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This research was primarily conducted to verify the presence of synergistic effects in ternary cementi-
tious systems containing portland cement (OPC), class C fly ash (FA) and silica fume (SF). A subsequent
objective of the study was to quantify the magnitude of the synergy and to determine its source. For a
ternary mixture containing 20% FA and 5% SF by mass, the synergistic effect was observed mostly at later
ages (7 days onward) and it resulted in an increased compressive strength and resistance to chloride ion
penetration as well as a reduced rate of water absorption (sorptivity) compared to predictions based on
individual effects of FA and SF in respective binary systems. The observed synergy was attributed to both
chemical and physical effects. The chemical effect manifested itself in the form of an increased amount of
hydration products. The physical effect associated with packing density was, somewhat contrary to gen-
eral belief, not due to an optimized particle size distribution of the binder components of the ternary
cementitious system. Instead, it was the result of smaller initial inter-particle spacing caused by lower
specific gravities of both FA and SF which, in turn, led to a lower volumetric w/cm. If the mixture design
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was adjusted to account for these differences, the physical effect would be diminished.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

An increasing interest in the utilization of ternary OPC/FA/SF
mixtures is a direct result of their excellent performance, which
has been frequently attributed to synergistic effects taking place be-
tween fly ash and silica fume. The synergy can be described in two
different ways. The first type of synergy is rather intuitive and its ba-
sic principle is that, when combined in a ternary system, FA compen-
sates for deficiencies of SF, and vice versa, SF compensates for
deficiencies of FA [1]. However, the “classical” definition of the term
“synergy” describes it as the “interaction of two or more agents or
forces so that their combined effect is greater than the sum of their
individual effects” [2].

Some of the previously published data suggests the existence of
synergistic effects (according to the above classical definition) in
ternary systems with respect to compressive strength [3,4], perme-
ation-related properties [5], plastic shrinkage cracking and chlo-
ride ion penetrability [6], sulfate resistance [7] and alkali-silica
reaction [8,9]. However, there seems to be a disagreement regard-
ing the source of this synergy, i.e., whether it is associated with
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chemical effects, physical effects or both. Lilkov et al. [10] showed
that, due to chemical interaction of fly ash and silica fume in the
ternary system, the synergy manifested itself in the increased
amount of hydration products and in the decreased amount of cal-
cium hydroxide observed at an early age (within the first 24 h).
Further, Weng et al. [11] reported a significant increase in the for-
mation of hydration products between 3 and 7 days in a ternary
system containing 10% SF and 30% FA.

On the other hand, Kwan and Wong [12] reported that ternary
OPC/FA/SF mixtures possess a higher packing density than binary
mixtures, thereby providing an indirect proof to synergy arising
from the physical effects. Similarly, Popovics [4] suggested that
the improvement in workability observed for the ternary mixtures
studied was a result of a more optimal (i.e., less “gap-graded”) par-
ticle size distribution. Yet, the data reported by Isaia [3] indicated
that both the physical and the chemical synergistic effects were
present in the investigated ternary systems incorporating fly ash
and silica fume. The physical effect was presumably due to a higher
content of particles smaller than 5 pm, whereas the chemical effect
was associated with higher pozzolanic activity of the ternary sys-
tem, both of which were well reflected by an increased compres-
sive strength.

It was clear from the literature review that the previous research
dealing with the issues concerning synergistic effects in ternary
systems was not “holistic”. Generally, the focus was either on the
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physical or on the chemical aspect, or on evaluation of the impact of
synergy on certain properties of ternary mixtures. Therefore, the
present study was undertaken with three distinct objectives. The
first objective was to verify whether synergistic effects (according
to the “classical” definition) exist in a ternary cementitious system,
in which silica fume and moderate amounts of class C fly ash are
incorporated. Such moderate (15-25% by the total mass of the
binder) fly ash contents have been frequently used in ternary mix-
tures evaluated by researchers and are common in field applications.
Although differences exist between class C and class F fly ash (most
notably higher reactivity typically exhibited by class C fly ash due to
both pozzolanic and hydraulic properties) this study was limited to
class Cfly ash. This is, in part, due to local fly ash availability, and the
fact thatin majority of the above mentioned literature studies class F
fly ash was usually incorporated. If the existence of the synergy was
successfully confirmed, the subsequent objectives of this research
were to quantify the magnitude of the synergy, and to examine
whether the synergy is of a physical nature, a chemical nature, or
both. To accomplish the above goals, a series of experiments was
conducted, as broadly described in the following sections.

