modulus of the HVSC paste. 

In a linear elastic regime, following continuum micromechanics, the 
microscopic strain can be linked to the macroscopic strain through the 
following localization relations: 

εi = Ai : E (5)  

where i corresponds to the i-th phase; ε is the local strain; E is the 
macroscopic strain; A is the fourth-order localization tensor which 
concentrates a macroscopic quantity prescribed at the boundary into a 
microscopic phase. The macroscopic strain E and stress ƩƩ of a repre
sentative elementary volume (REV) VR is the volume average of the 
microscopic strain ε(x) and stress σ(x) as below: 

E = 〈ε(x)〉VR
=

1
VR

∫

ε(x)dV =
∑n

i=1
wi〈ε(x)〉Vi

(6)  

Σ = 〈σ(x)〉VR
=

1
VR

∫

σ(x)dV =
∑n

i=1
wi〈σ(x)〉Vi

(7)  

where wi is the volume fraction of each phase, as determined by the 
statistical nanoindentation tests in Section 3.2; x is the position vector; n 

Fig. 2. Load-displacement curve and the CSM test results of one typical indent from the 2-year sample.  

Fig. 3. Load-displacement curves of microindentation tests for these four 
investigated samples. 

M. Liang et al.                                                                                                                                                                                                                                   



Construction and Building Materials 400 (2023) 132891

5

is the number of phases. Substituting Eq. (6) into Eq. (5), one can get: 

∑n

i=0
wiAi = I (8)  

where I is the fourth-order identity tensor. With a linear elastic consti
tutive relationship, the Eq. (7) can be rewritten as: 

Σ =
1

VR

∫

C(x) : ε(x)dV =
∑n

i=1
wiCi〈ε(x)〉Vi

=
∑n

i=1
wiCi : Ai : E (9)  

where Ci is the stiffness tensor of i-th phase. Therefore, the effective 
stiffness tensor Ceff of the material can be expressed as: 

Ceff =
∑n

i=1
wiCi : Ai (10) 

For the M-T scheme, the localization tensor for i-th inclusion phase 
can be expressed as: 

Ai = Ai
MT : [

∑n

i=0
wiAi

MT ]
− 1 (11)  

Ai
MT = [I + S0

i (Ci − C0)]
− 1 (12)  

where the Si
0 is a fourth-order tensor called Hill polarization tensor, 

which is related to the elastic properties of the matrix and the geometry 
of the i-th inclusion [42]; C0 is the stiffness tensor of the matrix phase. 
The localization tensor of the matrix phase can further be obtained by 
Eq. (8). Assuming a spherical inclusion and substituting Eq. (11–12) into 
Eq. (10), the homogenized bulk and shear moduli can be obtained as 
follows: 

keff =

∑n
i=1wiki

(
1 + α0

(
ki
k0
− 1
))− 1

∑n
i=1wi

(
1 + α0

(
ki
k0
− 1
))− 1 (13a)  

μeff =

∑n
i=1wiμi

(
1 + β0

(
μi
μ0
− 1
))− 1

∑n
i=1wi

(
1 + β0

(
μi
μ0
− 1
))− 1 (13b)  

α0 =
3k0

3k0 + 4μ0
(13c)  

β0 =
6k0 + 12μ0

15k0 + 20μ0
(13d)  

where k and µ are the bulk moduli and shear moduli; the subscript i and 
0 represent i-th inclusion and matrix, respectively. Therefore, the 
effective elastic modulus of the composite can be expressed as: 

Eeff =
9keff μeff

3keff + μeff
(14) 

For the SC scheme, the localization tensor for i-th phase can be 

expressed as: 

Ai = [I + Seff
i
(
Ci − Ceff

)]− 1
(15) 

In the SC scheme, the localization tensor Ai is dependent on the 
effective stiffness tensor Ceff, which needs to be calculated iteratively 
based on Eq. (10) and Eq. (15). 

