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Abstract: In this paper, binary and ternary blended cements (BC) based on calcined clay (CC, 0–30%) obtained from low-grade kaolinitic
clay and limestone filler (LF, 0–10%) were developed and the interaction between the filler effect and pozzolanic effect on the compressive
strength, hydration phases, and pore-size distribution were studied. Results show that early compressive strength decreases for high levels
of replacement (10LF30CC) because of a dilution effect that cannot be compensated for by the filler and pozzolanic effects. Based on
calcium hydroxide (CH) content, the addition of limestone filler in ternary blended cements is favorable to the development of pozzolanic
reaction of calcined clay at an early age. This study shows that dilution, filler, and pozzolanic effects are relevant at 2 days, filler and
pozzolanic effects are important at 7 days, and the pozzolanic effect is the most important at a later age. DOI: 10.1061/(ASCE)
MT.1943-5533.0001965. © 2017 American Society of Civil Engineers.
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Introduction

Cement is an indispensable civil engineering material to meet
modern society’s needs for infrastructure, industry, and housing.
Today, the cement and concrete industry promotes the reduction of
CO2 emissions and energy consumption in their processes. Among
these initiatives, one is to increase the replacement percentage of
supplementary cementing materials (SCM) in blended cements
with similar or better performance than that traditional portland
cement (Damtoft et al. 2008; Radlinski et al. 2011). SCM include
fly ash, slags, and natural pozzolans (Hicks 2010; Scrivener 2014;
Gedam et al. 2015). Pozzolans react chemically with calcium hy-
droxide to produce compounds with cementing properties. There
are extensive reserves of natural pozzolans worldwide, but they
generally have a fairly low reactivity and their characteristics
are very variable from place to place. Calcined clays appear as
a promising SCM to reach the industrýs goals (Juenger and
Siddique 2015).

When kaolinitic clays are calcined between 500 and 800°C,
metakaolinite (MK) is obtained. It is an amorphous reactive phase
that allows the use of kaolinitic calcined clays as pozzolans
(Shvarzman et al. 2003; Potgieter-Vermaak and Potgieter 2006;
Samet et al. 2007; Habert et al. 2009; Siddique and Klaus 2009;
Han et al. 2012; Tironi et al. 2014; Alujas et al. 2015). Natural clays

with medium to high kaolinite content and disordered structure
appear as a very reactive SCM after appropriate thermal treatment
(Tironi et al. 2012). The substitution of calcined clay coupled with
limestone filler has received considerable attention in recent years
(Scrivener 2014; Kunther et al. 2016). Antoni et al. (2012) studied
blended cements made with portland cement, limestone powder,
and high-purity MK. They determined that substitution of portland
cement by MK coupled with limestone filler gives an excellent per-
formance at early ages. Blended cements containing up to 45% of a
2:1 proportion of MK and limestone filler produce better mechani-
cal properties than the corresponding ratio to plain portland cement
at 7 and 28 days.

Steenberg et al. (2011) used two different pozzolans to elaborate
ternary cements: (1) metakaolin produced by thermal treatment of
kaolinite (premium grade) at 480°C, and (2) smectitic clay calcined
at 625°C. They reported a synergetic effect in composite portland
cements containing limestone filler and calcined clays for the same
portland clinker content. The synergetic effect was greater for kao-
linite calcined rather than for smectitic calcined clays because of
the high amount of available reactive alumina. For ternary cements
containing metakaolin, Vance et al. (2013) concluded that the yield
stress is reduced with an increase in limestone filler content inde-
pendent of the limestone particle size.

The evolution in the hydrated phases produces variations in the
porosity of the system. Senhadji et al. (2014) reported that there
are fundamental differences in the pore system characteristics of
portland cement and blended cements elaborated with addition
of silica fume and natural pozzolan. During the hydration process,
the incorporation of SCMs in mortars reduced the volume of larger
pores, reduced the average pore radius, and increased the volume of
smaller pores. Zhang et al. (2014) determined a significant “pore-
size refinement” because the initial large-size pores were divided
into several small-size pores because of the progress of hydration
of SCMs (granulated blast-furnace slag, low-calcium fly ash, and
basic oxygen furnace slag). Akcay and Tasdemir (2015) studied ce-
ment pastes with three metakaolin replacements (8, 16, and 24%),
and three water/binder ratios (0.42, 0.35, and 0.28). They determined
that as a result of the pozzolanic reaction, the amount of fine pores
increased but the coarser pores significantly decreased at 28 days.
Perlot et al. (2013) determined that the use of metakaolin, especially
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in slurry form, combined with the incorporation of limestone filler,
appears particularly suitable for self-compacting concretes’ manu-
facture, improving durability indicators such as water porosity, water
absorption coefficient, and depth of carbonation.

