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This paper investigates the influence of the content of blast furnace slag (BFS) on the microstructural and
mechanical properties of non-activated and activated ultra-high performance concrete (UHPC). Three
volume-substitution rates of cement with BFS were explored (30% for UHPC,, 50% for UHPC; and 80%
for UHPC,4) and two activation methods, chemical and thermal, were tested. Results show that with
30% of BFS, heterogeneous nucleation prevailed over dilution, accelerating the hydration reaction of
cement and increasing the amount of C-S-H formed. C-S-H decreased the porosity of UHPC, by 18%
and 20% respectively at 3 and 90 days. The compressive strengths of UHPC; (without BFS) and UHPC,
were very similar. For high BFS contents, the dilution effect prevailed and there was less portlandite,
which decreased the amount of hydrated products, particularly at early age. As a result, the porosity of
UHPC; and UHPC4 was more than twofold higher than that of UHPC;.

To boost the hydration reaction of blended UHPC with a high BFS content, KOH was added. The use of
[KOH]5 significantly increased the amount of hydrated products, reducing the porosity of UHPC,4 1.6-fold
at 3 days and increasing its compressive strength by 42% at the same age. However, this activation mode
was not enough to ensure the required compressive strength of UHPC;. Thermal activation at 90 °C for 2
days was therefore tested. Results showed the acceleration of the reaction of solid components, which
increased the consumption of portlandite and hence the development of hydrated products. This resulted
in improving the packing density of blended UHPC, decreasing its porosity and enhancing its compressive
strength. In comparison with reference concrete at 90 days, the compressive strength of UHPCs-T
increased by 7% and that of UHPC, was 12.5% lower.

1. Introduction ture [1], that subsequently led to the development of ultra-high
performance concrete (UHPC). Ultra-high performance concrete

Since the 1980s, specialized applications that demand greater is a distinctive cement-based substance that behaves like a
strength and corrosion resistance triggered research to develop a minimal-porosity ceramic material with enhanced mechanical
concrete with an extremely high strength and dense microstruc- properties [2]. This concrete is distinguished by a grain size of
the ingredients (cement, silica fume, crushed quartz, quartz sand)
that does not exceed 600 pm, a low water-to-binder ratio (w/b)
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and a high content of water reducer (superplasticizer) [3]. By virtue
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of both the highly dense (specific gravity ranges over 2500-3000
kg/m3) and homogenous microstructure of UHPC, its typical
strength can reach 150-200 MPa in compression, 7-15 MPa in uni-
axial tension, and 25-40 MPa in bending [4,5]. This exceptional
performance is due to its higher cement content, lower w/b, inte-
gration of silica fume and low Ca0/SiO, ratio [6]. On account of
its extraordinary compressive strength, UHPC exhibits great sensi-
tivity to certain parameters such as the quality of cementitious
composites, quality of curing (standard or heat treatment), particle
size of aggregate and the applied production techniques, etc.
Richard and Cheyrezy [7] reported that if soft cast and cured at
ambient conditions, its compressive strength (CS) can reach 200
MPa, and that CS values exceeding 800 MPa can be attained when
pressure molding is adopted. Hence, the weight of a structure built
solely with UHPC can be reduced by one-third to one-half in com-
parison to that with a traditional reinforced concrete structure
under the same load [2,8]. Mounanga et al. [9] ascribed this
improvement in mechanical behavior to a better cement hydration
and a close granular packing of the UHPC with the addition of
crushed quartz. Crushed quartz particles have a high specific area,
which improves the homogeneity and the packing density of con-
crete. From the porosity standpoint the collateral effect of hydra-
tion on porosity is as follows: due to the low w/c, the capillary
porosity decreases and the Interface Transition Zone (ITZ) is filled
up with C-S-H hydrates generated by the pozzolanic reaction of
silica fume [10]. The pore size of UHPC essentially ranges between
2 and 3 nm, the most frequent pore size being 2.0 nm, and its total
porosity is 2.23% [11].

Despite the high mechanical performance of UHPC, its manufac-
ture involves a high energy consumption. The energy required for
cement production is around 1700-1800 M] t clinker, which is the
third largest consumed energy, after that of the aluminum and
steel manufacturing industries [12]. The high quantity of cement
in UHPC (over 800-1000 kg/m?>) has a detrimental impact on the
hydration heat and may create shrinkage deformations, which
decrease the hardened performance by microcracking. Besides, it
displays downsides from the economic and sustainability stand-
points [13].

Portland cement is responsible for 74-81% of global CO, release
as each 1 kg of cement produced generates around of 0.9 kg of CO,.
This equates to about 3.24 billion tons of CO, yearly [12]. Taking
into consideration both the boosted mechanical properties of UHPC
and its high environmental influence, it appears worthwhile explor-
ing a path to produce UHPC with a low environmental footprint.