3. Results 

3.1. Hydration products 

In this section, the results of TGA, XRD, SEM-EDS of HVSC samples at 
7-days, 28-days, 90-days and 2-years will be presented. These results are 
analyzed and summarized in the following three stages: Stage I: 7-day to 
28-day; Stage II: 28-day to 90-day; and Stage III: 90-day to 2-year based 
on the sampling schedules. 

3.1.1. TGA 
The TGA results are shown in Fig. 5, where the differential ther

mogravimetric (DTG) results are also presented. The peaks of DTG 
curves at around 125, 175 (and 300), 225 as well as 400, and 450 ◦C 
correspond to C-A-S-H gel phase [12], calcium monosulfoaluminate 
(monosulfate for short), hydrotalcite-like phase [43,44], and portlandite, 
respectively. Also, these results show a clear evolution process of hy
dration products: From 7-days to 2-years, the amounts of C-A-S-H gel 
phase and hydrotalcite-like phase increase, while the content of por
tlandite decreases. In stage I (7-days to 28-days), which is mainly 
dominated by the hydration of cement clinkers, the highest increment of 
C-A-S-H gel phase can be seen. For stage II (28-days to 90-days), minor 
changes are detected, and the TG curves almost overlap. As for stage III 

Fig. 4. The two-scale micromechanical model of HVSC paste.  

Fig. 5. TGA and DTG results of HVSC samples at 7-day, 28-day, 90-day and 2- 
year CH: portlandite; Ht: hydrotalcite-like phase; Ms: monosulfate. 
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(90-days to 2-years), a significant increase in hydrotalcite-like phase is 
observed, indicating a continuous pozzolanic reaction between slag and 
portlandite. 

3.1.2. XRD 
The XRD scans of these samples are shown in Fig. 6. Within the range 

of 8 to 20◦ (2θ), the peaks of monosulfate, hydrotalcite-like phase, and 
portlandite can be clearly seen. The main peak for C-A-S-H phase, 
located at ~30◦ (2θ), is difficult to distinguish from that of alite (C3S), 
and therefore it is not displayed here. The following can be observed: 1) 
the consumption of portlandite is continuous, indicated by the 
decreasing peak intensity located at ~18◦ (2θ) over time; 2) a significant 
increase of hydrotalcite-like phase happens in Stage III (90-day to 2- 
year), in agreement with the TGA results shown in Fig. 5. 

3.1.3. SEM-EDS 
In order to better trace the evolution of phase assemblage, C-A-S-H 

gel phase and hydrotalcite-like phase in particular, SEM-EDS was also 
conducted on cement matrix and slag rims, respectively. As shown in 
Fig. 7(a), the determined Ca/Si atomic ratio of C-A-S-H gel phase 
decreased continuously over time (especially during Stage III), from 
~1.3 at 7 days to ~1.0 after 2 years of hydration, according to the 
method put forward in [45,46]. Due to the reduction of Ca/Si ratio, the 
chain length of the gel phase increased correspondingly [45], which 
suggested the maturity or evolution of C-A-S-H with time. The scatter 
plot of Mg/Si against Al/Si in atomic ratio is shown in Fig. 7(b). Before 
90-days (Stages I and II), the Mg/Si and Al/Si ratios (see Fig. 7(b)) of 

‘inner’ products in slag rims are mostly less than 1.0 and 0.6, respec
tively, indicating a low hydration degree of slag. In comparison, for 
HVSC sample at the end of Stage III, Mg/Si and Al/Si ratios fluctuate in 
the range of 1.0 to 4.0 and 0.6 to 1.8, respectively, suggesting that a 
much higher slag hydration degree is achieved at this age, and 
hydrotalcite-like phase dominates in the rims of unhydrated slag parti
cles. It is consistent with the results obtained through TGA (Fig. 5) and 
XRD (Fig. 6), where a considerable increment in hydrotalcite-like phase 
content is detected after Stage III. Additionally, note that the Mg/Al 
atomic ratio of hydrotalcite-like phase (obtained from the slope of 
regression line fitting these scattering points) remains stable with 
curing. 

