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ABSTRACT: This paper analyses the influence of portland cement replacement by silica fume (up to 10%) and/
or granulated blast furnace slag (up to 70%) on the hydration cement (XRD, heat of hydration, non evaporable
water content and calcium hydroxide content) curing under sealed conditions and their effect on the mechanical
strength.

The obtained results indicate that binary cements containing silica fume and ternary cements there was a
significant increase of hydration rate at early age. At later ages, most of studied cements have an equivalent or
greater strength that those obtained in the plain portland cement.
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RESUMEN: Cementos con humo de silice y escoria granulada de alto horno: comportamiento resistente e
hidratacion. En este trabajo se analiza la influencia de la incorporacion al cemento portland de humo de silice
(hasta 10%) y/o escoria granulada de alto horno (hasta 70%) sobre la hidratacion (DRX, calor de hidratacion,
contenido de agua no evaporable y de hidréxido de calcio), bajo condiciones de curado sellado y su incidencia
sobre la resistencia mecanica.

Los resultados obtenidos indican que en los cementos binarios con humo de silice y en los cementos ter-
narios se produce un importante aumento de la velocidad de hidratacion en las primeras edades, mientras que
a edades mas avanzadas la mayor parte del dominio estudiado alcanza o supera la resistencia obtenida por el
cemento portland sin adicion.

PALABRAS CLAVES: Humo de silice; Escoria granulada de alto horno; Productos de hidratacion; Resistencias
mecanicas; Disefio central compuesto
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1. INTRODUCTION

The binary cements are an old component of the
concrete mixtures. For more than a century, cements
with granulated blast furnace slag have been pro-
duced and used in Germany, France, Luxembourg

and Belgium. The pozzolanic cements were stan-
dardized in Italy at 1929, and the production of
binary cement with fly ash was started in France
at 1950. However, the use of mineral additions has
considerably increased in the last decades due to
the new requirements of the cement industry, as
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well as the need to increase the service life of con-
crete structures.

Since 1990, the use of ternary cements has con-
siderably increased because they have some advan-
tages over the binary cements (1). For this type of
cements, the synergistic effect between the cement
components allows to compensate partial or totally
the shortcomings of any component. Additionally,
they present an excellent opportunity to develop
cements and concretes with less environmental
impact, with adequately properties that meet the
market requirement and without raising production
cost (2).

In previous studies (3-7) was determined that
the use of blast furnace slag, calcareous material
and / or natural pozzolan, formulation of binary
and ternary cement leads to a low hydration rate
of the system. Consequently, there is a reduction of
their mechanical and durable properties at early age
when increases the replacement level of addition in
cement.

When Portland cement, slag and water are mixed,
theaddition reacts and it can be proved by the decrease
of calcium hydroxide (CH) amount (due to the con-
sumption by addition and/or the dilution effect) and
an increase of calcium silicate hydrated (C-S-H),
with similar characteristics to the compound result-
ing from the calcium silicates hydration of portland
cement. This reaction involves two phenomenons:
the grain-size and the pore-size refinement of the
paste that contribute to improve the mechanical and
durable properties. Due to the reaction rate is delayed
and the high replacement level of slag used, the slag
Portland cement has a low early mechanical strength
and high strength at later ages (8).

The low early strength of slag cement can be
mitigated by physical (9), thermal (10) and / or
chemical activation (11), or through the incorpora-
tion of a high reactive addition, such as silica fume.
Consequently, the high reaction rate of this addi-
tion combined with the stimulation effect on the
portland cement hydration can partially offset the
low initial hydration degree that present the cement
with high blast furnace slag content.

From the mechanical point of view, the chemi-
cal effect caused by silica fume to slag cement is
the main factor that increases the compressive
strength at early age (12-15). In terms of durabil-
ity, the ternary cements present better performance
than binary cement containing blast furnace slag,
because the synergic action of silica fume and blast
furnace slag increases the volume of the gel decreas-
ing the volume of capillary pores (16), with the con-
sequent reduction of porosity and permeability. The
water (17) and gases penetration is restricts and con-
sequently the durability increases (12). Good perfor-
mance of these ternary cements have been reported
against to the ingress of chloride ions (18-19), to
sulfate attack (20), to the alkali-silica reaction (2, 21)

and to the marine environments (22). Additionally,
there is no significant change in creep and drying
shrinkage (14).