2. Experimental details
2.1. Materials

Ordinary ASTM C 150 Type I portland cement (OPC), class C fly
ash (FA) meeting the requirements of ASTM C 618 and dry silica
fume (SF) were used. In field applications, typically densified silica
fume is used due to more economical transportation stemming
from increased bulk density compared to undensified silica fume,
and due to health concerns related to handling fine undensified sil-
ica fume particles. However, it was reported that densified SF par-
ticles undergo agglomeration [13,14], and thus they cannot be
easily dispersed, particularly in paste mixtures, unless an ultra-
sound technique is applied [15]. Accordingly, in this study it was
decided to use densified SF in mortar mixtures and undensified sil-
ica fume in pastes. Table 1 summarizes the chemical composition

and physical properties of the cementitious materials used in the
study as provided by their suppliers.

Mortar mixtures incorporated siliceous sand with a fineness
modulus of 3.7. To ensure satisfactory workability of mortar mix-
tures, approximately 2340 ml/m> of polycarboxylate high range
water reducing admixture (HRWRA) was used in each mixture.
HRWRA was not used in paste mixtures.

2.2. Mixture proportions and preparation

The following four types of binder systems were used in this
study: plain cement mixture (OPC), binary mixture with 20% fly
ash (20FA), binary mixture containing 5% silica fume (5SF) and ter-
nary mixture with 20% fly ash and 5% silica fume (20FA/5SF). In
each case, the cementitious materials (FA and SF) were used to re-
place a given percentage of cement (based on the total mass of the
binder). These binder systems were used to prepare both the paste
and mortar mixtures, each at a constant water-to-cementitious
materials ratio (w/cm) of 0.41 by mass. All mortar mixtures were
prepared with a paste content of 35.5% by volume. The detailed
proportions of mortar mixtures are provided in Table 2.

Both the paste and the mortar mixtures were prepared using a
laboratory Hobart-type mixer following the procedures of ASTM C
305. Paste specimens were made for compressive strength, ther-
mogravimetric analysis (TGA) and isothermal calorimetry. Initially,
paste specimens were also prepared for use in the rapid chloride
permeability (RCP) and sorptivity tests. However, since paste sorp-
tivity specimens developed extensive shrinkage cracking during
conditioning, it was decided to conduct both the RCP and the sorp-
tivity tests using mortar specimens.

2.3. Test procedures

For each part of this study, a distinct set of tests, each believed
to be most suitable for achieving the previously stated objectives,
was performed. The entire test matrix is summarized in Table 3.

Table 1
Physical properties and chemical composition of cementitious materials used in study on synergistic effect (as reported by the suppliers).

Property Cement Class C fly ash Silica fume
Physical
Specific gravity 3.15 2.56 2.20
Fineness

Retained on #325 mesh - 204 -

Blaine’s surface area (cm?/g) 3470 - -
Compressive strength tested on mortar cubes (MPa)

1 day 16.5 - -

3 day 26.0 - -

7 day 322 - -

28 day - - -
Strength activity index with portland cement - 97 -

at 7 days, % of cement control
Chemical
Silicon dioxide SiO; (%) 20.04 41.40 93.07
Aluminum oxide Al,03 (%) 5.84 19.98 0.62
Ferric oxide Fe,053 (%) 2.28 5.95 0.41
Calcium oxide CaO (%) 64.87 16.23 0.66
Magnesium oxide MgO (%) 1.63 3.72 1.16
Sulfur trioxide SO3 (%) 3.28 0.99 <0.01
Loss on ignition (%) 1.13 1.05 2.71
Sodium oxide Na,O (%) 0.14 - -
Potassium oxide K,0 (%) 0.88 - -
Total alkali as sodium oxide Na,O (%) 0.72 2.46 0.67
Insoluble residue (%) 0.47 - -
Potential compound composition (Bogue)
Tricalcium silicate C5S (%) 60 - -
Dicalcium silicate C,S (%) 12 - -
Tricalcium aluminate C3A (%) 12 - -
Tetracalcium aluminoferrite C4AF (%) 7 - -
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Table 2
Mixture composition of mortar mixtures.

Mix designation OPC 20FA 5SF 20FA/5SF
Water-cementitious

Materials ratio 0.41 0.41 0.41 0.41
Paste (%) 35.5 35.5 35.5 35.5
Cement (kg/m?) 455 357 428 332

Fly ash (kg/m?) 0 89 0 89

Silica fume (kg/m?) 0 0 23 22

Fine agg. (SSD) (kg/m°) 1590 1590 1590 1590
Water (kg/m?) 187 183 185 182
HRWRA - avg. (ml/m?) 2370 2330 2350 2310

All specimens designated as 180 days old equivalent were obtained
by using the following accelerated curing procedure: 0-7 days
moist curing at 23 °C; 7-56 days moist curing at 38 °C. Based on
data recently published by Bognacki et al. [16], it was assumed that
by the 56th day the specimens subjected to accelerated curing had
reached a maturity level equivalent to at least 180 days of contin-
uous curing at 23 °C. For simplicity, these specimens will be there-
after referred to as 180 days specimens.