Blast furnace slag (BFS) is one of the industrial co-products that
can substitute for Portland cement to a certain extent. The use of this
alternative material depends mainly on the availability and the
domain of application [14]. The major components of BFS are CaO,
SiO,, Al,O3 and MgO. It is categorized as a potential hydraulic mate-
rial (reaction with water) rather than a pozzolanic one (reaction
with lime), despite its slow reaction with water [15,16]. This latent
hydration reaction restricts the strength development of concrete
at early age. However, at later age, the microstructure is more
refined, porosity is lower and consequently the mechanical perfor-
mance of blended concrete is enhanced, in comparison with that
of Portland cement. Thanks to its high specific area and its chemical
composition, BFS has a double effect on the behavior of UHPC, both
physical and chemical. The physical effect consists in (i) the dilution
induced by the substitution of cement with BFS, which increases the
water-to-cement ratio; (ii) the filler impact due to the fineness of
BFS particles, improving the packing density of the mixture; (iii)
the stimulation effect, as the BFS particles act as nucleation sites,
accelerating the cement hydration reaction [17]. This results in the
production of portlandite, which reacts with BFS to form hydrates.

Yu et al. [18] revealed that in presence of slag, the portlandite
content of UHPC decreased, denoting its consumption by BFS to

form dense C-S-H. The latter fills the pore structure, which results
in a compressive strength enhancement of blended UHPC. Other
studies have found that increasing the BFS content (70%) increases
the portlandite consumption [19] without improving the concrete
performance. Zhou et al. [20] observed that the higher the quantity
of slag, the higher the total porosity. This can be explained by the
very low cement content, which restricts the formation of port-
landite. The latter is responsible for promoting the hydration reac-
tion of BFS.

The decrease in mechanical performance of slag-blended UHPC
particularly concerns the early age, as the strength development is
decelerated by the latent reaction of BFS. Yazici et al. [21] mea-
sured a higher drop of compressive strength at 2 days when the
slag replacement rate reached 40%, while at 28 days the compres-
sive strength was close to that of reference UHPC. Gupta [22]
reported a decrease in early compressive and flexural strengths
with 40 and 60% of slag, whereas a growth in later strength was
measured even with 80% of slag content. Shi et al. [23] also found
that at 3 days, the compressive strength of UHPC decreased from
84 MPa to 78 MPa when 25% of cement was substituted with slag.
At 56 days, the compressive strength reached 125 MPa.

Accordingly, since slag itself is nothing more than a latent
hydraulic binder with lower early strength and longer setting time,
its hydration reaction needs to be boosted. This can be achieved by
chemical or thermal activation. Among chemically activated binder
systems, alkali activated slag (AAS) is one of the most widespread
substances thanks to its lesser environmental effect, quick setting,
and swift early strength gain [25]. In presence of an alkali activator
(such as sodium or potassium hydroxide), the hydroxyl ions (OH)
accelerate the hydration reaction by enhancing dissolution of the
aluminate and silicate network in the slag to form calcium silicate
hydrates with a high amount of Al,03 (C-A-S-H). This increases the
early compressive strength [24-26], depending on different factors
such as the activator dosage and the interactions between con-
stituents [25,27-29].

As already mentioned, chemical activation is used with ordinary
cementitious materials and there has been no research into its
effect on UHPC properties. Some research has been carried out,
however, on thermally-activated UHPC, mainly in presence of min-
eral admixtures. Slag, thanks to its higher activation energy, is par-
ticularly sensitive to thermal activation [30-32] which accelerates
the pozzolanic reaction, increasing the amount of hydrated prod-
ucts and densifying the microstructure even further. As a result,
the compressive and flexure tensile strengths will be higher
[1,33]. Bougara et al. [34] measured an increase in compressive
strength at early age for mixtures with 30% and 50% of slag when
the temperature rose from 20 °C to 40 °C and 60 °C, whereas the
strength at later age decreased. The same trend was observed by
Castellano et al. [35], who measured a great increase in early com-
pressive strength when the temperature was raised from 20 °C to
40 and then to 60 °C. After 7 days the trend was reversed. On the
contrary, Sajedi et al. [31] showed that the 90-day compressive
strength of mortar with 50% of slag, treated at 60 °C for 20 h,
exceeded that of reference mortar by circa 12%.

In conclusion, despite the various studies carried out on UHPC,
none have dealt with chemical activation and its effect on UHPC
properties, and few of them correlate the thermal activation with
the microstructural change, in order to explain the mechanical
behavior of UHPC, particularly in presence of slag.

2. Research objective
This paper deals with the effect of BFS content on the

microstructural and mechanical properties of non-activated and
activated UHPC. The research was carried out at two scales: the



micro-scale, by (i) assessing the different phases resulting from the
hydration reaction, and (ii) assessing the porosity, and the macro-
scale, by studying the mechanical properties of manufactured
UHPC. To highlight the latent reaction of BFS and the interest of
chemical and thermal activation in improving blended-UHPC prop-
erties, the mechanical properties were measured at 3 and 90 days,
and the results were correlated with the state of the microstruc-
ture at the same ages.