Finally, the complexity of ternary cements re-
quires further emphasize to study them as a sys-
tem of interrelated variables. Due to the increase
in the variable number for the rational use of these
cements, it is essential to use mix design methods in
order to decrease the number of experiments needed
to evaluate a given property.

In this paper, the influence of the combined
incorporation of silica fume and granulated blast
furnace slag to portland cement on the mechanical
strength and the hydration are analysed when they
are curing in sealed conditions.

2. EXPERIMENTAL PROCEDURE

Cement and additions: For all testing, a portland
cement without additions (CPN) was used and its
mineralogical composition according to Bogue’s
formula was 67% C;S, 9% C,S, 1% C;A4 and 15%
C,AF. It was classified as CP42.5R strength class
(f’c>42.5 MPa at 28 days tested on mortar prisms
ISO-RILEM, EN 197-1 (23)). Silica fume (HS) and
granulated blast furnace slag (E£) were used as min-
eral addition. Their chemical composition and phys-
ical properties of materials are shown in Table 1.
All materials were provided by the company Loma
Negra CIASA.

Blended cements: Binary and ternary cements
were obtained by replacement by weight of CPN by
granulated blast furnace slag and silica fume. A cen-
tral composite experimental design (24) was adopted
to evaluate the blended cements as a system with
interrelated variables and the replacement levels are
derived from this selection. In this design, the two
experimental variables were the percentages cement
replacement by granulated slag (X;) and silica fume
(X,). The experiment design could predict the response
of other experimental points that are included in
the studied domain, but they are not experimen-
tally testing to obtain the model. Figure 1 shows the
domain of the experimental points (black ¢) and the
fit experimental points (grey ¢) adopted. It has six
binary cements, eight ternary cements and the cement
without addition (0,0) resulting the final domain con-
stituted by 15 experimental points.

Mixture proportions: The mortars were prepared
maintaining a 3:1 silica sand:cementitious mate-
rial ratio. To maintain the flowability of mortars at
110£5% and the water/cementitious material ratio
(wlem) at 0.40, a superplasticizer admixture poly-
carboxylate based was used (0.9+0.1 by weight of
cementitious material) in all cases.

Curing: The prisms were kept 24 hours in the
molds and then carefully demolded. Thereafter, they
were wrapped with plastic film and placed in a cabi-
net at 201 °C until testing age (2, 7, 28 and 90 days).
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TABLE 1. Chemical composition and physical properties of the materials
Granulated blast
Portland cement (CPN) furnace slag (E) Silica fume (HS)
Chemical composition, %
SiO, 20.9 35.1 92.7
Al O, 33 12.8 0.3
CaO 64.5 39.1 0.5
Fe,0, 5.1 0.7 0.8
Na,O 0.06 0.2 0.3
K,O 1.1 0.5 0.3
SO, 2.5 - 0.1
MgO 0.8 10.1 0.2
Loss on ignition 1.5 0.89 0.94
Physical properties
Blaine fineness, m*/kg 321 438 26350
Retained on sieve, %
75 um (#200) 39 0.0 _
45 um (#325) 16.4 7.0 _

This type of curing was selected to avoid the leach-
ing of CH that occurs when samples are immersed
in water.

Mechanical strength: Flexural and compres-
sive strengths of mortar were evaluated on
40x40x160 mm® specimens as specified in
EN 196-1 standard (25). Results are shown in
Table 2, and they correspond to the average of
three and six determinations for flexural and com-
pressive test, respectively.

Influence of additions on the hydration: To
study the kinetics of reactions at very early age
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FIGURE 1. Experimental design domain.

(<48 hours), the development of hydration heat
and the compound assembly by XRD was evalu-
ated on pastes made with the same proportion of
additions that mortars and w/cm ratio of 0.40. The
progress of hydration at later ages was measured by
the loss of water between 250 and 600 °C and the
non-evaporable water on mortar.

Heat of hydration: The rate of heat released was
determined in an isothermal calorimeter operating at
20 °C, the amount of sample was 20 g and the w/cm
of 0.40.

X-Ray Diffraction (XRD): The XRD measure-
ment was made with a Philips X’Pert diffrac-
tometer equipped with graphite monochromator,
using CuKa radiation and operating at 40 kV and
20 mA.