During the first portion of the study consisting of verification of
synergistic effects, compressive strength, resistance to chloride ion
penetration and water sorptivity were evaluated. Compressive
strength tests were conducted at the ages of 0.5, 1, 3, 7, 28 and
180 days according to ASTM C 109 on a set of three 51 x 51 x
51 mm paste specimens. The resistance to chloride ion penetration
was evaluated on mortar specimens using ASTM C 1202 “rapid chlo-
ride permeability” (RCP) test. The test output is the total charge (in
coulombs) passed through the specimen across which a 60 V poten-
tial is applied for 6 h. Despite certain limitations of the RCP test
[17,18], the test results have been found to correlate well with the
coefficient of chloride diffusion of concrete [19-21]. Two replicate
cylindrical (51 x 102 mm) specimens from each mixture were
tested at ages of 7, 28 and 180 days.

The water sorptivity test was performed using a modification of
the standard ASTM C 1585 rate of water absorption test. The test
specimens consisted of two replicate mortar cylinders, each mea-
suring 51 x 102 mm. Following the specified length of moist cur-
ing, i.e., 7, 28 or 180 days, all specimens were dried at 23 °C and
50% RH for 14 days. Subsequently, they were subjected to the stan-
dard (ASTM C 1585) conditioning procedure. Accordingly, the spec-
imens were placed for 3 days in a desiccator which was stored
inside the oven set at 50 °C. The relative humidity (RH) inside of
the desiccator was maintained at 80% by means of a saturated solu-
tion of potassium bromide. After 3 days, the specimens were
removed from the desiccator and stored individually in well-sealed
plastic containers for 14 days at room temperature (23 °C). Next,
the perimeter of each specimen was coated with epoxy. Also, a dike
was formed on top of the specimens using aluminum tape and sil-
icone caulk, whereas the bottom was covered with a polyethylene
sheet secured with a rubber band. Tap water was then placed in a
dike and the water intake was determined by weighing the speci-
mens upon removal of water from the top the specimens at the
specific time intervals described in ASTM C 1585. The mass of

Table 3
Test matrix.
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water gained divided by the cross-sectional area of the specimens
and density of water was plotted against the square root of time.
Such an analysis gives two distinct lines. The slope of the line for
the data collected during the time interval from O to 6 h is called
initial sorptivity and it represents the rate of capillary-driven water
absorption. The slope of the second line for the data collected from
day 1 to day 8 is referred to as secondary sorptivity and it generally
reflects other phenomena besides the capillary forces alone, such
as filling of the larger pores and air voids [22]. Accordingly, the
results of the secondary sorptivity test were not included in this
paper as they may not accurately reflect hydration-related micro-
structural changes in the evaluated cementitious systems.

The second set of tests was carried out to evaluate the chemical
reactivity of the binder components in the mixtures studied.
Accordingly, isothermal calorimetry was conducted to gain knowl-
edge about the rate of reactivity (signified by the rate of heat
evolved) at early ages, whereas thermogravimetric analysis (TGA)
was conducted to determine the extent of hydration at both early
and late ages. Isothermal calorimetry was conducted using a JAF
Isothermal Conduction Calorimeter manufactured by Wexham
Developments®. Paste specimens were tested in a “large sample”
(nominally 30 g of cementitious materials) configuration at a con-
stant temperature of 21 °C. Two replicate samples were tested con-
currently and the average output was reported. The experiment
was terminated after the output voltage had dropped to negligible
values (after about 90-120 h). Immediately after completion of the
experiment, each specimen was subjected to a calibration proce-
dure in order to determine calorimeter constants from the Tian-
Calvet equation, as broadly described in the operating manual [23].

Thermogravimetric analysis was performed using a TGA 2050
Thermogravimetric Analyzer manufactured by TA Instruments. At
the age of 0.5, 1, 3, 7, 28 and 180 days, several small (approxi-
mately 1 cm?) pieces of paste were chipped off the interior of a
cubical (51 x 51 x 51 mm) specimen which was previously sub-
jected to compressive strength testing. To cease the hydration pro-
cess, the pieces were immediately soaked in acetone for a period of
about 14 days (acetone was changed after 7 days). Prior to testing,
the pieces were ground using mortar and pestle until all material
passed a #200 (75 pum) sieve. A sample of about 40 mg was then
placed in the instrument sample holder and the testing was initi-
ated. The automatic two-step testing procedure was used. In the
first step, the instrument maintained isothermal conditions for
the first 10 min (to allow for equilibration of specimen weight).
This was followed by heating to 1000 °C at a rate of 10 °C/min.
Generally, two specimens were used for TGA. However, if the dif-
ference in test results was excessive, a third specimen was tested.