3. Experimental program
3.1. Materials and mixtures

The materials used to manufacture the concrete were of local
origin (France): the cement CEM I 52.5 PM ES comes from Le Teil
plant, the grey Silica Fume (SF) is marketed by Condensil as S95
B DM, the Blast Furnace Slag (BFS) comes from Ecocem, the
Crushed Quartz (CQ) and Quartz Sand (QS) are marketed by Sibelco
as C500 and CV32, respectively. The chemical properties of these
components are detailed in [36]. Their physical properties are pre-
sented in Table 1.

To ensure the high workability of manufactured UHPC, a Sika
Viscocrete Krono HE 20 superplasticizer (SP) was added. It is a
high-range water reducer with a density and solid content of
1.085 and 41%, respectively. The content of this acrylic copolymer
was adjusted to ensure the same slump flow for all UHPC regard-
less of their BFS content. All formulations had the same water con-
tent (considering the water brought by the superplasticizer) and
only BFS and SP contents were varied (Table 2). The optimization
of these concrete mixtures is detailed in [36].

Solid components were incorporated in an intensive 15 L Eirich
mixer and mixed for 30s. Then dissolved superplasticizer and
water were added and mixed with the other materials for 3 min
to ensure a homogeneous mixture, except for UHPC with KOH.
For the latter, the mixing time was extended by 30s to ensure
the required slump flow. After mixing, the concrete was poured
into steel molds, stored for 24 h before demolding, and plastic-
wrapped, to avoid any drying. Subsequently, the specimens were
stored in a fog room at 20 °C for 3, 7, 28, and 90 days.

3.2. Methods

3.2.1. Chemical activation

The use of mineral additions, in particular BFS, decelerates the
hydration kinetic of concrete and induces a decrease in its early
age properties, as the substitution of cement decreases the alkali
content of concrete. Alkalis promote the reaction of BFS by destroy-
ing its chemical bonds and accelerating its reaction with water,
thereby increasing its strength. To compensate for this lack of alka-
lis, KOH can be added, but its addition may have a negative effect
on the environment and should be strictly controlled.

Considering the quantity of alkalis in cement (0.24%), we calcu-
lated the quantity of alkalis lost when cement is substituted with
BFS and then the quantity of KOH required to compensate for these
lost alkalis. This first concentration is called [KOH]; and equals
3.39 kg/m> (3.39 g/l of concrete). This concentration was then

increased two ([KOH],) and three ([KOH]3) times to improve the
early age compressive strength of UHPC, without affecting its
workability, by maintaining a slump flow of 300 mm. The opti-
mization of this concentration is detailed in [36].

3.2.2. Thermal activation

Thermal activation is employed to accelerate the maturing of
concrete, for an equivalent age. The latter corresponds to tr=t, —
to, where tp and ty are respectively the time of water/binder contact
and the theoretical time to obtain the same level of concrete matu-
rity in the case of conservation at 20 °C.

Generally, the level of maturity depends on hydration reactions
and their rate of progress (¢). The evolution of ¢ versus tempera-
ture was approximated with Arrhenius’ law, applied on all the
hydration reactions of cement [37]:

_9_ A)exp (_%) )

< Tdr
where A is the chemical affinity, ¢ the rate of progress of hydration
reactions, E, the activation energy (J mol~!), R the perfect gas con-
stant (8.314]Jmol ' K™') and T the temperature of the concrete
throughout the test.

To estimate the equivalent age t; for moderate thermal treat-
ments, equation 1 was integrated between initial (tiniiq) and final
(tfina) times, as:

o [ ol

 Linitial
tr was approximated as:
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where tr is the equivalent age for the chosen temperature; Ati, the
duration of concrete exposure to T;; Ti, the temperature of concrete
during Ati, in Kelvin; E,, the activation energy and R, the perfect gas
constant.

For simplification, E, is considered as constant and resulting
from all the hydration reactions of the binder; E./R is 4000 K and
6000 K for CEM I and CEM III, respectively [38,39]. For this study,
a high BFS content was explored (up to 62% of whole binder). Thus,
the binder was assimilated to composed cement, CEM III. Thermal
activation was applied particularly to concretes with a high BFS
content (UHPC; and UHPC,) in order to ensure the same long term
properties as UHPC;. Therefore, the equivalent age should be more
than 90 days. As shown in Fig. 1, a temperature of 90 °C was
applied, 24 h after mixing, for 2 days, before testing UHPC. This
results in activated UHPC, with an equivalent age of 103 days.

