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Abstract 
This paper describes the underlying principles behind the evolution in performance of ternary composite 
cements comprising Portland cement clinker, slag and limestone. By using the predicted phase 
assemblage as an input for the micromechanical model, the mechanisms underlying the evolution of 
mortar strength and Young�s modulus were analyzed and quantified. This allowed the roles of hydrate 
assemblages and porosity distribution on the evolution of performance to be explained and quantified. 
Slag hydration results in the formation of a microstructure more efficient for development of 
compressive strength and elastic stiffness. Limestone further improves microstructure and enhances 
reactivity of the systems studied.
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1. Introduction
Composite cements are the most commonly used cement types in the building industry. The first 
generation of composite cements, i.e. two components (binary) systems, are now being replaced by 
ternary and quaternary systems, in which the clinker content has continuously decreased while the 
number of supplementary cementitious materials has increased [1] [2]. The hydration of the Portland 
cement clinker occurs simultaneously with the reactions of the supplementary cementitious materials 
(SCMs) [3], mutually influencing the reactivity of the components and impacting on the resulting hydrate 
assemblage and microstructure [3]. Research on hydration kinetics has revealed that SCMs impact the 
reaction kinetics and extent of the clinker reactions [4]. Later studies showed that simultaneous 
hydration of different SCMs in ternary and quaternary blends is complex since SCMs influence the 
hydration of other SCMs [5]. This requires a better understanding of the hydration processes and 
interdependencies in order to better predict performance of multi component composite cements 
[6][7]. The ability to predictively model the performance of these new cements is of utmost importance 
since the prescriptive approaches of the concrete industry, based mainly on experience gained with 
Portland cement concrete, will not be applicable to the new cements. Presently, modelling approaches 
are used to improve understanding of the hydration process and to correlate the predicted hydrates 
assemblages with cement performance [8].
Hydration models are well established, particularly based on the thermodynamic approach [9]. The use 
of thermodynamic calculations allows investigation of the effect of different variables e.g. changing 
composition of composite cements [10] [11] [12] [13] [14] [15] [16] or of temperature [17] [13] on the 
phase assemblage of cement systems. Using the kinetics of anhydrous phase dissolution enables 
calculation of the evolution of phase assemblage over time [18] [19] [20] [21]. Additionally, when 
incorporating the density of the anhydrous phases and hydrates, thermodynamic modelling also allows 
the volumes of solids, solution and chemical shrinkage to be determined [9]. Hence, thermodynamic 
modelling allows the impact of various parameters [9] on the pore volume evolution to be studied.
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Performance models are not so well established. Most often, a semi-empirical relationship between 
total porosity, or a comparable simple measure, and strength is used for a given cement type or group 
of comparable cements (e.g. [22] [13] among others). Such models, however, generally struggle to 
predict the performance outside of the range used for their calibration. Recently, modelling approaches 
based on continuum micromechanics have been developed for upscaling of strength of cementitious 
materials [23][24]. Such models are capable of reflecting changes to hydrate assemblages and 
microstructure caused by the use of SCMs. With their relatively low complexity, low computational costs 
and general applicability, the micromechanical models have quickly established their role in industrial 
applications of cementitious materials, ranging from tunnel construction to cement optimization 
[25][24][26][23][27][28][29].
In our earlier paper [30], we have reported how the cement components have a pronounced impact on 
the hydration of each other and on the resulting microstructure. In this paper, we have applied a 
modeling framework to explain and predict the performance evolution of ternary composite cements 
comprising Portland cement clinker, slag and limestone. The framework consists of the thermodynamic 
model for cement hydration and the micromechanical model for strength upscaling [31]. This has 
allowed us to correlate the porosity evolution measured by different techniques with the evolution of 
mechanical performance and has further provided basis for identification and quantification of the 
underlying mechanisms.

2. Materials
Composite cements (binders) were prepared from a commercial CEM I 52.5 R, ground granulated blast 
furnace slag and natural limestone. Additionally, natural anhydrite was used to fix the overall SO3 level 
of the composite cement to 3 %. Additionally, in some instances, natural quartz sand was applied as an 
inert reference material for the SCMs. The chemical composition of the materials is given in Table 1. 

Table 1 Chemical composition of the investigated samples

*-oxidation of sulfide
The mineralogical composition of the materials determined by Rietveld analysis is shown in 
Table 2 and Table 3, respectively.  