Therefore, it is interesting to determine the variation of pore-size
distribution in blended cements elaborated with kaolinitic calcined
clay and limestone filler as a means to increase the knowledge of
this ternary system and provide an indicator of durability. Pores
with diameter smaller than 10 nm (gel pores) practically do not
contribute to water permeability and they do not affect the durabil-
ity of concrete, whereas pores with diameters between 10 and
1,000 nm (capillary pores) contribute to water permeability (Tobón
et al. 2015). Mindess et al. (1981) established that pores with diam-
eter range of 10–10,000 nm affect the compressive strength.

The aim of this research is to explore the interaction between
the filler effect and pozzolanic effect caused by calcined clay (CC)
obtained from low-grade kaolinitic clay and limestone filler (LF) as
partial replacement for portland cement in binary and ternary
blended cements. Tironi et al. (2015) reported the pozzolanic ac-
tivity of these blended cements as assessed by the Frattini test. At
2 days, blended cements with 5% LF and 15% CC did not have
pozzolanic activity; whereas blended cements with 30% CC and
30% CC + 10% LF did have a positive result. At 7 and 28 days,
all blended cements containing CC showed high pozzolanic activ-
ity. In this paper, the compressive strength, hydrated phases, and
pore-size distribution in selected blended cements of the system
are determined to analyze the relevance of the dilution, filler, and
pozzolanic effects at different hydration ages on the pore structure
and mechanical properties.

Materials and Methods

Materials and Blended Cements

For this study, a portland cement (PC) and two supplementary
cementing materials, namely kaolinitic calcined clay, and lime-
stone filler, were used to formulate binary and ternary blended
cements (BC).

The PC used is a normal portland cement with a Blaine fineness
of 315 m2=kg, and its Bogués potential composition is 60% C3S,
16.4% C2S, 3.8% C3A, and 11.5% C4AF by mass. For this PC,
limestone filler is added as minor component (<3%).

The CC was obtained from thermal treatment of low-grade
kaolinitic clay (KC) collected at a quarry operating on the surface
of the Baqueró Fm, Santa Cruz province, Argentina (Dominguez
et al. 2008). The mineralogical composition of kaolinite clay was
46% kaolinite, 41% quartz, and 6% illite, and the kaolinite presents
a structural disorder (Tironi et al. 2014a). The thermal treatment
was made at 750°C, and this temperature was selected because of
the disordered structure of kaolinite in clay (Tironi et al. 2014b).
The MK content in the CC was 44%.

LF was obtained from a good limestone quarry containing 93%
of calcite without clay minerals and with quartz (7%) as the main
impurity, and it was ground in the cement factory.

Table 1 summarizes the chemical composition and loss on igni-
tion (LOI) for KC, LF, and PC. The chemical composition was de-
termined by X-ray fluorescence analysis in an external laboratory
[Australian Laboratory Services (ALS), Godoy Cruz, Mendoza,
Argentina]. The physical characteristics, i.e., Blaine specific sur-
face area (SS) and particle-size distributions (d10, d50, and d90)
are given in Table 2.

Fig. 1 shows the particle-size distribution (PSD) for PC, CC, and
LF. PC presents a relatively narrow PSD curve with a unimodal

distribution. For supplementary materials, the volume of finer par-
ticles is larger than that of PC, but they also include coarse particles.
When LF and CC are incorporated, fine and coarse fractions com-
plete the PSD of the BC. According to Zhang et al. (2014), this
combination of particles sizes increases the initial packing density
of blended cement paste, promoting a more efficient use of cemen-
titious materials.

BCs were obtained replacing PC by CC and LF with different
percentages in mass: 10LF, 30CC, 5LF15CC, and 10LF30CC. The
CC was replaced at levels of 15 and 30% in accordance with pre-
vious results (Tironi et al. 2014a). These replacement levels are suf-
ficient to complete the pozzolanic reaction between the MK amount
in calcined clay and the calcium hydroxide provided by hydration
of PC fraction. The percentage of LF incorporated is sufficient to
stimulate the pozzolanic reaction (Tironi et al. 2015).