3.2. Microstructure 

3.2.1. SEM-BSE 
Fig. 8 shows the typical BSE images of HVSC paste samples at 

different ages with a magnification of 2000 ×. Unhydrated cement 
grains, appearing as the lightest part, (e.g., circled and labelled 1 in 
Fig. 8(a) and (d)) are still observed even at 2 years. Monosulfate 
appeared as widespread, fine and compact clusters intermixed with the 
cement matrix (e.g., circled and labelled 2 Fig. 8(a)). Hydrates, precip
itated as rims around unreacted slag grains, are connected with the 
surrounding matrix from 28 days as shown in Fig. 8(b). In addition, BSE 
images clearly demonstrate a reduction in porosity with curing time: the 
microstructure of HVSC paste sample is porous at 7 days; however, the 
continuous hydration of cement clinkers results in the densification of 
cement matrix at 28 days (Fig. 8(b)). During Stage III (90-day to 2-year), 
clear dark grey rims appear surrounding unreacted slag grains (i.e., slag 
rims), which are rich in hydrotalcite-like phase. In addition, fully- 
hydrated slag particles can also be frequently observed across the ma
trix, indicating a notably higher hydration degree of slag at this age. 

3.2.2. MIP 
MIP results are shown in Fig. 9. As seen in the graph, the critical pore 

diameter [12] shifts left continuously with time, due to the pozzolanic 
reaction between slag and portlandite. The hydration products keep 
densifying the microstructure; as a result, the porosity of HVSC paste 
decreases with the extension of curing period following the order: 2- 
year≪ 90-day less than 28-day≪ 7d. Note, however, that the porosity of 
HVSC paste at 28 and 90 days is very similar. Fig. 10 displays the pro
portions of different types of pores in HVSC pastes based on the classi
fication proposed in [47], i.e., less than 10 nm for gel pore, 10–500 nm 
for small capillary pore, 500–1000 nm for medium capillary pore, and >
1000 nm for large capillary pore. For the calculation of pore diameter, 
the Washburn equation explains the relationship between pore diameter 
(D) and pressure (P) as the below formula shows, 

P = −
4γcos(θ)

D
(16)  

of which the surface tension of mercury (γ) is 0.485 N/m at 25 ◦C and the 
contact angle between mercury and sample (θ) is 140◦. As can be seen, 
the percentages of capillary pores decrease with curing time while the 
proportion of gel pores increases. 

3.3. Micromechanical properties 

The histogram of elastic modulus of nanoindentation and the cor
responding deconvolution results based on the GMM model are shown in 
Fig. 11. With a loading depth of 500 nm, the result of each indent reflects 
the micromechanical response of the surrounding composites with a 
length scale of 1.5 ~ 2.5 μm, and therefore can be considered as an index 
of local mechanical properties [18]. By fitting the histogram of nano
indentation results with the GMM model, the distribution of each phase 
in the HVSC composite can be obtained and represented with an 

Fig. 6. XRD results of HVSC samples at 7-day, 28-day, 90-day and 2-year CH: 
portlandite; Ht: hydrotalcite-like phase; Ms: monosulfate. 
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independent Gaussian distribution solely dependent on the fraction wi, 
mean μi, and variance σi, with i = 1, 2, 3, 4 standing for four different 
phases in the HVSC samples. The following can be seen in the graphs:  

1) For HVSC pastes throughout the investigated ages, the sum of the 
first two phases (i = 1, 2) is 75%, 74%, 76%, and 82%, and is most 
likely to be the major hydration products, i.e., LD C-S-H and HD C-S- 
H [48]. Although the volume fraction determined by the deconvo
lution method is not as precise as that determined by BSE image 
analysis [49], the overall trend still presents a continuous increase of 
hydration products with time, especially at Stage III (90-days to 2- 
years), which is consistent with the results in Section 3.1.  

2) The third and fourth phases (i = 3, 4) represent two mixed phases 
with high variance σi. The third phase (i = 3) is a mixture of HD C-S- 
H, portlandite, and unhydrated slag particles, and the fourth phase (i 
= 4) is a mixture of unhydrated slag grains and cement clinkers. 