Table 2 Clinker content of CEM I 52.5 R (wt.-%)

Phase C3S C2S C3A C4AF Calcite Anhydrite Bassanite Others

Composition CEM I Slag Limestone Quartz Anhydrite

SiO2 20.4 34.9 2.0 99.8 2.0

Al2O3 5.6 11.6 0.8 0.0 0.6

TiO2 0.3 1.1 0.0 0.0 0.0

MnO 0.1 0.3 0.0 0.0 0.0

Fe2O3 2.5 0.5 0.3 0.0 0.2

CaO 62.1 41.8 53.1 0.0 38.3

MgO 1.7 5.8 0.6 0.0 1.5

K2O 0.7 0.5 0.1 0.0 0.2

Na2O 0.1 0.1 0.0 0.0 0.0

SO3 3.5 3.1 0.1 0.0 52.2

P2O5 0.1 0.0 0.0 0.0 0.0

LOI 2.0 (+0.8)* 42.3 0.2 3.7

Sum 20.4 99.7 99.5 100.0 98.8
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CEM I 58.1 14.3 9.2 6.7 1.9 1.7 3.0 5.1

Table 3 Mineralogical composition of supplementary materials (wt.-%)

Phase Calcite Quartz Dolomite Anhydrite Amorphous/Others

Slag 2.4 0.1 - - 97.5

Limestone 96.6 0.4 1 - 2.0

Quartz 0.5 99.5 - - -

Anhydrite - 2.1 5.5 91.0 1.4

The particle size distribution of all the constituent materials, as measured by laser granulometry, is 
shown in Figure 1. The quartz and slag (of two finenesses: normal: S and fine: Sf) were ground in a 
laboratory ball mill. Other materials were received already ground.
The composite cements were prepared according to Table 4 by blending the constituent materials in 
a roller ball mill with plastic grinding media to improve the homogenization.

Table 4 Composition of binders investigated (wt.-%)

Binder designation
CEM I 52.5 R

(C)
Slag/Quartz

(S/Sf/Q)
Limestone

(L)
Anhydrite

C 100 - - -

C-S 50.68 47.08  (S) - 2.24

C-Q 51.84 48.16 (Q) - -

C-S-L 51.18 38.03 (S) 8.55 2.24

C-S-2L 51.18 28.53 (S) 18.06 2.24

C-Sf-2L 51.18 28.53 (Sf) 18.06 2.24

Note: The commercial CEM I 52.5 R cement contained 1.9% calcite and 4.8% calcium sulphate, which 
were accounted for when maintaining the 50:50 clinker:SCM ratio.

 

0.1 1 10 100

0

10

20

30

40

50

60

70

80

90

100

V
o
lu

m
e
 (

%
)

Particle diameter (µm)

 CEM I

 Limestone

 Slag

 Slag fine

 Anhydrite

 Quartz

Figure 1 Particle size distribution of constituent materials 



4

3. Methods

3.1. Experimental techniques
A multi-technique approach was used to follow the hydration of the binders. This included calorimetry, 
thermogravimetric, mercury intrusion porosimetry (MIP), scanning electron microscopy (SEM) and XRD 
supplemented with Rietveld and PONKCS methods. These techniques give quantitative as well as 
qualitative information about the hydration kinetics and phases formed. Details are given elsewhere 
[30].
Mortar samples with w/b of 0.5 were used for assessment of strength development, as prescribed in EN-
196. The samples were cured under water. An additional set of samples was cured at 95 % RH to follow 
the development of Young�s modulus using a Proceq Pundit PL-200PE device equipped with 250 kHz 
shear wave transducers. After 180 days of curing, three mortar prisms were tested according to the 
water porosity method [32]. This enabled determination of sample volume and density, the volume of 
compaction voids, plus the amount of water accessible porosity and empty porosity at 95 % RH.

3.2. Thermodynamic modelling
Thermodynamic modeling was used to calculate the evolution of hydrate assemblages, from which 
hydrate volumes could be determined. Thermodynamic modelling was carried out using the 
geochemical modelling program GEMS [33] [34] with thermodynamic data from the PSI-GEMS database 
[35] [36] supplemented by cement specific data [37] [38] [39].
The model was applied as described elsewhere [18] [19]. The dissolution kinetics of anhydrous phases 
was mathematically described with multi-parametric smooth functions. The input was based on 
experimentally determined dissolution kinetics of clinker phases and slag, as reported elsewhere [30]. 
Quartz was assumed to be inert. Hence, the composition of the hydrate assemblage was predicted 
based on the degree of reaction of the cement clinker and the slag as a function of time, assuming 
thermodynamic equilibrium at each stage of hydration. The following assumptions were introduced into 
the model:

 All anhydrous phases were assumed to dissolve congruently

 Calcite and gypsum contents were calculated to dissolve freely, i.e. without prescribing their 
dissolution degrees. Their amounts at equilibrium resulted from the availability of reacted 
alumina.  

 C-S-H composition was corrected with Al incorporation to account for Al-uptake determined 
experimentally [30], without altering its thermodynamic properties.

It should be noted that the volume of the C-S-H phase does not include the gel porosity associated with 
this phase, but only the interlayer water [39], it will be further referred to as the solid C-S-H.

3.3. Mechanical modelling
A continuum micromechanics model, based on the work of Termkhajornkit [24], was applied. The 
micromechanical model takes the volumes of hydrates and porosity as predicted by the thermodynamic 
model, together with assumptions about spatial arrangement of hydrates, as an input. It can therefore 
reflect, in a physically well-substantiated manner, multiple parameters simultaneously. The material 
parameters, homogenization levels and other particularities were as used previously [31]. The key 
features of the model are as follows:

 The solid C-S-H volume, predicted by the thermodynamic model, is homogenized together with 
the porosity fraction which is saturated at 95 % RH as the first homogenization level.