3. Test results and discussion
3.1. Verification of existence of synergistic effects in OPC/FA/SF systems
The results of compressive strength, rapid chloride permeability

and initial sorptivity tests are shown in Fig. 1 through Fig. 3,
respectively. Each figure contains data for the four mixtures

Specimen type Purpose of the test

Verification of existence and quantification of magnitude of synergistic effect

Examination of chemical nature of synergy

Compressive strength (0.5, 1, 3, 7, 28,180°d) RCP (7, 28,180%)

Sorptivity (7, 28, 180°d)

Thermogravimetric analysis Isothermal calorimetry

Paste I
Mortar I

» v

P

Note: *designates a 180 days equivalent age obtained using accelerated curing procedure: 0-7 days at 23 °C, 7-56 days at 38 °C.
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Fig. 1. Compressive strength results (paste specimens).

studied, as well as the theoretical (i.e., predicted) value of a given
property for the 20FA/5SF ternary system. The theoretical value
of any predicted property (labeled as Prueor.20ra/ssr) Was approxi-
mated using the following equation:

Prheor20ka/ssF = Popc + 0.95APygea + 0.80APsse
= Popc + 0.95(P2ora — Popc) 4 0.80(Pssr — Popc) (1)

where Popc, Paora, Pssr are the values of a given property for OPC,
20FA, and 5SF mixtures, respectively. Eq. (1) represent a formula
proposed by Thomas et al. [9] modified by incorporating coeffi-
cients 0.95 and 0.80 which represent the sum of volume fractions
of, respectively, OPC (0.75) and FA (0.20) associated with the binary
20FA mixture, and OPC (0.75) and SF (0.05) associated with the
binary 5SF mixture, in the ternary 20FA/5SF system.

3.1.1. Compressive strength

The compressive strength curves for the binary mixtures con-
taining either 20% fly ash or 5% silica fume comprise, respectively,
the lower and the upper boundaries of all the compressive strength
data shown in Fig. 1. The early-age (up to 3 days) strength of the
ternary 20FA/5SF mixture was lower than the theoretical values
predicted using Eq. (1). However, at 28 and 180 days the ternary
mixture developed strength that was practically identical to the
strength of the 5SF mixture and notably higher than predicted val-
ues. This implies that, with respect to compressive strength, the
synergistic effect does seem to exist in the ternary system contain-
ing fly ash and silica fume but becomes apparent only at later ages.
This is likely due to the relatively low reactivity of the fly ash itself,
as manifested by the 180-day compressive strength of the FA mix-
ture being lower than that of the OPC mixture at the same age.

3.1.2. Resistance to chloride ion penetration

The resistance to chloride ion penetration of the mixtures eval-
uated using the RCP test is shown in Fig. 2. The 7-day and 28-day
data exhibit trends similar to the compressive strength data
(Fig. 1). Specifically, of all the mixtures studied, the binary mixture
with 20% fly ash exhibited the lowest resistance to chloride ion
penetration (highest RCP values), whereas the binary mixture with
5% SF showed the highest resistance (lowest RCP values). However,
unlike in the case of compressive strength data, where the 20FA
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Fig. 2. RCP test results (mortar specimens).
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Fig. 3. Initial sorptivity data (mortar specimens).

mixture still showed the lowest strength at later age, the 180-
day coulomb value of that mixture dropped to the same levels as
observed for the 5SF mixture.

It was also observed that the RCP values of the ternary mixture
were less affected by the presence of fly ash than their compressive
strength values. Specifically, while the 7-day compressive strength
of the 20FA/5SF mixture was approximately mid-way between the
strength for the 20FA and 5SF mixtures (Fig. 1), the 7-day RCP of
the ternary mixture was only slightly higher than that of the 5SF
mixture (Fig. 2). Similarly, the 180-day strength of the 20FA/5SF
mixture was lower than that of the 5SF mixture, whereas the ter-
nary mixture had the lowest value (384 coulombs) of all the mix-
tures studied at 180 days. Most notably, with the exception of the
180-day RCP for which Eq. (1) returned a negative theoretical RCP
value, the measured RCP values of the ternary mixture were lower
than the theoretical values. This implies that the excellent resis-
tance to chloride ion penetration observed for the ternary system
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is at least partially attributable to the synergistic interaction taking
place between fly ash and silica fume. It can be also seen that even
at 180 days the OPC mixture still exhibited relatively high (about
3000 coulombs) values. This, in turn, demonstrates the general
beneficial effect of the incorporation of mineral admixtures on
long-term durability.