3.2.3. Thermogravimetric analysis

This test used a thermal analyzer instrument NETZSCH STA 449
F3 under dynamic nitrogen atmosphere and carried out on 250 mg
powdered samples heated from 30 °C to 1250 °C at a rate of 10 °C/
min. At a testing age of 3 and 90 days, the specimens were crushed
(<315 pm) and hydration was stopped by immersion in methanol.
The outputs of the test are the loss in mass per degree Celsius and

Table 1
Fineness and density of solid components.
CEM 1525 SF QQ BFS Qs
Specific area (cm?/g) 3555 250,000 10,435 4450 124
Density (-) 3.17 2.24 2.65 2.90 2.65
" Blaine.
" BET.



Table 2
Composition of studied UHPC mixtures.

Components (kg/m?) UHPC, UHPC, UHPC3 UHPC,4 UHPC,4-[KOH]5
CEM I 977.00 683.90 488.50 195.40 195.40
SF 183.00 183.00 183.00 183.00 183.00
QQ 61.00 61.00 61.00 61.00 61.00
BFS - 268.10 446.90 715.00 715.00
QS 1075.00 1075.00 1075.00 1075.00 1075.00
SP 25.31 10.54 2249 25.31 25.31
W 145.63 160.39 148.44 145.63 140.65
KOH - - - - 10.17
Slump Flow (mm) 300
g @
- =]
& 'g =
x b 3
s a8 e %
90°C 8
Thermal a
activation =
20°C » Time (Hours)

OH  24H 72 H

Fig. 1. Thermal activation mechanism.

the differential thermogravimetric (DTG) curves. The mass loss due
to the liberation of bound water (H), decomposition of portlandite
(CH), and liberation of CO, was measured at the respective temper-
ature intervals and the accurate limits for the temperature inter-
vals were specified considering the derivative thermogravimetric
curves (DTG). The mass loss of bound water through dehydration
of some hydrates (C-S-H, ettringite, etc.) occurred between 180
and 300 °C, while that corresponding to the dehydration of port-
landite occurred between 450 and 530 °C. The decarbonation of
calcium carbonate took place between 700 and 900 °C.

3.2.4. Total porosity

The Mercury Intrusion Porosimetry (MIP) test was carried out
on 1cm® samples at 3 and 90 days. At 3 days, samples were
immersed in methanol to stop the hydration reaction, before dry-
ing at 105 °C and testing.

3.2.5. Mechanical properties

Flexural and compressive strength tests were carried out on 40
x 40 x 160 mm prism specimens at 3, 7, 28 and 90 days, according
to NF EN 196-1. A press machine of 300 kN was used, with loading
speeds of 0.05 kN/s and 2.5 kN/s respectively for flexural and com-
pressive tests. Each strength is the average of three samples’
strength. The splitting tensile strength was measured on cylindri-
cal specimens 110 mm in diameter by 220 mm in height at 3 and
28 days. The specimens were tested using a 2000 kN-press
machine. For each mixture, two cylinders were tested and the
mean value is reported.

4. Results and discussion
4.1. Thermogravimetric analysis

The TGA and DTG curves of whole UHPC mixtures after hydrat-
ing for 3 and 90 days are presented in Figs. 2-5, respectively.
Table 3 shows the variation in content with hydration times of
portlandite and calcite beside the amounts of chemically bound
water for whole UHPC mixtures.

B e e e e N —T— — T
0 300 600 900 1200
Temperature (°C)
Fig. 2. TGA for UHPC mixtures at 3 days.
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Fig. 3. DTG for UHPC mixtures at 3 days.
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Fig. 4. TGA for UHPC mixtures at 90 days.

4.1.1. Effect of BFS content

The TGA curves of Fig. 2 exhibit the mass loss for the hydrated
UHPCs at 3 days, in the following sequential order: dehydration,
dehydroxylation or calcination of remaining ettringite, portlandite
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Fig. 5. DTG for UHPC mixtures at 90 days.