Except for the complexity of phase composition, another reason ac
counting for the high variance of these two composites lies in their 
low fractions, which may require more indents to better quantify the 
micromechanical properties.  

3) At 7-days, 28-days, and 90-days, the mean of the elastic modulus of 
the first phase (i = 1) increases from 12.26 to 15.42 and then 19.30 
GPa, indicating a continuous pore-filling process. During Stage II 
(28-day to 90-day), the percentage of the second phase (i = 2) in
creases from 30 to 43%, suggesting a transformation from LD- C-S-H 
to HD C-S-H. At 90-days, the first two phases (i = 1, 2) coincide and 
become a single phase. Recently, He et al. [50] have also confirmed 
that the continuous generation of C-A-S-H contributes to the densi
fication of outer products, resulting in the improvement of the elastic 
modulus of outer products, and narrowing the gap between the 
elastic modulus of inner products and the outer products with longer 
curing age.  

4) During Stage III (90-days to 2-years), a new second phase (i = 2) 
appears and distinguishes itself from the first one with a higher mean 
elastic modulus. This phase represents the component of slag rim, 
which was directly tested by the authors in their previous study [7]. 
One should keep in mind that this phase is a mixture of a C-A-S-H gel 
phase and a hydrotalcite-like phase. This will be discussed in detail in 
Section 4.1. 

To summarize, based on the nanoindentation results, four (mixed) 
phases distinguished by their differences in micromechanical properties 
can be obtained and their compositions can be speculated according to 
widely-accepted nanoindentation results of specific hydration products, 
slag and clinkers in the published literatures [7,22,39,48] (Table 2). 

In the microindentation test (i.e., with a loading depth over 15 μm), 
the micromechanical properties with a characteristic length over 45 ~ 
75 μm were tested and considered as the effective mechanical properties 
of the HVSC paste [31,51,52]. For each age, 10 micro indents were 
made. In addition, the two-scale micromechanical model introduced in 
Section 2.3.4 was used to calculate the effective elastic modulus by 
taking the mean value and volume fraction of each of the four (mixed) 
phases derived by the statistical nanoindentation. It should be stressed 
that the deconvolution results of statistical nanoindentation distinguish 
the four phases by their difference in stiffness, not on the potential 
mineral phases. The mean value of elastic modulus of each phase 

Fig. 7. Scatter plot in atomic ratio of (a) Al/Ca vs. Si/Ca on cement matrix; and (b) Mg/Si vs. Al/Si on slag rim.  

Fig. 8. Typical BSE images of HVSC samples at the ages of (a) 7-days; (b) 28- 
days; (c) 90-days; (d) 2-years. 
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derived by nanoindentation does not necessarily represent a pure phase 
that contains only a single type of hydration product, unhydrated slag 
particle or cement clinker, especially for phase 3 and 4 which are always 
composites of CH, slag rims, unreacted slag grains and cement clinkers. 
Therefore, to predict the effective mechanical properties, the volume 
fraction of each composite phase directly obtained from statistical 
nanoindentation is more representative than the weight percentage of 
each single type of hydration products derived by quantitative analysis 
like XRD and TGA. Regarding pores not observable by nanoindentation, 
their volume fraction was calculated based on the greyscale histogram of 
BSE images at different ages according to the procedures suggested by 
Kocaba et el. [8]. The pore volume fraction (determined by BSE) of at 7- 
days, 28-days, 90-days and 2-years was 2.88 %, 1.81%, 1.49% and 
0.72%, respectively. 

The effective elastic modulus tested by microindentation and 
calculated by the corresponding two-scale micromechanical model are 
shown in the Fig. 12. In the microindentation test, the effective modulus 
increases by 3.12 GPa in Stage I (7-days to 28-days) and by 0.54 GPa in 
Stage II (28-days to 90-days). During Stage III (90-days to 2-years), a 

significant increase of 8.76 GPa is found. The results of the two-scale 
model show a reasonable agreement with the microindentation tests, 
especially at 2-years. However, before 90-days, the two-scale model 
overestimates the effective elastic modulus. To explain the difference 
between the two-scale model and microindentation results, this study 
proposes a hypothesis of interface between the slag grains and cement 
matrix, which will be explained in detailed in Section 4.2. 