Compressive Strength

The mechanical performance was evaluated in terms of compres-
sive strength at 2, 7, 28, and 90 days. Compressive strength testing
was conducted on standard mortars (cement/sand = 1:3 and water/
BC = 0.50) made with standard sand [EN 196-1 (BSI 2005)]. The
specimens were cured in molds in a moist cabinet for 24 h and then
immersed in water saturated with lime at 20� 1°C until the test
age. The compressive strength was measured on mortar minicubes
(25 × 25 × 25 mm) (Tironi et al. 2012) and the reported values
correspond to the average of five specimens.

Table 1. Chemical Composition and Loss on Ignition for Used Materials

Sample

Chemical composition (%)

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 LOI

KC 65.7 21.1 0.85 0.26 0.22 — 0.07 0.68 0.43 7.77
LF 8.7 0.8 0.5 49.1 0.5 0.2 0.18 0.25 — 39.20
PC 21.5 3.8 3.8 64.3 0.8 2.6 0.1 1.1 — 2.10

Table 2. Particle-Size Distribution and Blaine Specific Surface Area for
Used Materials

Sample

Particle-size distribution (μm) Blaine specific
surface area (m2=kg)d10 d50 d90

CC 1.37 7.13 78.9 623
LF 2.06 9.85 146.8 515
PC 2.7 19.0 63.5 315

Fig. 1. Particle-size distribution for CC, LF, and PC
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Hydration

The hydrated phases were studied in pastes prepared with w/BC of
0.50 at 2, 7, 28, 90, 180, and 360 days. At this time, fragments of
paste were immersed in acetone during 24 h to stop the hydration,
dried overnight in an oven at 40°C, and then cooled in a desiccator.
Paste fragments were crushed and mixed with the internal crystal-
line standard (TiO2) with a paste to standard ratio of 5:1 by weight.
Then, it was ground in a mortar-type mill (Fritsch Pulverisette 2,
Idar-Oberstein, Germany) until all mass passed through a 45-μm
sieve (#325). The crystalline phases were identified by X-ray diffrac-
tion (XRD) [Philips X’Pert PW 3710 (Amsterdam, Netherlands),
CuKα radiation with a graphite monochromator operating at
40 kV and 20 mA]. Later, crystalline phases and amorphous
material were quantified by the Rietveld method with internal stan-
dard (Gómez-Zamorano and Escalante 2009; Snellings et al. 2014)
using PANalytical’s HighScore Plus software (Kocaba 2009).

For BC pastes at 7 days, differential thermal analysis and thermog-
ravimetric method (DTA/TG) was carried out using a Netzch (Selb,
Germany) STA 409 thermobalance. This determination was carried
out in a N2 atmospherewith a heating rate of 10°C=min up to 1200°C.
The DTA curve shows an endothermic peak at 450–600°C that is
characteristic of the CH dehydroxilation, and the mass loss deter-
mined by TG analysis in this range is directly proportional to themass
of CH in the paste (Tironi et al. 2014b). The correlation of CH mass
obtained by TG and the results obtained by XRD and Rietveld analy-
sis were used to check the accuracy of the Rietveld results.

Porosity

The pore-size distribution was determined in fragments of BC
pastes using a mercury intrusion porosimeter (MIP) (ThermoFisher
Sc PA440, Waltham, Massachusetts), for the pore-size diameters
from 7.3 to 14,000 nm at 2, 7, 28, and 90 days. Small fragments
with an approximate size of 5 mm were used and the maximum
pressure was 400 MPa.

Results and Discussion

Compressive Strength

Fig. 2 shows the development of compressive strength (CS) for all
mortars. At 2 days, the CS of 5LF15CC is comparable with that of
PC; however, CS decreases in mortars with high levels of replace-
ment. The high early CS of the 5LF15CC mortar, despite a substi-
tution of 20% by mass of PC, is attributed to the filler effect caused
by the inclusion of fine particles of CC (filling, heterogeneous