3.1.3. Initial sorptivity

The raw data from sorptivity tests, represented as a linear rela-
tionship between change in mass of specimens and square root of
time collected from 0 to 6 h, were not included in the paper for brev-
ity. Fig. 3 which shows the initial sorptivity coefficients determined
at 7, 28 and 180 days reveals a somewhat unexpected outcome.
While the OPC mixture was clearly outperformed by the 5SF and
20FA/5SF mixtures in the rapid chloride permeability test (Fig. 2),
the initial sorptivity of the OPC mixture was generally comparable
to that of the 5SF mixture. Interestingly, the ternary mixture had
the highest initial sorptivity at 7 days, whereas at 28 days only the
20FA mixture displayed a higher initial sorptivity than the 20FA/
5SF mixture. However, while at 180 days all mixtures performed
comparably, the ternary mixture attained the lowest initial sorptiv-
ity. By comparing the measured and theoretical data for the ternary
mixture, the synergistic effect with respect to initial rate of water
absorption is visible at 28 and 180 days.

It should be pointed out, however, that regardless of the magni-
tude of the synergistic effect, the long-term performance of the ter-
nary 20FA/5SF mixture appears very promising due to the highest
strength and resistance to chloride ion penetration, as well as the
lowest initial rate of water absorption developed by that mixture.

3.2. Quantification of synergistic effects

While the existence of synergistic effects was qualitatively
demonstrated in the previous section, the purpose of the current
section is to quantify the magnitude of those effects for each of
the studied properties of the OPC/FA/SF mixture. The magnitude
of the synergistic effect was calculated from the following formula:

SE—j. Paoraysse — Prneor.20ra 55 % 100% 2)
Prneor.20ra557

where SE is the synergistic effect (%), Pogpa/ssr is @ measured value of
a given property for the 20FA/5SF mixture, Prheor.20ra/5sr 1S a theoret-
ical value of a given property for the 20FA/5SF mixture calculated
from Eq. (1), j=1 for properties to be maximized (compressive
strength) and j = —1 for properties to be minimized (rapid chloride
permeability and initial sorptivity). The above formula constitutes a
minor modification of the formula previously implemented by Isaia
[3], who calculated the synergistic effect with respect to the value of
a property developed by the reference (i.e., OPC) mixture, rather
than that of a theoretical 20FA/5SF mixture (Prheor.20ra/55F)-

The values of the synergistic effect for the evaluated properties
are shown in Table 4. At the early ages (up to 3 or 7 days, depend-
ing on the property), the SE values are typically negative, implying
lack of any synergistic effect. This, however, does not necessarily
imply that the ternary mixture performed poorly. Quite the oppo-
site, in almost all cases the 20FA/5SF mixture performed better
than the 20FA mixture (which usually performed the worst). None-
theless, at later ages the existence of synergy between fly ash and
silica fume was very conspicuous, as SE values became positive and
frequently exceeded 20%.

3.3. Examination of the physical nature of synergistic effect

In general, there are two distinctive physical mechanisms of
improvement of concrete properties resulting from replacing

Table 4
Variation in synergistic effect (SE) values with age.

Age (days) Value of synergistic effect SE (%)
Compressive strength RCP Initial Sorptivity
0.5 -50.2 - -
1 -84 - -
3 -14 - -
7 5.1 21.2 -15.5
28 8.9 31.0 279
180* 9.6 n/a 24.4

Note: *designates a 180 days equivalent age obtained using accelerated curing
procedure: 0-7 days at 23 °C, 7-56 days at 38 °C; n/a denotes a case where com-
putation of the synergistic effect was not possible due to negative theoretical
Prneor.20ra/55F value.

cement by fine pozzolanic material (particularly SF): higher volu-
metric concentration of solid binder components (due to optimized
combined particle size distribution [4,12]), also referred to as the
filling effect [24] and densification of interfacial transition zone
(ITZ) [25]. Since the current study is focused on the synergistic
effects present in ternary cementitious systems, including pastes,
only the first source of physical action will be considered.

3.3.1. Effect of binder composition on volumetric W/CM

Given that higher packing density of particles in a given unit
volume of paste is beneficial with respect to improvement of prop-
erties of the ternary system studied, it should be realized that the
mixtures containing either fly ash or silica fume (and especially
both) were favored over the OPC mixture. This is because the
mixtures were designed in a “standard” way, and thus the water-
cementitious materials ratio was not adjusted for the lower
specific gravities of FA and SF compared to cement (Table 1). As
a result, the volumetric water-cementitious materials ratio was
lower in the case of mixtures containing FA and SF. Although the
differences in the resulting volumetric w/cm do not appear to be
significant (1.292, 1.235, 1.264 and 1.210 for OPC, 20FA, 5SF,
20FA/5SF mixtures, respectively), they actually translate into quite
pronounced differences in w/cm (by mass) that the mixtures
containing FA and SF should be designed with in order to match
a w/cm of 0.41 of the OPC mixture, i.e., 0.429 for 20FA, 0.419 for
5SF, and 0.438 for the 20FA/5SF mixture.