4. Discussion 

4.1. The evolution process of HVSC from a chemo-micromechanical point 
of view 

As mentioned above, published studies focus either on chemical or 
micromechanical aspects of slag cement paste, resulting in a lack of 
synergy between them. In the current study, we combined the chemical 
and micromechanical characterizations, and discuss the evolution pro
cess of HVSC at different periods as follows: 

1) During Stage I (7-days to 28-days), a significant increase in C–S 
(A)–H gel phase content is observed (Fig. 5), which mainly results from 
the continuous hydration of cement clinkers and slag particles with 
small diameters [53,54]. The produced gel phase fills the pores, espe
cially medium and large capillary pores, leading to a considerable 
reduction in porosity, as reflected in Figs. 9-10. Consequently, an in
crease in the effective elastic modulus of microindentation result is 
noted (Fig. 12), due to the densification of cement matrix. 

2) During Stage II (28-days to 90-days), few changes are detected in 
the evolution of phase assemblage (Figs. 5 and 6) and microstructure 
development (Figs. 8 and 9). As a result, the microindentation results 
remain stable during this period, fluctuating at around 22.0 GPa. After 
28-day curing, most cement clinkers have completely hydrated. Addi
tionally, owing to its latent hydraulic property, slag particles, especially 
large ones, hydrate slowly [8,54], thus barely contributing to the 
improvement of various properties of HVSC paste. On the other hand, 
the peaks of LD-SCH and HD C-S-H coincide at this period (Fig. 10(c)), 
which indicates the transformation from LD C-S-H to HD C-S-H. 

3) During Stage III (90-day to 2-year), the influence of slag (or 
pozzolanic reaction) increases. The continuous hydration of slag grains, 
especially large ones, generates large amount of hydrotalcite-like phase, 
as verified by XRD (Fig. 6) and EDS (Fig. 7(b)). This phase precipitates 
with C–S(A)–H gel phase closely, forming the so-called slag rim. As 
shown in Fig. 8(d), slag rims become much thicker after 2 years than that 

Fig. 9. MIP results of HVSC samples: (a) pore size distribution; and (b) cumulative volume of mercury intrusion.  

Fig. 10. The proportions of different types of pores in HVSC samples at 
different ages. 
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at 3 months (Fig. 8(c)). 
Fig. 13 (a) and (b) show the greyscale value histograms of BSE im

ages shown in Fig. 8 (b) and (d), representing HVSC paste samples at 28 
days and 2 years, respectively. With the advancing of slag hydration, the 
slag rim thickens, and it occurs as an evident peak in the greyscale value 
histogram in Fig. 13 (b), before the main peak corresponding to the C–S 
(A)–H gel phase due to its low mean atomic number in composition (rich 

in Magnesium and Aluminum) [55]. As a result, the shoulder following 
the main Gaussian peak in the frequency plot of Fig. 13(d) is believed to 
belong to the slag rim, similar to the results obtained in our previous 
study [7]. 

4) Furthermore, a significant reduction in porosity is found during 
Stage III. The percentage of capillary pores keep decreasing, while the 
percentage of gel pores increases. Because of their relatively high 
mobility, Ca and Si ions dissolved from slag move into the cement matrix 
and precipitate into C − S(A) − H gel phase [11,56], resulting in the 
further refinement of microstructure of HVSC paste. Therefore, due to a 
combined effect of these beneficial microstructural changes, a much 
higher elastic modulus is measured after 2 years in the microindentation 
test (Fig. 13). A similar trend has been observed in a 40-year-old CEM 
III/B specimen investigated in our previous study [7]): After decades (e. 
g., sample (CEM III/B) of around 40-year-old investigated in our pre
vious study [7]), the situation of HVSC sample is similar to that in Stage 
III examined in the present paper with reactive slag. As shown in [7], the 
slag rims were quite thick, and hydrotalcite-like phase dominated after 
such a long service life. The indentation modulus of slag rim was 35.55 
± 12.33 GPa in the 40-year-old sample, which is close to the value 

Fig. 11. Histogram and deconvolution results of elastic modulus measured by nanoindentation tests: a, b, c, d correspond to the HVSC samples tested at 7-day, 28- 
day, 90-day, and 2-year. 