nucleation of CH, and reduction of alkalis in pore solution)
that stimulates the PC hydration (Bonavetti et al. 2003) and this
contribution compensates the dilution effect. For 30CC and
10LF30CC, the reduction of CS can be attributed to the dilution
effect exceeding the filler effect at this age. At 7 days, the highest
CS is for 5LF15CC, and the contribution of calcined clay to CS is
high (30CC attains 87% of PC strength) when compared with the
2-day-old specimens’ performance. At 28 days, the maximum
value of CS was for 30CC, showing that the pozzolanic effect is
important, whereas the minimum value was for 10LF, indicating
the later adverse effect on CS caused by LF (filler effects). For both
ternary blended cements (5LF15CC and 10LF30CC), the CS was
greater than 40 MPa at 28 days, indicating an acceptable mechani-
cal performance accompanied by significant reduction of green-
houses gases (GHG) emission that will be computed by MPa of CS
when a large replacement (40%) of portland cement is used. The
same trend of the CS was observed at 90 days for BC with CC.

Hydration

The XRD patterns of hydrated pastes up to 360 days are shown
in Fig. 3. For PC and 10LF, the intensity of peaks assigned to CH
increases up to 28 days and then remains; however, it decreases
with the hydration age for blended cements containing CC. For all
blended cements, the tri-substituted hydrated calcium aluminate-
ferrite phases (AFt) phase (ettringite, Ett) is formed at early age,
and it remains as a stable phase up to 360 days. In accordance with
Kunther et al. (2016), two mono-substituted hydrated calcium
aluminate-ferrite phases (AFm) phases containing carbonates were
detected: hemicarboaluminate (HC) and monocarboaluminate (MC)
with variable proportions over time. The peaks of HC and MC were
not detected at 2 days. For PC, MC was detected at 7 days and
their peaks were well defined at 90 days. For 10LF, MC was
clearly identified at 28 days. For 30CC, the AFm phase was a
HC–MC mixture at 7 days and then HC was detected at 28 and
90 days. Finally, the MC peaks are clearly assigned, coexisting with
low-crystalline HC. According to Antoni et al. (2012), the intensity
of the peak assigned to MC increased considerably after 7 days
for blended cements elaborated with LF and CC (5LF15CC and
10LF30CC). From 28 days, HC was detected in the 10LF30CC paste
with low intensity peaks.

Fig. 2. Compressive strength at 2, 7, 28, and 90 days
Fig. 3. XRD patterns of hydrated pastes at 2, 7, 28, 90, 180, and
360 days
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Fig. 4 presents the DTA analysis at 7 days. The curve of PC
and 10LF shows the characteristic peaks of calcium silicate hydrate
gel (C-S-H) and CH. The endothermic peak of C-S-H is centered at
145°C and the peak of aluminic phase [calcium aluminate hydrates
(C-A-H)] appears as a shoulder at 190°C. The endothermic peak
at 380–410°C corresponds to the decomposition of C-A-H. The
reaction products formed during the pozzolanic reaction (30CC,
5LF15CC, and 10LF30CC) are C-S-H, C-A-H, and calcium alumi-
nate silicate hydrate gel (C-A-S-H), producing an increase in the area
and the intensity of the first peak (Tironi et al. 2014b). The temper-
ature range of the CH dehydroxylation is observed at 450–575°C.

The amount of CH determined by Rietveld analysis in hydrated
pastes at 2, 7, 28, 90, 180, and 360 days are shown in Fig. 5.
Additionally, Fig. 5(b) shows the correlation between the mass
loss determined by TG from 450 to 575°C and the CH content
determined by Rietveld method at 7 days. A good correlation was
obtained, indicating the accuracy of results obtained by Rietveld
analysis. At 2 days, 10LF contains the greatest amount of CH
because of filler effects (Bonavetti et al. 2003). For 30CC, the
CH content was lower than the expected by dilution (0.70 of PC
value), indicating some CH consumption because of the pozzo-
lanic reaction with the 13.2% of MK in 30CC. For 5LF15CC,
the theoretical CH-content calculated as the difference between
the CH released by PC minus the dilution effect of filler particles
(5% of LF and 8.4% of quartz from CC) and the amount reacted
with CC in binary cement, is higher than the measured CH con-
tent. Therefore, it can be inferred that stimulation of pozzolanic
reaction could occur as a result of LF addition. At 7 days, the BC
pastes with CC presents lower contents of CH because of either
a dilution effect or pozzolanic effect. For 30 and 40% of total
replacement at 360 days, the CH content is lower than the reduc-
tion expected when computing the dilution effect: 8.5 and 7.5%
for 30CC and 10LF30CC, respectively. This indicates that pastes
containing 30% CC consumed more CH than those containing the

same proportion of CC and 10% LF. Therefore, it can observe that
LF does not contribute to the development of the pozzolanic
reaction at a later age.