decomposition and calcite decarbonation. It can be noted that all
the tested specimens demonstrate a comparable trend of mass
loss. Nonetheless, the rates of their mass loss in each temperature
range are dissimilar, indicating that the quantity of material react-
ing at each treatment stage differs and depends on the percentage
of slag used to substitute for cement, in particular when this
reached 80% in UHPC,4. The results show that the higher the slag
content, the lower the measured mass loss. This can be clearly seen
in Table 3 through the difference in mass loss percentages between
UHPC; and UHPC,; at 3 days: the chemically bound water
decreased from 3.3 % to 2.1%, portlandite from 1.42% to 0.35%,
and calcite from 3.9% to 2.8%, respectively. Generally, the incorpo-
ration of slag in cement generates a lower quantity of portlandite
in the hydration product due to the impact of dilution in addition
to the consumption of portlandite through the pozzolanic reaction
[40]. When portlandite forms during cement hydration, some of
this compound is consumed by the pozzolanic reaction of silica
fume and slag reaction and this consumption is increased when
the amount of slag is increased, inducing a delay in concrete hydra-
tion and forming supplemental C-S-H [41]. Thus, the mass loss of
portlandite in the blended mixtures of UHPC is the least at early
ages when compared to UHPC,. Likewise, the results show that
the substitution of Portland cement with slag diminishes the quan-
tity of C-S-H and C-A-H formed at 3 days in comparison with
UHPC;. The quantification of phases related to mass change for
the UHPC mixtures was accompanied by the occurrence of major
peaks in the DTG curves, as shown in Fig. 3. The prominence of
these peaks can be attributed to the evaporation of free water,
portlandite and calcite decompositions, sequentially. The
endothermic peak of both C-S-H and ettringite decreases with
increasing slag content. The decrease of the portlandite content
in the UHPCs containing slag restricts the promotion of the slag
pozzolanic reaction, and the already-produced pore structure in
these blended mixtures cannot be filled by the recently produced
C-S-H.

As expected, the content of chemically bound water in the
UHPC mixtures increases remarkably at 90 days, as shown in
Table 3. The measured mass loss of the UHPC mixtures also

increases with increasing age up to 90 days, indicating a continu-
ing hydration with time as demonstrated in Fig. 4. The mass loss
of portlandite remains lower in the UHPC mixtures containing slag
compared to UHPC; since the particular cementitious matrix of
UHPC limits the slag pozzolanic reaction to a great extent, with
the result that beyond 90 days only a small amount of slag is avail-
able to react with portlandite. The data also show that the port-
landite consumption in all UHPC mixtures increased with the
progress of the hydration age. Compared to the portlandite quanti-
ties at 3 days, the mass loss amounts at 90 days were reduced by
about 39%, 41%, 21% and 37% for UHPC,, UHPC,, UHPC; and UHPC,
respectively. The increase in slag content induces a decrease in
non-evaporable water on account of the weak hydraulic activity
of the slag blended matrix [42]. From Fig. 5, it was observed that
the peaks of both C-S-H and ettringite in all UHPC mixtures at
90 days were higher than that at 3 days, indicating an increase in
C-S-H at the cost of portlandite because of the pozzolanic reaction
[40]. The portlandite peaks of all the blended mixtures of UHPC are
lower due to the impact of dilution and the consumption of port-
landite by the pozzolanic reaction. In addition, there are different
peaks of calcite, as observed in Fig. 5. Some phases such MgCOs,
MnCOs5 and FeCO3; can decompose at temperatures lower than that
of calcite. However, all the curves clearly show the decrease in cal-
cite when the cement content decreases.

4.1.2. Effect of chemical activation

Fig. 6 shows the mass loss for alkali-activated and non-
activated UHPC,. This figure highlights the rapid decrease in mass
for activated UHPC, at 3 and 90 days, in comparison with that of
non-activated ones. The difference is clearly shown in Fig. 7, where
the peak corresponding to C-S-H decomposition is particularly
high for activated UHPC. At 3 days, a plateau is observed for non-
activated UHPCy4, denoting a delay in the formation of hydrates,
for high BFS content and in the absence of any activator. Using
KOH appears to promote the BFS reaction and accelerate the devel-
opment of hydrates, from early age, as shown in Table 3, for
UHPC,4-[KOH]s. At 90 days, the measured peaks of C-S-H are prac-
tically the same for both activated and non-activated UHPCs.

The activation of UHPC,4 increases the chemically bound water
twofold at 3 days, denoting an acceleration of the slag reaction,
which consumes all the portlandite produced. Thus, the hydration
reaction is rapidly stopped, which explains the low content in
chemically bound water of UHPC4-[KOH]3 at 90 days, in compar-
ison with the non-activated one.

The results obtained agree with those of hydration [36], where a
second peak of heat flow appeared 16 h earlier when KOH was
used, corresponding to the reaction of slag.

4.1.3. Effect of thermal activation

In order to obtain the same performances of UHPC; at 90 days,
concretes with high slag content were thermally activated. As
expected, a great mass loss was observed, at early age, for

Table 3

Mass loss percentages (%) for reaction products from TGA analysis of UHPC mixtures.
Mixture designation Chemically bound water Portlandite Calcite