 The next homogenization level consists of the remaining fraction of porosity, all other hydrates 
as well as anhydrous cement components embedded in the homogenized matrix from the first 
level.
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 The last homogenization level comprises the homogenized matrix from the second level with 
sand and compaction voids added.

Note that the porosity partitioning based on its saturation at 95 % RH is the key difference to other 
similar models. Since the porosity saturation was measured only after 180 days, we assumed that the 
ratio between the saturated and empty porosity remained constant. All other particulars of the model 
were kept as elsewhere [31].

4. Results

4.1. Hydration � selected experimental results
The key experimental results characterizing the hydration process of the systems studied are presented 
below. A complete set of experimental data can be found elsewhere [30].
The hydration kinetics of the cement clinker is shown in Figure 2. In the plain Portland cement, the 
hydration degree of the cement clinker reached ~60 % at 1 day and ~90 % at 180 days. In the composite 
cements, early clinker hydration was accelerated, particularly in the presence of limestone. However, by 
180 days, the final hydration degree was comparable for all investigated binders. 
The slag reacted more slowly than the cement clinker (Figure 3). After one day, its hydration degree was 
about 30 % and increased up to ~60 % at 180 days. The presence of limestone and fine grinding of the 
slag resulted in an acceleration of the slag reaction. The overall hydration degree of the composite 
cements was always lower than the plain Portland cement paste (sample C). 

The bound water content is shown in Figure 4. For all samples, bound water content increased with 
time, but was always highest for the reference plain Portland cement and lowest for the quartz 
containing sample. For all the composite cements, the bound water contents were similar, being 
between that of the plain Portland cement and C-Q sample. The lower bound water content of slag 
containing binders may be associated with the lower overall hydration degree of these binders. 
However, due to the differences in chemical composition of the binders studied and hence of the 
hydrates formed, the bound water content could not be quantitatively linked to the hydration degree 
[40]. 
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Figure 2 Evolution of the hydration degree of cement 

clinker by QXRD. The representative error is assumed 

to be ±2 % of hydration degree [30].

Figure 3 Evolution of the hydration degree of slag. The 

representative error is assumed to be ±5 % of 

hydration degree [30].
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Figure 5 shows the low-angle XRD patterns after hydration for 180 days. The hydrates formed were 
typical for the systems investigated. The aluminate phases resulted in the precipitation of ettringite, plus 
hemi- and mono-carbonate phases. Since all the binders contained some calcite, there was no 
significant precipitation of monosulfate. However, increasing levels of additional limestone resulted in 
the formation of mono-carbonate over hemi-carbonate. Additionally, ettringite contents were similar 
for all binders since their SO3 levels were set to be constant, the exception was sample C-Q, which was 
characterized by a lower SO3 content. The reaction of silicate phases resulted in the formation of C-S-H, 
and portlandite, as reported earlier [30].
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Figure 4 Evolution of the Bound water in the 

investigated samples. The representative error is 

estimated to ±1 %.

Figure 5 XRD-patterns for the different tested blends at 

180 days. The main peaks of ettringite (AFt), 

monosulphate (MS),  hemicarbonate (HC), monocarbonate 

(MC) and hydrotalcite (Ht) are indicated

4.2. Thermodynamic modelling of phase assemblage evolution
The predicted hydrates included C�S�H, CH, AFt and AFm phases, plus a small amount of hydrotalcite-
like phase and iron-bearing hydrogarnets, as shown in Figure 6. In the plain Portland cement sample, the 
model predicted formation of hemi-carbonate and mono-sulfate because of the small quantity of calcite 
present.  When comparing samples C and C-Q, the lower hydrates volume is clearly visible in the latter. 
However, the phase assemblage is qualitatively identical. The presence of slag in place of quartz results 
in a significant increase in C-S-H content. Compared to the plain Portland cement paste, the slag 
containing sample has lower contents of C-S-H, portlandite as well as AFm phases. The lower AFm 
content arises due to the consumption of Al to form C-S-H and hydrotalcite phase. Addition of limestone 
induces the stabilization of mono-carbonate. 
Confirming the XRD data shown in Figure 5, modelling shows the presence of ettringite in all the 
investigated binders. Beyond 1 day of hydration, the content of ettringite does not change significantly. 
This is because of the aforementioned presence of small quantities of limestone in the CEM I used and 
further additions of limestone into the composite cements. The modelled ettringite contents in all 
samples, with the exception of C-Q, are similar because of the similarity in the total SO3 levels. 
Additionally, in the case of slag-containing binders, the high incorporation of alumina into C-S-H reduces 
the amount of AFm phases formed which also contributes to the ettringite stabilization. 
The modelling results agree well, both qualitatively and quantitatively (comparison not shown), with the 
experimental results discussed above, and reported previously [30].
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Figure 6 The volume of the different phases as function of time in hydrating binders modelled by GEMS. C-S(A)-

H; C-S-H phase with modelled incorporation of alumina, CH � portlandite, AFt � ettringite, MC � Monocarbonate, 

HC � hemicarbonate, Cc � calcite, Ht � hydrotalcite, C3FSH6 � iron containing hydrogarnets, G � gypsum. 