Fig. 6 shows the amount of AFt and AFm phases determined
from quantification by XRD analysis and Rietveld method for
hydrated pastes at 2, 7, 28, 90, 180, and 360 days. The Ett content
in PC paste [Fig. 6(a)] remains stable (∼10%) until 180 days and
then it increases at 360 days. For 10LF, it is lower than the corre-
sponding to PC and the amount decreases from 2 to 28 days, and
then it increases. For BC containing CC (30CC, 5LF15CC, and
10LF30CC), the Ett content decreases from 2 to 28 days and then
it increases and remains with a similar value to that determined
at 2 days.

For PC, 10LF, and 30CC, the MC content increases from 7 to
90 days and then it remains at ∼8.5% by mass. For 30CC, the HC
phase increases up to 3% at 90 days and then it decreases. For
5LF15CC and 10LF30CC, the MC content increases continuously
from 7 to 90 days and it has the highest content [Fig. 6(b)] at
later ages.

For PC and 10LF, the Ett remains and increases because of a low
C3A=SO3 ratio of the cement used that prevent monsulfoaluminate
formation; the later hydration of C4AF contributes to its formation
and the presence of LF favors its stability because of the MC for-
mation. The later hydration of C4AF was corroborated by the
reduction of the peak intensity of the brownmillerite phase at
12.2° 2θ. The formation of the products of pozzolanic reaction in
blended cements with CC probably causes the reduction of avail-
able Al in the system, and the Ett content decreases until 28 days.

Fig. 4. DTA curves of hydrated pastes at 7 days

Fig. 5. Amount of CH in hydrated pastes
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For 30CC, the low content of Ett and MC compared with the
ternary cements indicates that part of Al released by the pozzola-
nic reaction formed a C-A-S-H gel (Fig. 4, Alujas et al. 2015). The
disposition of Al into the gel contributes to increase the compres-
sive strength. For fly ash-limestone filler blended cements, De
Weerd et al. (2011) concluded that the aluminum released by fly
ash does not go only into AFm and AFt phases, but some part is
also incorporated in the C–S–H gel, as observed by the increase of
the Al/Si ratio into the gel.

After 90 days, 5LF15CC and 10LF30CC have the highest con-
tent of MC [Fig. 6(b)] and low content of Ett [Fig. 6(a)] in this
order, indicating that LF contributes to stabilizing the Al in the
phase formed in the pozzolanic reaction as MC. The high content

of MC [Fig. 6(b)] and the presence of Ett [Fig. 6(b)] in ternary
blended cements agree with previous results reported by Matschei
et al. (2007). When LF is added, the stabilization of Ett occurs as a
result of the increase in free sulfates, which are released from
monosulphoaluminate (MS) when it reacts with carbonates to form
HC and MC. The anion balance in the AFm phase may not change
without formation/dissolution of other phases. The LF added will
not react directly with portlandite or C–S–H but will react with
AFm phases, including the C4AHx obtained from the pozzolanic
reaction of MK (Lothenbach et al. 2011).

Both carbonate AFm phases are thermodynamically stable at
ambient conditions in unaltered cement paste, but their thermody-
namic properties are different (Matschei et al. 2007). Table 3 pro-
vides the solubility equilibrium equations and solubility products
(Kps) expressed as log (Lothenbach 2010). For C4AH13, HC and
MC, the values are −24.40, −29.13, and −31.47, respectively,
indicating that MC is the most stable phase (minor solubility)
when calcite is in excess. For MS and Ett, the log Kps is −29.26
and −44.9, respectively. Then, when free SO−2

4 is available, the
more stable phase (Ett) is formed, the MS phase was not identified,
and the amount of MC increased (Fig. 6).

Porosity

Fig. 7 shows the differential volume of mercury intrusion (dV) ver-
sus pore diameter (d) obtained from different BC pastes at 2, 7, 28,
and 90 days. In these curves, two maximums (dVmax1 and dVmax2),
corresponding to the two most probable pore diameters (d1 and d2),
were identified. Table 3 summarizes these values for the studied
pastes from 2 to 90 days.