Table 2 
The four (mixed) phases of HVSC sample distinguished by microindentation 
results at each sampling age.   

7-day 28-day 90-day 2-year 

Phase 
1 

Pore, LD C-S- 
H 

Pore, LD C-S- 
H 

Pore, HD C-S-H HD C-S-H 

Phase 
2 

HD C-S-H HD C-S-H HD C-S-H, Slag- 
rim 

HD C-S-H, Slag- 
rim 

Phase 
3 

CH, Slag CH, Slag Slag, CH, Slag- 
rim 

Slag, CH, Slag- 
rim 

Phase 
4 

Slag, Clinker Slag, Clinker Slag, Clinker Slag, Clinker  
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determined herein for the 2-year HVSC paste (see Fig. 10(d)). 
In general, published studies of slag cement pastes are limited to 28- 

day cured samples, up to several months at most. It has been long 
believed that this was sufficiently representative for slag cement paste 
and concrete. However, based on the results obtained herein, the 
beneficial potential of slag (or pozzolanic reaction) is underestimated by 
such (short-term) investigations. Although small slag grains almost hy
drate totally before 3 months and contribute to the reduction of porosity, 
the hydration degree of slag only reaches ~30% within this time scale 
[57,58]. Based on BSE image analysis method proposed in [8], the hy
dration degree of slag increased from ~10.5% at 7 days to ~43.2% after 
2 years. It also explains that for existing researches attempting to 
investigate the micro-mechanical properties of slag cement paste, only 
C–S–H gel phase, portlandite, unreacted slag particle and cement clinker 
are identified [19,59,60]. No information regarding slag rim is found 
before. 

With prolonged curing, large slag grains further hydrate, and the slag 
rim emerges as an important component of the microstructure. On the 
one hand, Ca and Si dissolved from slag move into cement matrix and 
precipitate into the formation of C–S(A)–H gel phase, which decreases 
the porosity of the cement matrix. On the other hand, much more 
hydrotalcite-like phase is generated and precipitated in the slag rim, and 
thus a new component, i.e., the slag rim with a higher elastic modulus 
compared to the C–S(A)–H gel phase, starts to form. This contributes 
significantly to the enhanced micromechanical performance of slag-rich 
cement paste and concrete at later age. 

4.2. A hypothesis on the interface between unhydrated slag and C-A-S-H 
gel 

Before 90-days, large slag particles mainly serve as solid inclusions in 
the HVSC pastes due to their low-reactivity [53,54]. Note that the elastic 
modulus of unreacted slag grain typically reaches 81–115 GPa [22]. In 
Stage III (90-days to 2-years), a considerable amount of slag grains hy
drates and thick rims are formed around them, whose elastic modulus is 
significantly lower (i.e., ~30 GPa shown in Fig. 11(d) and [7], versus 
81–115 GPa for unreacted slag grains). Following the basic ideas of 
micromechanics (see Eq. (5–10)), the decrease of volume fraction of a 
solid inclusion (i.e., slag) should lead to the reduction of the effective 
elastic modulus of HVSC composite accordingly; however, this is not in 
agreement with the results of microindentation tests. This may be 
caused by the interface between the large unhydrated slag grains and the 
hydrated cement matrix. The formation of such interface is shown in 
Fig. 14(a), adapted from [61]. Števula et al. [61] confirmed that, after 
one year, hydration products at the interface mainly comprised needle- 
like ettringite, acicular C–S(A)–H gel, and portlandite crystals, which are 
considered to typically precipitate in large pores. These hydration 
products are found at the interface of concrete between (normal) ag
gregates and the cement matrix [62]. As shown in Fig. 14(a), these 
hydration products precipitated in the interface between large unhy
drated slag particles and hydrated cement matrix indicate that this area 
is porous and that the bond is weak, which might compromise the 
overall stiffness of the HVSC composite. At later age (years) with the 
continuous hydration of slag particles, Ca and Si dissolved from slag 
move out and precipitate as C–S(A)–H gel phase in this porous area, the 
bond becomes denser and therefore increases the overall stiffness of 
HVSC composite, as shown by the microindentation result of the two- 
year HVSC paste (This process is illustrated in Fig. 14(b).). 