4.3. Compressive strength evolution
The compressive strength evolution of mortars is presented in Figure 7. 
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Figure 7 Evolution of the compressive strength Figure 8 Evolution of the Young�s modulus

The plain Portland cement achieved a compressive strength of 33 MPa after 1 day and 62 MPa after 180 
days. The strengths of all of the composite cements were significantly lower at 1 day, at approximatively 
15 MPa. However, their strength gain beyond this point was more rapid than for the plain Portland 
cement, such that they finally reached levels comparable to the sample C by 180 days. It is noticeable 
that the strength of samples C-S and C-S-1L were similar during the first 28 days, i.e. the replacement of 
10 % slag by limestone had no negative impact on the strength development. A further reduction in the 
slag content with an increase in limestone content however brought a diminished strength gain from 7 
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days and beyond (sample C-S-2L). This effect could be offset by fine slag grinding, as seen for sample C-
Sf-2L. The compressive strength of quartz containing samples was always lower than their 
slag/limestone analogues. 
The evolution of Young�s modulus is shown in Figure 8 and reveals similar trends as discussed for the 
compressive strength evolution. However, the increase in performance beyond two weeks of hydration 
was less pronounced. 

4.4. Evolution of porosity
Figure 9 shows typical SEM-BSE micrographs of the samples after hydration for 180 days. All samples 
showed an intimate mixture of anhydrous material, different hydrated phases and pores. In the 
composite cements, quartz (C-Q), slag (C-S and C-S-2L) and limestone (C-S-2L) particles were visible. The 
slag particles were larger, with characteristic, partially hydrated rims. The more noticeable hydrates 
included calcium hydroxide appearing light grey, and outer product C-S-H, appearing dark grey. Samples 
C and C-S showed very dense microstructures, with little porosity. Sample C-Q was characterized by 
significantly darker regions, reflecting its greater porosity than the other samples. Sample C-S-2L showed 
an intermediate microstructure, having features of C-S as well as of C-Q. 

C C-Q

C-S C-S-2L

  
Figure 9 Microstructure of the samples cured for 180 days as seen by SEM-BSE. 

In order to quantify the observed differences in porosity, the SEM-BSE micrographs were analyzed 
quantitatively using image analysis to determine the evolution in coarse capillary porosity [41]. 
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The porosity evolution obtained by this method is shown in Figure 10. The porosity decreased with 
increased hydration time. It was lowest for the plain Portland cement and highest for the blend with 
quartz. The composite cements containing slag were similar and characterized by intermediate porosity 
levels. 
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Figure 10 Pore volume evolution as measured by SEM-BSE. Results are averages from 50 images taken at 800x 

magnification and 2048∗1536 pixel resolution [30].

Additionally, MIP was used to study the pore volume evolution. The MIP technique was used to 
compare the porosity in the composite cements. This technique gives neither the absolute pore volume 
of the pores nor the pore size distribution, but can still be used as a comparative method [42] [43]. 
(Figure 11 and Figure 12). For all samples, the pore volume decreased with hydration time. The pore 
volume of the reference plain Portland cement was always lower than those of the corresponding 
composite cements and quartz reference, which was the highest, consistent with the SEM-BSE results. 
However, there were significant differences between both techniques. The pore volume determined by 
MIP was systematically higher than that determined by SEM-BSE, indicating that MIP can access a larger 
fraction of the total porosity. 
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Figure 11 Pore volume as measured by MIP Figure 12 Threshold pore diameter from MIP data

To illustrate the effect of slag and limestone on pore structure, without taking time into account, plots 
were prepared of total intruded pore volume versus threshold pore size depicted in Figure 12, as 
performed in [44]. The results are shown in Figure 13. For composite cements, at later hydration times 
(7 days or below ca. 35 % porosity), the threshold pore diameter was measurably less in the composite 
cements than in the plain Portland cement paste with similar pore volume. 
The porosity, calculated from the solid volume evolution, as determined by the hydration model GEMS, 
is shown in Figure 14. The calculated porosity includes the gel and capillary porosity, as well as chemical 
shrinkage, i.e. the reduction of the total volume of the system. The results showed the same trends as 
the data from SEM-BSE and MIP. The calculated total porosity volume was greater than that determined 
from the other methods. 
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Figure 14: Pore volume evolution as calculated be the 