At 2 days [Fig. 7(a)], the pore diameter (d1) for dVmax1 is near to
the upper limit of the capillary pores (∼1,000 nm) and it drops to
lower values when the hydration progresses [Figs. 7(b–d)]. The
second maximum (dVmax2) is located in pore-size range near
the lower limit of the capillary pores (∼10 nm). For all pastes
[Fig. 7(a)], d1 is approximately 630 nm and the second diameter
(d2) decreases when CC or LF are added. This result is mainly
attributed to the filler effect of very fine particles, which improves
the initial packing and stimulates the PC hydration. The combina-
tion of LF and CC also decreases d2 values (Table 4). PC paste has
the lowest pore volume at the first maximum (dVmax1 is the lowest)
and it develops the highest compressive strength; 10LF and 30CC
have a similar value of dVmax1 and both cements attain comparable
values of early strength; 10LF30CC has the greater dVmax1 devel-
oping lower compressive strength (Table 4). The dilution effect is
very important, causing increases in the effective water to cement
ratio. On the contrary, 5LF15CC presents a dVmax1 greater than
the corresponding to 30CC and 10LF, but dVmax2 occurs at a small
pore diameter (d2 in Table 4). At this age, the dilution, filler, and
pozzolanic effects compete and, in accordance to their preeminent
influence, affect the developed pore structure.

At 7 days [Fig. 7(b)], the d1 of PC decreases up to 422 nm and
the dVmax1 reduced 2.5 times (from 16.5 to 6.5 mm3=g) compared
with 2 days; the dVmax2 at 83 nm slightly increases (from 10.3 to
13 mm3=g) because of the hydration progress (Table 4). For 10LF,
the curve is wider and dVmax1 is located at 125 nm. Blended cement
with high compressive strength (5LF15CC) has low values of
dVmax1 and dVmax2. For 30CC and 10LF30CC, the curve shows a
greater dVmax1, indicating that the large volume of pores is located
at the same pore size (d1 ¼ 84 nm). The incorporation of CC
causes an increase in pore volume with diameters smaller than
50 nm. The d1 decreases when the replacement level increases.
The developed pore structures in pastes containing CC show that
the volume of large pores drops between 2 and 7 days because of

Fig. 6. Amount of (a) AFt phase Ett; (b) AFm phase HC and MC in
hydrated pastes
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the filling produced by the products of pozzolanic reactions and the
filler effect. At this time, the filler and pozzolanic effects are more
significant and the dilution effect loses importance.

At 28 days, d1 is lower than 100 nm for all blended cements.
PC has the highest dVmax1 and the lower volume of pores between
10 and 50 nm. For 30CC, dVmax1 is lower than the corresponding to
PC, but it has a large volume of pores between 10 and 50 nm, and high
compressive strength [Fig. 7(c) and Table 4] remarking the importance
of the pozzolanic effect at this age. For PC and 30CC, dVmax2 is
absent, but it is clearly identified for pastes containing LF. The
distribution of pores in the ternary BC pastes is a combination of
the distribution of pores in the binary pastes (10LF and 30CC).

At 90 days, the pore-size distribution for 10LF shows that the
influence of LF addition is null. For binary and ternary BC with
CC, the volume of pores between 10 and 50 nm increases without
affecting the compressive strength [Fig. 7(d) and Table 4].

Fig. 8(a) shows the relationship between the capillary pore vol-
ume (diameter from 10 to 14,000 nm) of paste and the compressive
strength of mortar. It presents an inversely exponential relationship
between compressive strength and porosity. Some deviations in this
relationship could be attributed to the nature of hydration products
formed and the volume that they occupy reducing the pore vol-
ume but without contributing to compressive strength (Tironi et al.
2014a). Fig. 8(b) shows this relationship considering pore diameter
ranging from 50 to 14,000 nm. This adjustment is also good, show-
ing that the increase in pore volume between 10 and 50 nm caused

Table 3. Compounds Present in Solubility Equilibrium Equations of Hydrated Phases and Log Kps Values (Data from Lothenbach 2010)

Hydrated phases Log Kps

Compounds presents in solubility equilibrium equations

Solid-state compounds Compounds in the solution

C4AH13 −24.40 Ca4Al2ðOHÞ14 · 6H2OðsÞ 4Ca2þðaqÞ þ 2AlðOHÞ−4 ðaqÞ þ 6OH−ðaqÞ þ 6H2OðlÞ
HC −29.13 Ca4Al2ðCO3Þ0.5ðOHÞ13 · 5.5H2OðsÞ 4Ca2þðaqÞ þ 2AlðOHÞ−4 ðaqÞ þ 0.5CO2−