3.3.2. Packing density

Recently, Wong and Kwan [24] demonstrated that there exists
an optimum w/cm at which maximum packing density (minimum
voids ratio) occurs in mixtures containing FA or SF. This approach
allows one to increase the density of paste by optimizing the com-
position of the cementitious system and varying the w/cm. When
extended to ternary mixtures with FA and SF [12], it was found that
these mixtures possessed higher packing density than their coun-
terpart binary mixtures. However, these authors also showed that
no improvement in packing of the particles should be expected in
pastes with a volumetric w/cm higher than about 0.70 (Fig. 4). This
is signified by a convergence of the voids ratio-w/cm curves for
plain OPC, 25FA and 15SF mixtures and the data points falling
on the diagonal line, which represents the equality of volumetric
w/cm and voids ratio. Accordingly, irrespective of binder composi-
tion, above a volumetric w/cm of 0.70 the particles are dispersed
to the point that the mixture becomes a suspension of granular
particles in water.

It is important to recognize that a volumetric ratio of 0.70 trans-
lates into w/cm by mass of about 0.23. Such a low water-cementi-
tious materials ratio is certainly not feasible in typical high
performance concrete applications, and may perhaps be only
encountered in ultra high performance concrete (UHPC) (see, for
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Fig. 6).

example, Refs. [26,27]). Thus, it appears that an enhancement in
certain properties of conventional (i.e., not UHPC) concrete con-
taining fly ash and silica fume may not be, as previously suggested
[3,4], due to a more densely packed cementitious system resulting
from an optimized particle size distribution of binder components.
Instead, the observed densification of the binder may be attributed
to differences in the specific gravities of these materials, as dis-
cussed in Section 3.3.1.

3.4. Examination of chemical nature of synergistic effect

3.4.1. Isothermal conduction calorimetry

The rate of heat evolution during the initial hydration stage ob-
tained from isothermal calorimetry is presented in Fig. 5. To pre-
serve clarity, only one curve per mixture is shown since the
individual curves for the two replicate samples prepared from a
given mixture were nearly perfectly overlapping. As expected, incor-
poration of silica fume in the binary (5SF) mixture had an accelerat-
ing effect, whereas the presence of fly ash (mixture 20FA) had a
retarding effect. Accordingly, the heat evolution peak for the 5SF
mixture is slightly shifted to the left and is significantly higher (by
about 0.5 W/kg) compared to the OPC mixture. Analogously, due
to a longer dormant period, the peak for the 20FA mixture is shifted
to the right (with respect to OPC peak) and is lower by about 0.5 W/
kg. The heat evolution rate curve for the ternary system is located be-
tween those for the binary mixtures with either FA or SF. However,
clearly due to inclusion of FA, the initial rate of reaction observed
in the ternary system was hampered compared to the OPC mixture.

Table 5 provides a comparison of the maximum heat evolution
rates derived from Fig. 5. It can be seen that after the data have
been normalized by cement content, the binary and ternary mix-
tures exhibited higher rates than the OPC mixture. This implies
that in the presence of either fly ash or silica fume, the early stage
of hydration of cement is increased, as previously reported by
Ballim and Graham [28]. This accelerating effect is much more

4

Heat Evolution Rate (W/kg)

Time (h)

Fig. 5. Heat evolution rate from isothermal calorimetry expressed as W per kg of
binder.

pronounced for the 5SF mixture than for the 20FA mixture,
whereas it is clearly magnified for the ternary 20FA/5SF mixture.

The current data appear somewhat inconsistent with the find-
ings of Nocun-Nocuii-Wczelik [29], who reported that the rate of
heat evolution of the mixtures containing 20% FA was only slightly
lower than that of the plain cement mixture, whereas the ternary
mixture with 20% FA and 10% SF exhibited much more depressed
rates of heat development. These discrepancies can be explained
by the use of different types of fly ash and, more importantly, by
preparation of the mixtures at a w/cm of 0.50 (as opposed to
0.41 used in the present study).

Another important implication of the data presented in Fig. 5 is
that, although the maximum temperature rise due to hydration for
the ternary system may be higher than that observed for the mix-
ture containing fly ash only, it may be still below the maximum
temperature of the OPC mixture. This would be very advantageous
from the standpoint of a reduction of the thermal stresses (abso-
lute or differential) generated due to thermal contraction upon
cooling of the structure. However, further work is needed to verify
this hypothesis under adiabatic or semi-adiabatic conditions.

In summary, since the synergistic effect was not observed for
the 20FA/5SF system at the early age (Table 4), isothermal calorim-
etry did not successfully confirm the chemical nature of the syn-
ergy, as it provides information about the rates of chemical
reactions occurring exclusively during the early-age period.