thermodynamic model
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After 180 days, the mortar samples were analyzed for their water-accessible porosity, as described 
elsewhere [32]. Figure 15 shows the porosity partitioning according the saturation state at 95 % RH. The 
partitioning was obtained as follows. The dry fraction of porosity was obtained by the difference in 
weights of the samples stored at 95 % RH and after saturation. The saturated porosity was then 
calculated as the total porosity predicted by the GEMs model minus the dry porosity. To link the results 
collected at the mortar scale with those calculated at the paste level, a complete mass-volume balance 
was done as described in [31]. Figure 15 reveals that the fraction of dry porosity was much more 
sensitive to the binder type than the saturated fraction which stayed practically constant, at around 20 
vol.-% of paste. The dry porosity ranged from ~10-% of paste in the case of sample C up to ~25 % for 
sample C-Q.
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Figure 15: Partitioning of the porosity based on its saturation at 95 % RH. The total porosity modelled is sum of 
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4.5. Mechanical modeling
A micromechanical model has been applied to predict mortar performance by combining information 
about the volume of hydrates predicted by thermodynamic modelling and their spatial distribution, i.e. 
microstructure. The development of time-dependent volume fractions of selected mortars are shown in 
Figure 16. The figure highlights the porosity partitioning as well as the so-called C-S-H foam [23][24] 
which comprises the solid C-S-H and the saturated porosity. These two phases are homogenized at the 
first level of the micromechanical model and hence their volumes have the most pronounced impact on 
predicted performance. Our aim was to determine whether the model can correctly predict the 
differences in performance based on the differences in measured porosity and modelled hydrate 
assemblages. 
The predicted compressive strengths and Young�s moduli are compared with experimental data in 
Figure 17 and Figure 18, respectively. Generally, the predictions using the partitioned porosity matched 
favorably with experimental data, especially at later ages, i.e. when the porosity data were collected. At 
1 and 2 days, modelling underestimated compressive strength and Young�s modulus for the plain 
Portland cement.
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Figure 16: Evolution of time dependent volume fractions of selected mortars.
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5. Discussion

5.1. Microstructure evolution
The three techniques used all provide different measures of porosity and hence allow analysis of pore 
volume and porosity distribution evolution and the impacts of SCMs:

 GEMS provides information on the total porosity, corresponding to that of the samples 
equilibrated at 11% relative humidity, i.e. including one monolayer of water on the C-S-H phase  
[17] [39] [45].

 MIP measures the accessible porosity to mercury up to a pressure of 400 MPa. This corresponds 
to a 4 nm pore diameter according to the Washburn�Laplace equation (assuming a contact 
angle of 140°)[42] [46]

 SEM-BSE image analysis measures coarse porosity. The theoretical minimum possible pore 
diameter measured corresponds to 0.34 μm (with a single pixel being 0.17 × 0.17 μm at the 
magnification used (800 ×), and assuming that the smallest visible pore corresponds to a 2x2 
pixel feature). However, the practical minimum is greater than this due to the transition in grey 
level across pore-solid boundaries. Consequently only pores greater than approximatively 1 µm 
can be seen by this technique [47] [48].

Thus, while both experimental techniques probe only a part of the porosity, thermodynamic modelling 
provides the total porosity. A comparison of the results from these three techniques therefore enables 
an assessment of the microstructure and its evolution.
The MIP data show that the hydration of composite cements reduced the accessible porosity, plus the 
threshold pore diameter. In the case of the plain Portland cement, the threshold pore diameter changes 
little beyond 7 days. Hence, slag-containing binders have finer porosity for a given total porosity as 
shown in Figure 13. In another words, these binders have higher porosity volume for a given porosity 
fineness, which is in accordance with the literature data [44][49]. Contrary to [49], here presented 
results show a significant continuous microstructure refinement for composite cements. This might be 
associated with the higher w/b or longer hydration period used here. Indeed, the ongoing refinement of 
porosity over two years was reported in [44].

This impact of binder composition on microstructure development is further explored in Figure 19 and 
Figure 20 where the measured pore volumes by MIP and SEM are compared to the calculated total 
porosity by GEMS. All binders followed a similar trend. At higher porosities, i.e. at early ages, the 
predicted and measured porosities were similar. For higher hydration degrees, i.e. lower porosities, the 
measured pore volumes were lower than predicted. However, there was a significant difference 
between the plain Portland cement and the composite samples, including the quartz-bearing blend. In 
the composite cements, the measured pore volume was significantly lower for any given calculated 
volume, compared to the plain Portland cement paste.  It is noticeable that the quartz-containing 
sample behaved like the slag-containing binders and did not follow the trend of the C sample. These 
results show that the arrangement of hydrates in space is different. For a given total porosity, the 
composite cements were characterized by lower MIP-accessible porosity. Given the fact that pores are 
only accessible to mercury during MIP if they are connected to the bulk porosity by pores larger than 4 
nm, this implies that the composite cements contain a higher volume of pores below this size. Hence, 
for a given total pore volume, the content of pores larger than 4 nm is lower in the composite cements 
compared to the plain Portland cement.
The same conclusion can be drawn when comparing the total calculated porosity to the porosity 
measured by SEM-BSE, as shown in Figure 20. For the higher hydration degree, corresponding to a 
measured pore volume less than 15 %, the composite cements possessed higher pore volumes 
comprising small pores not visible by SEM-BSE. At the same time, the volume of large pores is lower 
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than that of plain Portland cement with the same total porosity. Interestingly, unlike with the MIP data 
shown in Figure 19, SEM-BSE imaging revealed a difference between the composite cements and the 
quartz-bearing blend. The latter possessed a more refined porosity than the slag containing samples, 
evidenced by the lower measured pore volume for a given calculated pore volume.  
This phenomenon, evident in the composite cements, is frequently called more efficient space filling 
[49] by hydrates. The efficiency is related to the ability to reduce the coarse porosity, since it is believed 
to be the main driver of the compressive strength of paste. 
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Figure 19 Comparison of porosity as calculated from 

GEMS and measured by MIP. The lines are only guides 

for the eye.