The scan was made at 2°/min rate and the step
interval was 0.02°. The semiquantitative anal-
ysis of calcium hydroxide (CH) was performed
by the integral of the peak area at 2 6=18.09°
(d=4.90 nm).

Water loss between 250 and 600 °C: The CH-
content could be estimated by the loss of water
between 250 and 600 °C. This temperature range
is selected due to the AFt phases only retains three
rather than 32 original molecules of water at 200 °C
and the water combined in the CH is loosed at
approximately 520 °C (26).

Non evaporable water: To estimate the prog-
ress of hydration, non-evaporable water (Wn) was
determined as the difference between the weight of
the dried sample at 105 °C (P105) and the weight
of calcined sample at 950 °C (P950) subtracting
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TABLE 2. Experimental values for mechanical strength and non evaporable water

Compressive strength, MPa

Flexural strength, MPa

Non evaporable water, %

Cements 2d. 7d. 28 d. 90 d. 2d. 7d. 28d. 90d. 2d. 7d. 28 d. 90 d.
CPN 45.7 54.2 66.4 72.7 7.0 7.8 8.9 10.2 9.75 1144 13.23 14.01
CPN+35E 27.6 42.0 60.9 63 5.2 6.5 8.7 10.0 6.92 9.53  12.08 14.26
CPN+70E 16.6 30.2 54.1 60.8 2.0 54 8.0 9.6 4.02 6.42 8.91 9.65
CPN+5HS 45.5 64.0 81.7 87.6 7.5 8.4 9.3 10.5 10.52  11.62 13.81 1441
CPN+10HS 47.1 67.1 80.3 85.9 6.8 8.3 10.0 10.3 1047 1147 13.83  14.00
CPN+35E+5HS 33.5 46.2 67.2 74.1 6.6 7.1 9.5 10.6 825 12.00 1327 13.73
CPN+35E+10HS 28.5 49.7 76.3 81 6.3 7.3 9.4 10.9 847 1098 12.66 13.12
CPN+70E+5HS 13.8 36.3 554 63.1 35 6.2 8.2 10.1 5.69 7.91 9.53  10.05
CPN+70E+10HS 10.9 33.9 49.9 61.2 3.0 5.6 8.0 9.9 5.48 7.20 8.19 9.11
CPN+17.5E+5HS 40.6 58.2 75.7 77.9 7.0 8.4 9.8 10.8 9.56 11.83 13.62 14.90
CPN+52.5E+5HS 25.5 44.1 66.9 75.6 5.6 7.3 9.2 10.7 7.61 9.70 1093 11.41
CPN+17.5E+10HS 36.7 594 70.9 79.8 6.7 7.8 9.6 10.9 10.04 12.11 1490 15.03
CPN+52.5E+10HS 20.7 429 57.0 67 5.3 7.3 9.2 10.4 8.12 9.27 10.10 11.18
CPN+17.5E 36.6 53.6 64.4 67.8 6.3 7.1 8.7 9.9 9.87 11.13 1277 14.05
CPN+52.5E 24.0 42.8 57.2 63.4 4.5 6.9 8.8 10.0 7.01 9.65 11.59 12.58
the loss on ignition of cement (P .xCPN), blast fur- 3. RESULTS

nace slag (PgxE), silica fume (PysxHS) and sand
(P,xA) according to percentage in the mixture. The
reported value is referred to the amount of cementi-
tious material (mc) present in the sample. This term
assumes that all amounts of incorporated additions
react to produce C-S-H [equation 1]. The results
obtained are reported in Table 2.

_ })]05 —1)95() —(BXCPN+PEXE+PHSxHS+PAXA) [1]
mc

Whn

Response Surfaces: From the experimental sys-
tem selected, the response surfaces of the mechani-
cal strength and the non-evaporable water was
determined using the least squares method (24). The
equation [2] of this model is given as:

Y=B4B; XI+B, X2+B; X,/ +B, X' Bs X, X, [2]

where Y: is the strength or the non-evaporable
water at a given age, X; and X,: are the experimen-
tal variables and £, B, b, B, B fs: are the model
coefficients estimated by the least squares method
reported in Table 3. The correlation coefficient (R’)
for the compressive strength and the non-evaporable
water was higher than 0.91, but it was higher than
0.85 for the flexural strength. These values indicate
a good correlation between experimental and cal-
culated values. Additionally, the analysed models
showed an F-test less than 0.05 indicating that all
terms of model are significant.