3.4.2. Thermogravimetric analysis

To more completely evaluate the chemical reactions taking
place in the mixtures over the course of hydration (i.e., at both
early and late ages), thermogravimetric analysis of hydrated pastes
was performed. The variation in total non-evaporable water con-
tent W, derived from the differences in sample mass at 105 °C
and 950 °C is shown in Fig. 6. The results are presented as a per-
centage of weight of anhydrous cement, which provides a clearer
illustration of changes occurring due to the presence of mineral
admixtures [30]. It can be seen that already within the first 12 h
the reactions in the 5SF mixture progressed much faster than in
the plain cement mixture. Conversely, the 20FA mixture showed
an amount of hydration products comparable to the OPC mixture,
whereas for the ternary mixture the amount of non-evaporable
water was only slightly higher than for the OPC mixture. However,
at 1 day the amount of hydration products (expressed by weight of
cement) was comparable in the ternary and binary mixtures. Inter-
estingly, at 28 and 180 days the non-evaporable water content of
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Comparison of maximum heat evolution rate (dQ/dt).

Mixture Max. dQ/dt (W/kg of total Max. dQ/dt (W/kg
cementitious materials) of cement)
OPC 2.60 2.60
20FA 2.18 2.72
5SF 3.02 3.18
20FA/5SF 2.44 3.25
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Fig. 6. Changes in the non-evaporable water content (W,) with hydration time.

5SF was similar to that of the plain cement mixture. On the other
hand, a substantial increase in W,, was observed at 7 days for the
20FA/5SF mixture and at 28 days for the 20FA mixture. It should
be noted that the W,, measurements, particularly at the later age,
for mixtures containing silica fume or fly ash are likely deflated
due to polymerization of silica [31,32]. This phenomenon results
in conversion of the previously chemically bound non-evaporable
water to evaporable water and thus lowers the TGA measurements
of W,.

Fig. 7 shows the variation in calcium hydroxide (CH) computed
from sample mass loss at about 450 °C. This temperature signifies
loss of water due to decomposition of calcium hydroxide into cal-
cium oxide and water. Again, to demonstrate the effect of pozzola-
nic reactions more clearly, the CH amount is expressed as percent
by weight of anhydrous cement. The initial upsurge in the amount
of CH produced observed for the 5SF mixture (Fig. 7) is likely
attributed to accelerated hydration of the cement itself [33]. The
drop in CH content due to the pozzolanic reaction is observed only
after 3 days, which is in agreement with findings of Zelic et al. [34].
However, likely due to depletion of silica fume available for pozzo-
lanic reaction with CH, the CH content increased again between 28
and 180 days, while still remaining well below the CH level found
in the plain OPC mixture at 180 days. These results contradict the
data reported by Weng et al. [11], who observed lower (by 3-5%)
CH content at all testing ages for a mixture containing 5% SF pre-
pared at a w/cm of 0.40, as compared to the plain cement mixture.
This difference can be perhaps attributed to the use of silica fume
in undensified form in the present study. When used in this form, it
could possibly provide more nucleation sites and thus enhanced
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Fig. 7. Variation in calcium hydroxide (CH) content with hydration time.

early age cement hydration [34], thereby increasing the amount
of CH produced. However, due to lack of information regarding
the form of SF used by the above authors, this conclusion is purely
hypothetical.

At 1 and 3 days, the CH content for the 20FA mixture was higher
than that for the OPC mixture (Fig. 7). This implies that, much like
silica fume, fly ash accelerated the early age cement hydration. This
acceleration might be due to dissolution of alkali (i.e., K;0) from
some fly ash particles into the paste at early age [35] or due to
the “dilution effect” reportedly occurring as a result of a higher
amount of water available for hydration of cement caused by low
initial reactivity of fly ash itself [3,28]. While the comparable CH
content of 20FA and OPC mixtures at 7 and 28 days may be viewed
as an indication of the relative inertness of fly ash, it is misleading
since the 20FA mixture produced in fact more gel than the plain
cement mixture at each respective age (Fig. 6). At 180 days, a sig-
nificant reduction in CH content was observed for the 20FA mix-
ture and the resulting amount of CH was the same as in the 5SF
mixture.

The amount of calcium hydroxide found in the 20FA/5SF mix-
ture at early age was between that for the 20FA and 5SF mixtures.
A moderate drop in CH content occurred between 7 and 28 days,
whereas the final (180-day) CH amount for the ternary mixture
was only about 10.5%. This implies that, while this amount is sig-
nificantly less than the CH content of the OPC mixture (18.5%) or
the binary mixtures (about 15.5%), more SCMs (preferably FA)
could be incorporated in the ternary system to further reduce the
CH content.