3 ðaqÞ þ 5OH−ðaqÞ þ 5.5H2OðlÞ
MC −31.47 Ca4Al2ðCO3ÞðOHÞ12 · 5H2OðsÞ 4Ca2þðaqÞ þ 2AlðOHÞ−4 ðaqÞ þ CO2−

3 ðaqÞ þ 4OH−ðaqÞ þ 5H2OðlÞ
MS −29.26 Ca4Al2ðSO4ÞðOHÞ12 · 6H2OðsÞ 4Ca2þðaqÞ þ 2AlðOHÞ−4 ðaqÞ þ SO2−

4 ðaqÞ þ 4OH−ðaqÞ þ 6H2OðlÞ
Ett −44.9 Ca6Al2ðSO4Þ3ðOHÞ12 · 26H2OðsÞ 6Ca2þðaqÞ þ 2AlðOHÞ−4 ðaqÞ þ 3SO2−

4 ðaqÞ þ 4OH−ðaqÞ þ 26H2OðlÞ

Fig. 7. Pore-size distribution in hydrated pastes at (a) 2; (b) 7; (c) 28; (d) 90 days

Table 4. Analysis of Differential Volume of Mercury Intrusion; Maximum
dVmax1 and dVmax2 Corresponding to the Two Most Probable Pore
Diameters (d1 and d2) at 2, 7, 28, and 90 days

Age
(days)

Parameter
of analysis PC 10LF 30CC 5LF15CC 10LF30CC

2 d1 (nm) 634 631 634 631 633
dVmax1 (mm3=g) 16.5 24.8 24.0 29.7 32.4
d2 (nm) 68 ∼56 25 ∼20 20
dVmax2 (mm3=g) 10.3 ∼10.6 10.6 ∼11.5 10.6
CS (MPa) 24.1 18.0 18.0 23.8 13.3

7 d1 (nm) 422 125 83 125 83
dVmax1 (mm3=g) 6.5 14.7 23.9 13.5 20.4
d2 (nm) 83 — 13 20 ∼11
dVmax2 (mm3=g) 13.0 — 13.2 12.3 ∼14.7
CS (MPa) 38.5 31.8 33.6 35.2 29.2

28 d1 (nm) 84 84 83 102 56
dVmax1 (mm3=g) 23.8 17.2 18.7 15.5 17.0
d2 (nm) — 30 — 25 16
dVmax2 (mm3=g) — 11.3 — 14.6 13.6
CS (MPa) 47.1 38.4 48.0 47.1 44.2

90 d1 (nm) 83 125 55 68 83
dVmax1 (mm3=g) 27.2 26.1 13.7 13.8 27.2
d2 (nm) — 30 25 13 ∼37
dVmax2 (mm3=g) — 11.5 18.9 15.1 ∼12.3
CS (MPa) 50.1 44.7 49.6 48.5 47.2
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by the addition of LF and CC does not affect the compressive
strength. These results agree with the results obtained for other
SCMs (Zhang et al. 2014; Akcay and Tasdemir 2015), where the
amount of fine gel pores increases and those of the coarser pores
significantly decreased.

Conclusions

The results of this study have indicated the effect of limestone filler
and kaolinitic calcined clay (44% metakaolinite) in binary and ter-
nary portland blended cements on the hydrated phases, pore-size
distribution, and mechanical properties, and the following conclu-
sions can be drawn. The hydrated phase’s assemblage changes
with the addition of LF and CC. For binary BC with CC, the
increase of compressive strength at later ages is attributable to
C-A-S-H formation. For ternary BC, the formation of AFt phases
at an early age and the increment of MC content from 7 to 90 days
also contribute to a dense microstructure.

Computing the CH content in binary and ternary cements, the
addition of limestone filler is favorable to developing the pozzo-
lanic reaction of kaolinitic calcined clay at an early age, but its
contribution is not significant at later ages.

In binary and ternary BC with CC, the volume of pores ranging
from 10 to 50 nm in diameter increases at later ages, but the com-
pressive strength is unaffected. The volume of coarser pores is sig-
nificantly reduced, contributing to the potential durability.

This study has shown that dilution, filler, and pozzolanic effects
are relevant at 2 days, filler and pozzolanic effects are important at
7 days, and the pozzolanic effect is the most important at later ages.
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