Compressive strength: Figure 2 shows the evolu-
tion of compressive strength for all cements up to
90 days. At 2 days (Figure 2a), cements with up to
10% silica fume reaches a compressive strength simi-
lar to that of CPN (iso-response—curve >42 MPa).
On the other hand, binary cements with increasing
percentage of blast furnace slag present a decrease
of compressive strength attaining to a reduction of
64% for cement with 70% of slag. At this age, iso-
response curves are practically parallel to the X,
axis showing that strength is mainly dependent of
slag content in the cement. For X,=5%, the ternary
cements reach to the highest strength values. For
example, compressive strengths of the CPN+35E
and CPN+35E+10HS cements are included by the
26-30 MPa iso-response curves, whereas strength
is between 30-34 MPa iso-response curves for the
cement CPN+35E+5HS.

For blended cement with blast furnace slag con-
tent <28% at 7 days (Figure 2b), the increase of
X, produces the highest strength levels in ternary
cements. Hence, a similar strength to CPN can be
achieved with values of X,=28% and X,=10% at this
age. For X;>28%, the strength is practically inde-
pendent of the silica fume in the ternary cement.
For a given replacement of slag (X;), the addition of
silica fume (X5)>2.5% produces a similar strength
level (the iso-response are equal). At 28 and 90 days
(Figures 2¢ and d), the compressive strength of
binary cement with X;=70% 1s 18% (54.1 MPa) and
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TABLE 3.

Models coefficients estimated by least square method and R’ values

Compressive strength, MPa

Flexural strength, MPa

Non evaporable water, %

Coefficients 2d. 7d. 28d. 90 d. 2d. 7d. 28 d. 90 d. 2d. 7d. 28 d. 90 d.
Bo 44.14 55.97  66.30 71.34 6.89 7.72 8.67 9.94 9.93 11.02 1286  14.22
B, -0.37 -030 -0.06 -0.15 -=7.05% -0.02 0.02 0.02 -0.04 0.03 0.03 0.04
B, 1.24 1.96 3.74 3.78 0.26 0.24 0.23 0.19 0.17 0.33 0.31 0.08
B3 -0.94*  -420 -197* -0.39* -0.79* -0.22* -044* -035 -588* -12.9* —Il1.6* —1.43*
By —-0.11 -0.09 -023 -022 -0.03 -0.02 -0.01 -0.01 —0.01 —-0.03 -0.02 -7.04*
Bs -549* -0.01 -0.02 -0.02 1.25%  —-0.29* -1.56  —0.11 14.2* 0.80* —-35.8* —1.68*
R? 0.99 0.96 0.91 0.91 0.97 0.87 0.91 0.85 0.94 0.95 0.95 0.96

(*)the number reported*10~°.

16% (60.8 MPa) lower than that of CPN (66.4 and
72.7 MPa); while for binary cement with X,=10%
the strength was 21% (80.3 MPa) and 18%
(85.6 MPa) higher than that of CPN.

Finally, the maximum content of both addi-
tions that can be added to achieve to similar
strength than that of CPN at 28 and 90 days is 60%

a) 10.0
R
= 7.5
c
Q
c
3 o
o) 5_0« a° o
<
Q %) o
= 254 S o
N (%] f{:} S
[]s
[ ™~
0.0 .
0.0 17.5 35.0 52.5 70.0

Granulated blast furnace slag content, %

(o]
) 10.0
R
= 7.5
c
= ©
c
8 N
g 50 -« o ° o >
o
2 Oy’
© ©
= 25 o
» 297 .
&
(g)‘?
0.0 q A v
0.0 17.5 35.0 52.5 70.0

Granulated blast furnace slag content, %

(X,=55and X,=5%) and 70% (X,; =65 and X,=5%),
respectively.

Flexural strength: Figure 3 shows the response
surface for the flexural strength at 2, 7, 28 and 90
days.