Figure 20 Comparison of porosity as calculated from 

GEMS and measured by SEM-BSE. The lines are only 

guides for the eye.

The differences in the microstructures of the investigated samples correlate well with the difference of 
the C-S-H phase composition as shown in [30]. Therefore, the next paragraphs focus on the C-S-H phase 
since its morphology is variable and depends on the binder composition. Other hydrates are crystalline, 
i.e. ettringite, portlandite, AFm phases and hydrogarnets. Their morphology is much better defined and 
constant compared to the C-S-H [50]. One notes that hydrotalcite can be XRD amorphous and of variable 
composition [16]; however it is present in significantly lower quantities than is the C-S-H (Figure 6). 
Hence, the impacts of these crystalline phases are accurately included in the total solid volume 
predicted by GEMs.
The differences in chemical composition of the binders is reflected in the C�S�H composition, which had 
lower Ca/Si and higher Al/Si ratios in the composite cements than in the plain Portland cement pastes 
[30] [3] [51]. These modifications in the C�S�H composition have been associated with a change in 
morphology, from fibrillar to foil-like with decreasing Ca/Si [52] [53] [54].  However, the chemical 
composition of the reactive components of C and C-Q binders (i.e. excluding the inert quartz) was 
identical. Yet, the microstructure develops (densifies) distinctly differently.  Work of Chaussadent [55] 
and later Muller [56] showed that higher water to binder ratios lead to lower Ca/Si in the C-S-H. This is 
confirmed with this work as well as shown in Table 5 where samples with w/b of 0.5 and effective w/c of 
0.5 and 1, respectively, are compared. The density of porous C−S−H, including the gel water decreases 
with increasing water to binder ratio [56]. 

Table 5 Ca/Si ratio of C-S-H in the C and C-Q sample by SEM-EDS

Sample 180 days

C (w/b=0.5, w/c=0.5) 1.81
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C-Q (w/b=0.5, w/c=1) 1.49

Consequently, the change of the bulk chemical composition as well as the increase of water to binder 
ratio may lead to the modification of the properties and distribution of C-S-H phase and consequent 
distribution of the hydrates.
It is important to notice that the model calculated the same density of the solid C-S-H in all investigated 
samples. Nevertheless, this is reported to be constant at different water to binder ratios [56] and with 
silica fume [57] at later hydration time. Additionally, it was shown that the Al incorporation into the C-S-
H does not alter its physical properties [58]. This further supports validity of our model.

5.1. Correlation between pore volume and strength
It is generally accepted that the mechanical performance of cements depends on their pore volume and 
its distribution [59]. The aforementioned discussion confirmed that the microstructure of the plain 
Portland and composite cements is different. Below, a discussion follows if, and how, different 
measured and calculated pore volumes relate to the performance.
Figure 21 and Figure 22 show the relationship between the pore volumes determined by SEM and MIP, 
respectively, and compressive strength. As expected, lower porosities result in higher strengths. 
However, both relationships have a significant scatter. For a given measured porosity, the strength can 
vary by more than 20 MPa. Hence, these relationships are not capable of discriminating the individual 
binders. Similar findings and conclusions have been reported elsewhere [60] .

Application of the third technique, thermodynamic modelling, is shown in Figure 23 and Figure 24 
comparing compressive strength, Young�s modulus and calculated porosity by GEMS; i.e. total porosity 
in the investigated pastes. Again, both mechanical properties scale with porosity, which is, in turn, 
inversely proportional to the overall hydration degree. However, the graphs reveal that there is no 
unique relationship between the porosity and mechanical properties.  Particularly at later times, i.e. at 
lower porosities, for a given pore volume, the composite cements were characterized by better 
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performance for a given pore volume. The same conclusion could be drawn when comparing the 
evolution of mechanical properties with the bound water content, as shown in Figure 4. 
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Figure 23 Comparison between measured compressive 

strength and calculated porosity volume by GEMS 

Figure 24 Comparison between measured Young�s 

modulus and calculated porosity volume by GEMS

In literature, the relationship between the calculated total porosity and strength was corrected by 
adjusting the density of C-S-H [16] [17] [21] [61] [62]. Figure 25 and Figure 26 show the results of such 
an approach. The C-S-H densities were fitted to yield a unique relationship. The density of C-S-H in the 
composite cements was decreased to 2.0 g/cm3 while it was kept as given by GEMs, i.e. at 2.4 g/cm3, in 
the plain Portland cement paste. This concept reflects the better filling capacity of the composite 
cements discussed in the previous paragraph.
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was adjusted. Cubic fit is shown with bounds of ± 2 % 

pore volume; this corresponds roughly to the change 

of hydration degree of slag of 5 %.

was adjusted. Cubic fit is shown with bounds of ± 2 % 

pore volume; this corresponds roughly to the change 

of hydration degree of slag of 5 %.