In the two-scale micromechanical model, a perfect bond between all 
phases is assumed and the interface between the large unhydrated slag 
particles and the hydrated cement matrix is not explicitly considered. 
Before 90 days, when a weak porous bond exists in the interface between 
slag and hydrated cement, the model overestimates the effective elastic 
modulus of the HVSC composites due to the (inappropriate) assumption 
of the perfect bond. On the other hand, after 2 years, when large slag 
grains have hydrated to a certain extent, dissolved Ca and Si move out 
and precipitate as C–S(A)–H gel phase in this weak area, fill pores and 
thus strengthen the bond. Under this circumstance, the assumption of a 
perfect bond is valid, and the model show a good match with the 
microindentation tests. Overall, the model used herein is in reasonable 
agreement with the microindentation tests (see Fig. 12). An important 
reason for the good prediction is the stiffness-dependent phase identi
fication based on statistical nanoindentation. In the statistical GMM 
analysis, the four mixed phases are identified and classified based only 
on the stiffness difference, irrespective of their different chemical 

Fig. 12. Microindentation and modelling results of HVSC samples tested at 7- 
day, 28-day, 90-day, and 2-year. 

Fig. 13. (a) and (b) Grey value histograms of BSE images shown in Fig. 8 (b) and (d), respectively.  
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compositions and microstructure. Therefore, the influence of imperfect 
bond is implicitly reflected by the micromechanical model, probably 
with a lower mean value of Phase 3 derived by statistical deconvolution 
analysis. 

5. Conclusions 

This study aims for the evolution process of the chemo-mechanical 
properties of HVSC specimens. TGA/ XRD/ MIP/ SEM-EDS tests and 
nanoindentation/ microindentation tests were conducted to charac
terize the evolution of phase assemblage and microstructure, as well as 
quantify the evolution of mechanical properties. Using statistical 
deconvolution results of the nanoindentation tests as input, a two-scale 
micromechanical model was used to predict the effective elastic 
modulus of the HVSC composites and compare the modelling results 
with microindentation tests. This study results in the following findings: 

1) In Stage I (7-days to 28-days), hydration of cement clinkers domi
nates. The large generation of C-S-H gel phase fills medium and large 
capillary pores. Accordingly, an overall improvement in effective 
elastic modulus is observed due to the reduction in porosity.  

2) In Stage II (28-days to 90-days), few changes are detected regarding 
the evolution of phase assemblage and microstructure of HVSC 
pastes. As a result, the effective elastic modulus tested by micro
indentation also remains stable. However, nanoindentation results 
show a transformation from LD C-S-H to HD C-S-H during this period.  

3) In Stage III (90-days to 2-years), various characterization methods 
identify a significant increment of hydrotalcite-like phase, along 

with dark rims formed around large unreacted slag grains. As a 
result, a “new Phase 2” is identified in the statistical nanoindentation 
tests of 2-year-old paste, comprising mainly the slag rim. Further
more, the microindentation tests shows a significant improvement of 
effective elastic modulus at this age.  

4) The two-scale micromechanical model, based on SC scheme at level 
one and M− T at level two, can predict the effective modulus of HVSC 
composites with good accuracy, given the input of statistical nano
indentation tests. Nevertheless, the existence of large unhydrated 
slag grains-hydrated cement matrix interface may cause an over
estimation of the calculated elastic moduli. With longer curing age, 
this interface disappears owing to the precipitation of C-A-S-H gel 
phase, originated from the hydration of large slag particles. Conse
quently, a better match is found between the modelling and exper
imental results at later ages. 
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