At 2 days (Figure 3a), binary cements with silica

fume reach to greater than or equal to strength
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FIGURE 2. Compressive strength (MPa). a) 2 days (R’: 0.98), b) 7 days (R: 0.96), ¢) 28 days (R’: 0.91) and d) 90 days (R’: 0.91).
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FIGURE 3. Flexural strength (MPa). a) 2 days (R”: 0.97), b) 7 days (R’: 0.87), ¢) 28 days (R’: 0.91) and d) 90 days (R’: 0.85).

obtained by CPN (>6.60 MPa). For this flexural
strength value, the maximum percentage of blast fur-
nace slag that can be incorporated into the binary
cement is 17%. For X;>35%, the strength of binary
cement shows a strong dependence on the X,-value
and the iso-response curves are closer, indicating that a
small increase of slag content produces a low strength.

Regarding the ternary cements, they exhibit a
similar behaviour that it was described in compres-
sive strength. For a given value of X, the flexural
strength was greater when X,=5%. At this age,
the CPN-strength can be achieved for values of
X;=30% and X,=5%. At 7 days (Figure 3b), the
behaviour of ternary cements is similar to that
observed at 2 days, with a slight increase in the
level of additions to achieve to the CPN strength
(X;=40% and X,=5%). At 28 and 90 days, the flex-
ural strength of all experimental blended cement is
between 9.0£1.0 MPa (x11%) and 10.2£0.6 MPa
(£5.9%), respectively. At 28 days, the circum-
scribed area limited by the iso-response curve of
8.4 MPa attains to values of X;<65% and X,<10%
(Figure 3c). At 90 days, the bounded area limited
by the curve 10 MPa can be obtained for values of
X,<70% and X,>3.5% (Figure 3d).

Heat of hydration: Figure 4 shows the evolution
of the heat release rate during the first 48 hours of
hydration and Table 4 reports the time of occur-
rence of the maximum peak and the cumulative
heat at this age. For binary cements with blast fur-
nace slag (Figure 4a), it can be seen that as the per-
centage of replacement of the addition increases,
the rate of heat release, the maximum intensity of
peak and the cumulative heat developed at 48 hours
decreases. However, the occurrence time for the max-
imum does not significantly change; all values are
950210 min (Table 4). For binary cements made
with silica fume (Figure 4b), can be observed that
the increase of replacement percentage produces an
acceleration of the hydration respect to CPN paste.
There is an increase of the maximum intensity of
peak and the cumulative heat developed at 48 hours,
while the occurrence time of maximum has slightly
in advance (Table 4).

Ternary cements present an intermediate behav-
iour between the both binary cements evidencing
the synergic action of additions. For example, the
CPN+35E+5HS (Figure 4c) shows the decrease of
heat released caused by blast-furnace slag and the
acceleration produced by silica fume, resulting from
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FiGURE 4. Heat released rate vs time curve. a) binary cements with slag, b) binary cements with silica fume, c) ternary cements with
35% blast furnace slag and silica fume and d) ternary cements with 70% blast furnace slag and silica fume.

their interaction an increase of the maximum inten-
sity peak and slight delays (6%) of its occurrence
time compared with the CPN+35E. Cements with
70% blast furnace slag and silica fume (Figure 4d)
show the same synergic effect. When increase the
silica fume content, the maximum intensity of the
curves increases as well as its occurrence time is in
advance.

TABLE 4. Results from the heat of hydration test

Time of maximum  Cumulative heat at

Cements peak, min 48 hours, kJ/kg
CPN 960 126
CPN+35E 945 98
CPN+70E 940 56
CPN+5HS 910 144
CPN+10HS 875 128
CPN+35E+5HS 885 102
CPN+35E+10HS 850 86
CPN+70E+5HS 850 40
CPN+70E+10HS 810 45

X-Ray Diffraction: Figure 5 shows the diffracto-
grams obtained from pastes at 2, 24 and 48 hours
and Table 5 reports the results of the quantification
of the CH (26=18.09°, d=4.90 nm).

For CPN paste, the hydration products detected
by XRD were: CH and ettringite (Figure 5a) and the
CH-content increases 20 times from 2 to 48 hours
(Table 5). For binary cements with blast furnace
slag, it could be observed a less CH-content when
the addition content increases. After 24 hours, a
similar phase to hydrotalcite (27-28) can be detected
derived from the reaction of magnesium contain-
ing in the blast furnace slag (Figures 5b and c). For
binary cements with silica fume (Figures 5d and e),
a decrease of CH-content can be observed when
the percentage of addition increases. However, all
binary cements have high CH-content at 2 hours
evidencing the stimulation effect on the hydration
reaction of cement (Table 5).