However, the adjustments of C-S-H density are not supported by the latest data published in the 
literature. The apparent density of C-S-H, Muller called it as the bulk C-S-H density, is similar for plain 
Portland cement and cement blended with silica fume [56][57]. These findings do not substantiate why 
the fitting parameter (i.e. the density correction) for the plain Portland cement and composite cements 
should be different. 
The relationship in Figure 25, despite being unique, does not offer any explanation for the differences 
observed between the binders. The correlation between fitted porosity and strength does not imply 
causation since the relationship is free of any underlying mechanisms. Consequently, it is impossible to 
judge whether the differences in microstructure discussed above are relevant for the mechanical 
performance evolution. This is consistent with the statement of Taylor in 1990 that �strength cannot be 
explained by relating it empirically to porosity or pore size distribution; it is necessary to know what 
holds the material together and what happens when it fails� [59]. The micromechanical model, on the 
other side, includes the failure criterion as well as distinguishes contributions of different phases at 
different scale to the performance. This enables studying mechanisms responsible for the differences in 
performance observed.

5.2. Insights from micromechanical model  
When assuming that the mechanical properties and density of the solid C-S-H depend little on the 
cement composition [58] [63] [57], the higher strength of the composite cements measured at later ages 
despite their lower bound water contents and higher porosities needs to be explained by a different 
spatial arrangement of the hydrates, i.e. by differences in microstructure. Therefore, a micromechanical 
model was applied, which explicitly considered the spatial arrangement of hydrates and porosity. 
Additionally, it contained an explicit failure mechanism which made it suitable to study the impact of 
microstructure on performance.
As described in Section 3.3, the micromechanical model consisted of three homogenization levels of 
mechanical properties. The first level at the smallest length scale included the solid C-S-H and the 
saturated porosity fraction. This level is schematically highlighted as the C-S-H foam in Figure 16 for 
sample C. The saturated porosity at the mortar level was measured by the water porosity method. By 
comparing the weights of samples equilibrated at 95 % RH which were subsequently saturated, the 
volume of dry pores was accurately determined. The difference in the volume of the total porosity 
predicted by the thermodynamic model and the dry porosity was assumed to be saturated. The dry 
porosity was assigned to the second homogenization step. 
Figure 27 shows the calculated porosity of the C-S-H foam, Figure 28 the volume of the foam and Figure 
29 the volume of the remaining, i.e. dry, part of porosity. In these figures, the volumes are expressed 
per 100 g of binder to facilitate the comparison against previous results. 
The calculated dry porosity development is shown in Figure 29. The development was based on the 
assumption that the fraction of the total and coarse porosity was constant over time and equal to that 
measured at 180 days. The general trends, as well as values, were comparable to the SEM-BSE data 
presented in Figure 10. However, this evolution did not correlate with the evolution of mechanical 
performance. At 180 days, the strengths of the plain Portland cement and slag-bearing samples were 
comparable, but their calculated coarse porosities differed by a factor of two. To explain this 
discrepancy, the level of C-S-H foam was analyzed in detail and its impact on overall mechanical 
performance determined.
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Figure 27 and Figure 28 are related to the amount of binding phase (C-S-H foam) present and its 
properties. The volume of foam increased over time, as more C-S-H was formed and the porosity is 
refined. The densification of the foam and its similar density after 180 days are in agreement with the 
experimental data from Muller [56] [57]. The development of foam volume resembles the development 
of mechanical performance. However, the foam volume alone cannot explain the higher strength of 
composite cements when compared to the plain Portland cement after 180 days. The foam porosity is 
shown in Figure 27. It decreased rapidly in the case of the plain Portland cement. For the composite 
cements, the decrease was slower at early age, but continued for a longer period. The final foam 
porosities of C-S, C-S-1L and C-Sf-2L were comparable, or even lower, than that of the plain Portland 
cement. 
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Figure 27 Calculated C-S-H foam 

porosity

Figure 28 Calculated C-S-H foam 

volume

Figure 29: Calculated dry porosity 

volume.

5.2.1.Effect of the C-S-H foam

The importance of the amount of foam and its densification is further explored in Figure 30, showing 
a simplified scenario consisting of two homogenization levels and three phases: solid C-S-H, foam 
porosity and coarse (dry) porosity. The first level included the solid C-S-H and foam porosity and was 
homogenized using the self-consistent method, identically to the modelling framework applied. The 
second level included the homogenized C-S-H foam and the coarse porosity. The porosity distribution 
between the coarse, i.e. at the second level, and the fine as well as the total porosity were varied. Note 
that in this simplified case, the total porosity is reversibly proportional to the volume of the solid C-S-H. 
The results demonstrate that the sensitivity of the resulting matrix strength to total porosity significantly 
increased with increasing coarse porosity, i.e. less foam porosity. In another words, for a given total 
porosity, i.e. for a given solid C-S-H volume, the higher is the coarse porosity, the higher is the strength.
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porosity by the water porosity method at 180 days.