3 days 90 days 3 days 90 days 3 days 90 days

UHPC, 3.30 4.80 1.42 0.86 3.90 530
UHPC, 3.10 490 1.35 0.80 3.00 330
UHPC3 2.60 4.80 0.93 0.73 2.90 3.00
UHPC4 2.10 4.10 0.35 0.22 2.80 2.50
UHPC,4-[KOH]5 4.40 3.80 0.00 0.00 4.20 1.80
UHPC;-T 4.80 0.00 1.20
UHPC,-T 3.70 0.00 0.20
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thermally-activated UHPCs, in comparison with non-activated
UHPC; (see Fig. 8). Later, the curves have a similar trend. Fig. 9
shows that this increase corresponds particularly to the dehydra-
tion of C-S-H, as thermal activation promotes cement hydration
and the pozzolanic reaction [43]. This results in increasing the C-
S-H content of UHPC; and UHPCy, by circa 6 and 4 times, respec-
tively. UHPCs-T and UHPC,-T contain respectively 4 and 4.6 times
more C-S-H than UHPC;. From Table 3, it can be seen that even if
the chemically bound water measured is the same for UHPC5-T
and UHPC; (4.8%), that of UHPC, is lower (3.7%). The high content
of slag in the latter affects the hydration progress, despite the
application of thermal activation, which could result in a decrease
in compressive strength.

As for chemical activation, thermal activation promotes cement
and mineral additions reactions, which increase portlandite con-
sumption. Table 3 shows the total consumption of portlandite in
UHPC3-T and UHPC4-T and the presence of a small quantity of cal-
cite, proportional to their cement contents.
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Fig. 8. Comparison of TGA curves for thermally-activated UHPC; and UHPC4
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4.2. Porosity

The total porosity of each UHPC specimen was measured at 3
and 90 days and analyzed regardless of the slag content and the
chemical and thermal activations applied. Results are summarized
in Table 4.

4.2.1. Effect of slag content

Table 4 shows that the porosity of UHPC; is very low (5.45%)
even at 3 days. As mentioned earlier, the essential cementitious
compound in UHPC; is silica fume. At larger amounts of silica
fume, e.g. 25%, the capillary porosity is low. As a rule, silica fume
improves the packing density of UHPC in two ways: i) its filler
impact through its finer particles that fill the voids between
cement particles and the spaces between cement particles and
aggregate, and ii) the pozzolanic impact due to the fact that the sil-
ica fume reacts with portlandite to form further C-S-H gel result-
ing in an additional decrease in both pore diameter and capillary
porosity through hydration [44]. For UHPC,, the total porosity
dropped by 18% compared to that of UHPC; at 3 days. The hetero-
geneous nucleation caused by the fineness of slag particles prevails
over the latent reaction of slag, which results in the acceleration of
hydration [36] and decreases UHPC porosity. In contrast, when the
slag content was high, the total porosity also increased. For UHPC3
and UHPC,, the porosity was enhanced by 1.9 and 2.3 times respec-
tively, in comparison with UHPC,. This increase in the porosity of
UHPC specimens cured at 3 days is due to the latent reactivity of
slag. The higher slag inclusion increases the porosity of UHPC spec-
imens cured at 3 days on account of the latent reactivity of slag.
This decelerates the hydration reaction of blended slag mixtures
and postpones the formation of hydrates, which induces an
increase in the number of coarse pores and hence in the total
porosity [20,45].

At advanced ages the porosity of the blended slag mixture tends
to be lower than that of the Portland cement mixture. The reaction

Table 4
Total porosity of UHPC specimens.

Mixture designation Total porosity (%)

3 days 90 days

UHPC, 5.45 4.81
UHPC, 4.47 3.85
UHPC; 10.51 2.51
UHPC,4 12.57 4.04
UHPC,-[KOH]5 7.72 414
UHPC5-T 2.64

UHPC,-T 4.09




of slag and C-S-H fills capillary pores and refines the structure,
which increases the fine pores of blended mixtures [46,47].

At 90 days, the total porosity of UHPC; and UHPC, decreased by
circa 12% and 14%, respectively, in comparison with that at 3 days.
For slag contents of 50% and 80%, the porosity decreased by 4 and 3
times, respectively. This result highlights the latent reaction of
slag, which has a beneficial effect in the long term. Thus, the slag
reaction generates hydration products that fill the large pores con-
tinuously at a prolonged hydration age and significantly decreases
the concrete porosity [45,48].

4.2.2. Effect of chemical activation

As observed, adding KOH decreases the total porosity of UHPC,4
by 39% at 3 days. The porosity measured at 90 days changed
slightly. As is well-known, AAS paste has a finer matrix system
than cement paste because for the same water-to-binder ratio,
the hydration products have more gel pores and the pastes have
fewer capillary pores [31]. Several studies have established that
when a suitable chemical activator is used, the porosity of alkali-
activated slag paste is lower, with smaller pores and a higher pro-
portion of micro pores, while the proportion of capillary pores is
less than in Portland cement paste [49-51]. The microstructure
evolution of hydrating AAS paste is governed by rapid alterations
at early ages, and latent evolution later. This correlates well with
the quick setting of the AAS mixture, and its slow strength devel-
opment at later ages [31,36].