At 2 hours, ternary cements containing 35%
of blast furnace slag and silica fume (Figures 5f
and g) have CH and ettringite, whereas any crystal-
line hydration products could be detected for ter-
nary cement with 70% slag furnace and silica fume
(Figures 5h and i). After 24 hours, the CH peaks
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FIGURE 5. XRD patterns at 2, 24 and 28 hours for pastes. a) CPN, b) CPN+35E, ¢) CPN+70E, d) CPN+5HS, e) CPN+I10HS, f)

CPN+35E+5HS, g) CPN+35E+10HS, h) CPN+70E+5HS and i) CPN+70E+10HS. E: etringite, G. gypsum, Ht: hydrotalcite.

appear with low intensity due to the high percent-
age of replacement and they have an increasing
intensity with time. The hydrotalcite like phase

was only observed at 24 hours for CPN+35E+5HS
paste evidencing that interaction of slag and silica
fume delays the crystallization of this compound.
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TABLE 5.  Semiquantitative analysis of peak CH (26:
18.09°, d: 4.90 nm), en cps
Age, hours Relative
values for 48
Cements 2 24 48  hours, % (¥)
CPN 3.5 58.5 74.4 100
CPN+35E 18.2 39.6 56.4 117
CPN+70E 6.1 16.4 24.1 108
CPN+5HS 10.6 43.8 60.8 86
CPN+10HS 5.2 30.6 37.3 56
CPN+35E+5HS 2.5 20.1 44.9 101
CPN+35E+10HS 6.4 21.1 36.9 90
CPN+70E+5HS 0 8.7 17.9 96
CPN+70E+10HS 0 6.6 11.9 80

(*)Relative values to the amount of cement present in the sample,
for example calculating for paste CPN+35E is: (¢ps (CPN+35)
10.65%cps (CPN))x100=(56.4 cps!0.65X74.4 cps)x100=117%.

Additionally, any A Fim phases (monosulfoaluminate
and carboaluminate hemihydrate) were detected in
pastes and it is attributed to the low content of C;A4
in cement pastes (29).
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Water loss between 250 and 600 °C: Figure 6
shows water loss evolution between 250 and 600 °C
expressed as per gram of portland cement.

For binary cements with blast furnace slag
(Figure 6a), it can be seen that the water loss is greater
than that of obtained in CPN at early age. At 28 and
90 days, this parameter slightly decreases (5 to 7%)
for CPN+70E cement. For binary cements with sil-
ica fume (Figure 6b), the water loss was lower than
those obtained in CPN at all ages. For example, this
parameter for CPN+5HS and CPN+I0HS reach
to values of 8 and 13% lower than that observed in
CPN at 2 days, while they were 11 and 15% lower
at 90 days, respectively. Finally, for ternary cements
(Figures 6¢ and d), water loss has a values between
those obtained for binary cements with blast fur-
nace slag or with silica fume.

At 2 days, similar results are obtained for
the CH-content reported in Table 5 where it is
referred to the amount of portland cement pres-
ent in the sample. Pastes with 35 and 70% of blast
furnace slag have a high relative CH-content (117
and 108%) and pastes with 5 and 10% of silica
fume has low relative CH-content (86 and 56%).
Ternary cements reach to relative CH-content
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FIGURE 6. Water loss between 250 and 600 °C (CH-content estimated) referred to the amount of portland cement in the sample.
a) binary cement with blast furnace slag, b) binary cement with silica fume, c) ternary cement with 5% silica fume
and blast furnace slag and d) ternary cement with 10% silica fume and blast furnace slag.
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between the values obtained for samples prepared
with binary cements.

4. DISCUSSSION

The strength obtained for binary and ternary
cements is a function of: stimulation effect (accel-
eration of hydration) that produces the additions on
the portland cement, the differential reaction rates
of additions and, the dilution effect in the blended
cement. The simultaneous action of these effects
determines the type and amount of hydration prod-
ucts in the system, and consequently the pore micro-
structure and the mechanical strength of samples.