Hydration of cement and pozzolanic reactions with either fly
ash or silica fume are simultaneously ongoing processes in which
cement increases both the amount of CH and W,, whereas FA
and SF reduce CH and may increase or decrease W,. However, this
situation is further complicated by different (i.e., typically higher)
cement hydration rates in the presence of mineral admixtures
compared to those in a plain cement system and by the fact that
class C fly ash possesses certain hydraulic properties [30]. Hence,
it is not possible to simply separate the effects of these two reac-
tions and infer from either W, or CH contents how much of each
component of the system has reacted. Instead, a concept of “hy-
drate water” [10,11,30] can be utilized to assess the total amount
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of silicate gel products (calcium silicate hydrate (C-S-H) and
calcium silica-alumina hydrate (C-AS-H)). This quantity can be
estimated by subtracting the amount of water associated with cal-
cium hydroxide from the total non-evaporable water content, as
follows:

Wy=W, - Wg (3)

where Wy is hydrate water, W, is non-evaporable water and Wy is
water associated with dehydration of CH. It should be noted that
this approach provides only an estimate of the silicate gel products,
as it does not account for different stoichiometry, molar volume and
water content of C-S-H produced from cement hydration in absence
of mineral admixtures, from cement hydration in the presence of
silica fume [36] and from pozzolanic reactions of FA and SF with
CH [37].

The variation in hydrate water with time is shown in Fig. 8. As
expected, the binary mixtures containing either fly ash or silica
fume had an increased amount of hydrate water (normalized by
weight of anhydrous cement) compared to the plain cement mix-
ture. Also, not surprisingly, with exception of the 12-h data, the
Wy content for the ternary mixture was higher than that observed
for any other mixture. However, at the early ages (12 h to 3 days)
the amount of hydrate water found in the 20FA/5SF mixture was
lower than the theoretical amount predicted using Eq. (1). In con-
trast, at later ages (7-180 days) the measured values of Wy were
higher than theoretical values, which gives rise to a chemical-based
synergistic effect. These findings appear to reflect fairly well the
trends observed for most of the properties evaluated (Table 4),
where the SE values were typically negative at the early age and po-
sitive at the later ages. It should be kept in mind that the aforemen-
tioned artifact of reduced W, quantities measured using the TGA
technique resulting from polymerization of silica in the mixtures
containing silica fume or fly ash also directly impacted the Wy val-
ues for those mixtures. However, it is reasonable to assume that the
binary (5SF and 20FA) mixtures and the ternary 20FA/5SF mixture
were affected by this phenomenon proportionally to the silica con-
tent (from either silica fume or fly ash) in those mixtures. It follows
that, based on Eq. (1), the relative ratio of measured Wy for a 20FA/
5SF mixture to the corresponding theoretical value would be the
same. Accordingly, the magnitude of synergistic effect associated
with Wy can also be assumed to remain unchanged.
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Fig. 8. Variation in hydrate water content (Wy) with hydration time.

Based on the results of this study, it appears that the chemical
effect related to formation of a higher volume of hydration prod-
ucts than theoretically predicted is, at least, partially responsible
for the synergy observed for the properties evaluated. Although
the differences between the predicted and measured Wy of the ter-
nary mixture do not appear significant at later age (0.6-1.1%), the
associated amount of hydration products is proportionally higher.
For instance, a 1% increase in Wy may translate into about 0.13 g
(or 0.05 cm?) more of C-S-H (with assumed chemical composition
of C;7SH,4 [38] and density of 2.44 g/cm?> [39]) produced per 1 g of
cement. Considering that at the high degree of hydration
associated with later age, the pore system is already partially
depercolated, such an increase may have a significant effect on
transport-related properties. Further, the above differences repre-
sent only the additional benefit of incorporating fly ash and silica
fume in the ternary system, beyond that predicted based on the ef-
fects of individual components.

4. Conclusions

Synergistic effects reportedly taking place in ternary cementi-
tious systems containing fly ash and silica fume were investigated
in this study. This examination led to the following conclusions:

e For a ternary mixture containing 20% FA and 5% SF, the syner-
gistic effect (according to classical definition) was observed
mostly at later ages (7 days and onward).

e The synergy observed for the ternary OPC/FA/SF system was
attributed to both chemical and physical effects.

e The chemical effect manifested itself in the form of an increased
amount of hydration products compared to predictions based
on the individual effects of fly ash and silica fume in the binary
systems.

e The physical effect associated with packing density was some-
what contrary to general beliefs and appeared to have not been
caused by optimized particle size distribution of binder compo-
nents of the ternary cementitious system. Instead, it was a
result of smaller initial inter-particle spacing resulting from
lower specific gravity of both fly ash and silica fume, which
led to lower volumetric w/cm. If the mixture design was
adjusted to account for these differences, it is expected that
the physical effect would be diminished.

e Since in addition to the presence of synergy (according to the
“classical” definition) fly ash and silica fume mutually compen-
sate for each other’s deficiencies (noticeable when they are used
alone in a binary system), incorporation of ternary OPC/FA/SF
cementitious systems is deemed to be beneficial.
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