4.2.3. Effect of thermal activation

Table 4 shows that the effect of thermal activation was more
pronounced than that of chemical activation on the porosity of
the thermally-activated UHPC; and UHPC4; mixtures at 3 days
whereas at 90 days there is no clear impact on the porosity apart
from a slight decrease when compared to UHPC;. This was linked
with the slag content; the higher the slag content of thermally-
activated UHPC, the more porosity decreases. The high tempera-
ture accelerates the hydration of cement and significantly pro-
motes the slag reaction during early ages, making the composite
binder highly compact. These results agree with the TGA observa-
tions, that demonstrate the increase in C-S-H content when UHPCs
are thermally activated. These hydrates fill voids, improve the
packing density of concrete and greatly decrease its porosity.

4.3. Mechanical properties

In this section, the flexure, compressive and splitting tensile
strengths are explored for the different UHPCs studied. The cited
parameters were analyzed regardless of BFS content and activation
methods, as the mechanical properties of UHPC depend on the cur-
ing regime [51].

4.3.1. Effect of slag content

The incorporation of different amounts of slag in blended mix-
tures of UHPC results in different flexure and compressive
strengths, as illustrated by Figs. 10 and 11, respectively.

Figs. 10 and 11 show that the strength gains of UHPC; in flexion
are 6%, 4%, 13% and 4% whereas the gains in compression ratios are
2.8%, 6%, 1.4% and 1.2% for 3, 7, 28 and 90 days respectively. If we
focus on compressive strength, we note that the substitution of
30% of cement with BFS induces a pronounced increase at early
age (3 and 7 days) in comparison with 28 and 90 days. There are
two possible reasons for this result: i) the high superplasticizer
dosage of UHPC;, compared to UHPC,, which restricts the hydra-
tion reaction of cement particles and delays the formation of
hydrates. This results in decreasing compressive strength, particu-
larly at early age (3 days); ii) the beneficial effect of BFS particles
on concrete hydration and hardening. This effect, due to the high
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Fig. 10. Flexure strength of studied UHPCs.
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Fig. 11. Compressive strength of studied UHPCs.

specific area of BFS, is twofold: a physical effect, by improving
the packing density of UHPC, and a chemical effect by activating
the cement hydration. Thanks to their fineness, BFS particles fill
voids between cement grains and those between quartz sand ones,
which enhances the bond strength between the components of the
matrix skeleton [21,52] and intensifies the interfacial transition
zone of the aggregate-cement paste. In addition, BFS particles, like
SF ones, act as heterogeneous nucleation sites, thereby accelerating
the hydration of cement [36] and the formation of hydrates, neces-
sary for strength development. The results are in accordance with
those of thermogravimetric analysis. The low density C-S-H gel
that is formed fills the capillary pores, thus decreasing the total
porosity of UHPC, by 18% at 3 days, as shown in Table 4.

At later ages (28 and 90 days) the difference between UHPC;
and UHPG; is reduced, and the compressive strength of the latter
slightly exceeds that of the former. This trend can be explained
by the low water content of UHPC, which restricts the long-term
SF and BFS reactions since, unlike ordinary and high performance
concretes, the portlandite formed in UHPC is reduced. As port-
landite is necessary for the pozzolanic reaction of SF and BFS, its
scarcity decreases their reactivity.

In order to show the filler effect of slag in improving packing
density and hence the compressive strength of concrete, limestone
filler was incorporated as a partial substitution of cement (30%)
and the concrete was compared to that with slag. Figs. 12 and 13
show respectively the flexure and compressive strength of UHPC,
based on slag and limestone filler.

Despite its lower specific area, in comparison with limestone fil-
ler, slag confers more compressive strength at all curing ages. This



result highlights the slight reactivity of slag at early age, which
compensates for the loss of strength that should occur because of
decreasing specific area. Limestone filler, despite its high specific
area, is considered as an inert mineral material. Its effect consists
in increasing the compressive strength at early age by heteroge-
neous nucleation, while slag could play a complex role consisting
in filling voids between cement particles, improving compressive
strength by heterogeneous nucleation in addition to its chemical
effect through its latent reactivity at early age.

With high BFS content, the decrease in compressive and flexure
strengths is significant, particularly at early age. As shown in
Fig. 10, the drop in compressive strength of UHPC; is 26%, 12%,
11% and 7% whereas for UHPC, it is 66%, 37%, 22% and 27% at
3,7, 28 and 90 days, respectively. As explained in our recent study
[36], at early age, the dilution effect of BFS particles prevails over
the effect of heterogeneous nucleation. This results in a high lig-
uid-solid ratio, delaying the hardening of UHPC and its strength
development. According to thermogravimetric analysis, at 3 days,
the rates of hydrates and portlandite formed are very low, denoting
the delay of cement hydration and the latent reaction of slag, mak-
ing the UHPC microstructure more porous and reducing the com-
pressive strength. At later ages (28 and 90 days), the difference
between UHPC; and UHPC; decreases, denoting the progress of
the pozzolonic reaction of SF and BFS. For UHPC,, the compressive
strength, despite its rapid increase between 3 and 7 days, is the
same at 28 and 90 days. This trend shows that the hydration reac-
tion of solid components is postponed after 28 days and the rate of
hydrates formed is low. Indeed, with a high BFS and a low water
content, the amount of portlandite produced is limited and is not
enough for the pozzolanic reaction of SF and BFS. This reduces
the C-S-H content and decreases the compressive strength, despite
the refinement of the microstructure [53].
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Fig. 14. Splitting tensile strength of studied UHPCs.