For slag binary cements, the addition has 60%
of particles larger than 10 um and 7% higher than
45 um and thereafter the main contribution to
hydration and strength will be expected after 7 days
(30). Consequently, the behaviour at early age
can be firstly attributed to the dilution effect that
causes a decrease in the rate of heat release and sec-
ondly to the stimulation effect that accelerates the
hydration of portland cement phases producing a
large amount of C-S-H and CH (31) (Table 5 and
Figure 6).
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FIGURE 7.

At later ages, the decrease of water loss at 28 days
could be due to the stimulation effect is less impor-
tant for binary cements with blast furnace slag.
More than 73% of CPN (Wn: 13.23%) has reacted
and some part of CH has been consumed during
the reaction of the blast furnace slag (32). Thus, to
achieve a compressive strength to that CPN, the slag
replacement can be up to 17.5% at early age and it
increases up to 35% at later ages.

For binary cements with silica fume, the initial
hydration of addition and the stimulation effect are
more important than the dilution effect (33) up to
48 hours. The rate and the intensity of heat peak
(Figure 4b) increase for cements with silica fume
and the CH-content (Table 5, Figure 6) is lower than
that of CPN. Consequently, cement with silica fume
present higher strength than that of CPN since the
early age.

The synergy action between both additions causes
a decrease in the CH-content (Table 5), a quit initial
hydration and an advance of the occurrence time of
the maximum heat peak (Table 4). These effects of
silica fume addition can partially compensate the
dilution effect caused by the blast furnace slag addi-
tion in ternary cements. Then, a large content of
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Overlaid response surfaces to attain a response value greater than or equal to those

of CPN at: a) 2 days, b) 7 days, ¢) 28 days and d) 90 days.
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blast furnace slag can be incorporated to the blended
cement to attain a similar strength to that obtained
for CPN. This effect is more important at early age (2
to 7 days) and to obtain the same mechanical strength,
the iso-response area (Figures 3a and b, 4a and b) for
ternary cement containing 5% silica fume allows the
incorporation of twice amount of blast furnace slag.

In Figure 7, it can be observed the overlaid
iso-response surfaces of the compressive, flexural
strength and non-evaporable water content with
relative values greater than 95% of the correspond-
ing to the CPN value. It can be seen that for this
imposed condition, each studied property defines a
different percentage range of additions. For exam-
ple, to obtain a compressive and flexural strength
equal to or greater than 0.95 that of CPN at 2 days,
the ternary cement could be incorporate up to 17.5%
of blast furnace slag +5% silica fume, and 35% of
blast furnace slag +5% silica fume, respectively.

A 90 days (Figure 7d), the entire studied domain
has a flexural strength greater than 0.95 of CPN,
and ternary cements with X;<65% and X,<5% have
a compressive strength greater than 0.95 of CPN.
Consequently, the content of additions that could
be incorporated for this objective is greater for flex-
ural strength compared with respect to compressive
strength at all ages evidencing that additions pro-
duce a more significant improvement on the flexural
strength. This behaviour is attributed firstly to the
replacement of large and oriented crystals of the CH
by small and few oriented crystals (34) and, secondly,
to the increase in the compactness of matrix and the
interface due to the pore size refinement (30).

Finally, a similar mechanical strength to the
CPN can be achieved with a low non-evaporable
water content for binary and ternary cements and
consequently the low hydration degree of blended
cements can be compensated by the more dense and
homogeneous microstructure (35).

5. CONCLUSIONS

According to the results obtained from pastes
and mortars made with portland cement, blast fur-
nace slag (0-70%) and silica fume (0-10%), it can be
concluded that:

*  Due to the quit reaction rate of silica fume with
CH produced by cement hydration, it is pos-
sible to increase the average level of addition
of blast furnace slag in the blended cement to
achieve the same mechanical strength that of
CPN at early age. At later ages, the incorpora-
tion of silica fume in the cement - blast furnace
slag system allows to duplicate the slag contents
attaining to the same strength level. Hence, the
mechanical strength for all blended cement with
up to 5% of silica fume and up to 65% of granu-
lated blast furnace slag is greater than or equal
to 95% of strength of CPN.

e A similar mechanical behavior to the CPN
can be obtained with a lower content of non-
evaporable water for cements with additions
due to the dense matrix obtained.
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