This analysis suggests that C-S-H foam densification and an increase in foam content can explain the 
experimentally observed differences in compressive strength development. For a given volume of 
hydrates formed, i.e. total porosity filled, more hydrates are formed at the scale of the foam in the case 
of composite cements compared to the Portland cement. Such porosity reduction is, as demonstrated in 
Figure 30, significantly more efficient with respect to mechanical performance.
The micromechanical model reflects microstructure of binders in two ways. The first way is the 
distribution of phases to different homogenization levels. This distribution is given by the physical size of 
the phases and is constant for all binders. The second way is the porosity partitioning based on the 
water saturation. Applying Kelvin-Laplace relationship with surface tension of 0.073 N/m [64], 95 % RH 
humidity corresponds to an entry pore diameter of about 40 nm. Comparing the MIP data at later ages 
(c.f. Figure 13) shows that while the MIP pore volume of the plain Portland cement reduced, the 
threshold pore diameter did not change significantly. In the case of composite cements, the porosity 
reduction was accompanied by its refinement at the scale of tens nm as demonstrated by the MIP data. 
This results in denser, stronger, foam and hence leads to higher strengths. It also implies that the 
volume of total porosity, without knowing its porosity distribution, cannot be used as the single 
parameter for strength prediction. Such findings are consistent with the MIP data presented elsewhere 
[49].

5.2.2.Effect of other hydrates

Contrary to the hypothetical example from Figure 30, the hydrate assemblages studied here contain 
other hydrates in addition to C-S-H. The volume of these hydrates is predicted by the thermodynamic 
model. By the micromechanical model setup, these hydrates contribute to the performance by reducing 
the coarse porosity at the second homogenization level. Consequently, an increase in their volume 
results in a strength increase. At later ages, this increase is more pronounced for composite cements 
since their foam is denser. In reality, however, the impact of these other hydrates cannot be taken 
separately from the impact of the C-S-H foam. Since all hydrates including the C-S-H precipitate 
simultaneously and at the same space, they will mutually influence each other. This might change the 
porosity distribution and hence the foam properties and volume. In another words, the other hydrates 
might force the C-S-H to form in confined space leading to enhanced foam densification.
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5.3. Effect of limestone
Limestone enhances the kinetics of slag reaction and impacts hydrates assemblages (c.f. Figure 3 and 
Figure 5). This study reveals that the enhanced kinetics is the dominant parameter among those 
investigated. The faster reaction of the slag compensates for its lower content when compared to the 
slag cement without limestone addition. This leads to formation of relatively more C-S-H foam, 
accompanied by formation of other hydrates such as AFm. Additionally, the reactive carbonates impact 
the alumina redistribution which further increases the AFm content. All these changes are reflected by 
the modelling framework applied, i.e. the thermodynamic and micromechanical model, which then 
leads to accurate performance prediction, even for limestone containing binders.

6. Conclusions 
Hydration of Portland-slag-limestone composite cements and investigated relationships between their 
porosity, microstructure and performance were studied and quantified. The investigations included 
different experimental techniques as well as a modelling framework comprising a thermodynamic 
model for phase assemblage development incorporated into a micromechanical model for mortar 
performance. 
The various techniques and analyses of microstructure confirmed the differences between the plain 
Portland and composite cements pates, i.e. the refined microstructure. The quartz-containing composite 
cement behaved similarly to the slag-containing composite cements. The same trends in microstructure 
evolution were observed by the SEM and MIP techniques despite their different resolutions and 
measurement principles.
Two approaches linking the mechanical performance with microstructure were investigated.  The simple 
relationship between the calculated total porosity and mortar strengths required C-S-H density 
correction factor to provide a unique relationship for plain Portland as well as composite cements. This 
approach, however, is not consistent with the latest NMR data on C-S-H composition. Additionally, it 
does not allow identification and study of the differences between composite and plain Portland 
cements. 
Therefore, a micromechanical model with explicit spatial arrangement of hydrates and porosity 
partitioned into coarse and fine fraction, based on its saturation, was applied. The model revealed and 
quantified that the different porosity distribution between the composite and plain Portland cements is 
responsible for the higher strength of composite cements despite their higher total porosity. At later 
ages, the hydration of slag results in formation of a microstructure more efficient for compressive 
strength and elastic stiffness. The hydrates formed lead not only to porosity filling, but also to 
microstructure refinement at the scales below tens of nm. In the plain Portland cement, only porosity 
filling takes place. This is consistent with general trends of MIP and NMR. Using the modelling 
framework developed, the aforementioned phenomena could be quantified. Nevertheless, the origin of 
the differences in the microstructure development is still not fully recognized.
Limestone, in the ternary systems investigated, improves the strength development in two ways: it 
accelerates the slag hydration and modifies hydrate assemblage. This leads to more efficient 
microstructure for performance evolution resulting in performance comparable to limestone free binary 
systems.
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