Fig. 14 shows the splitting tensile strength of different UHPCs at
3 and 28 days. All the manufactured UHPCs have a splitting tensile
strength at 28 days exceeding 8 MPa, despite the absence of fibers.
This result is very interesting, as the tensile strength is a key
parameter in UHPC mixture design.

Even if a low BFS content does not greatly affect the concrete
tensile strength, for 50% of cement substitution a decrease in
strength of 10% and 13% was measured at 3 and 28 days, respec-
tively. The drop in tensile strength is particularly pronounced for
concrete with 80% of BFS at 3 days, reaching 68%. This result agrees
with that of compressive strength.

The same factors influencing the compressive strength of the
tested UHPCs are presented below to explain the effect of BFS con-
tent on the splitting tensile strength, even if the latter seems less
sensitive than the former.

4.3.2. Effect of chemical activation

As mentioned earlier, the original concentration of the alkaline
activator used here, [KOH];, was calculated to compensate for the
lack of alkalis caused by the substitution of cement. The concentra-
tion of KOH needs to be high to improve the early age properties of
blended UHPCs [36]. Therefore, we will focus on UHPC,4, where the
rate of cement substitution is high. Thus, a large quantity of KOH
(proportional to the BFS content) can be added. To ensure the
required compressive strength of UHPC4, the concentration of
[KOH]; was increased up three times ([KOH]s). This is considered
as the optimal concentration, even if more hydroxide potassium
is necessary to improve the early compressive strength of UHPC,,
in order to reach that of reference UHPC, since more KOH strongly
affects the workability [36] of concrete and has a negative effect on
its implementation and then on its compressive strength.

Figs. 15 and 16 depict the variation of both flexure and com-
pressive strengths of KOH-activated UHPCs with 80% slag (UHPC,).

As shown in Fig. 15, the flexure strength increases proportion-
ally to the activator concentration, denoting the regularity and
the high density of the interfacial transition zone between the bin-
der and the aggregate in alkali-activated slag mixtures [25]. This
was helpful for increasing the bond strength of alkali-activated
concretes as in presence of alkalis, BFS particles react rapidly, pro-
moting the formation of hydrates, which explains the high con-
sumption of portlandite for UHPC4-[KOH]; (Section 4.1.2). The
hydrates formed fill the porosity and improve the properties of
the transition zone in [KOH]-activated UHPCs. This results in an
increase in flexure strength.

Like flexure strength, compressive strength is improved by
chemical activation, particularly at early age and with a high con-
centration of alkaline activator. For [KOH]s, the measured growth
of compressive strength was nearly 42% at 3 days whereas at 7,
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28 and 90 days, the strength gain reached about 14%, 3% and 14%,
as shown on Fig. 16. This trend is in accordance with that of previ-
ous studies, emphasizing the dosage of activating agent as a para-
mount factor in improving the early age performance of blended
mixtures [54-57].

The presence of a high concentration of KOH increases the solu-
tion’s pH (i.e. higher alkalinity and correspondingly higher concen-
tration of OH™ ions), which increases the dissolution ability of both
Si and Al ions by destroying the Si—0 and Al—O bonds in the slag
glass matrix. This is followed by the precipitation of hydrated
products with low solubility, such as calcium silicates, calcium alu-
minates, and magnesium aluminate. Then, steady ettringite is
formed as a result of the interaction between Ca and Al. As a com-
bined result of rising pH and ettringite formation, hydration is
accelerated [36], increasing hydrate formation and improving the
compressive strength of concrete at early age [58]. The result
obtained agrees with those of thermogravimetric analysis and
porosity: the DTG curves clearly show the great increase in C-S-H
at 3 days when KOH is added, decreasing the total porosity of
UHPC,4 by 39%.

4.3.3. Effect of thermal activation
In order to reach the required compressive strength of reference
concrete at 90 days, UHPC3 and UHPC, were thermally-activated.
The results of flexure and compressive strengths in comparison
with UHPC, at 90 days are shown in Figs. 17 and 18, respectively.
In comparison with non-activated blended UHPCs, the flexure
and compressive strength of both UHPC3-T and UHPC,-T increased

substantially. This result shows the important role of thermal acti-
vation in accelerating the hydration process and producing
hydrates, particularly in presence of BFS and SF, which improves
the packing density and decreases the concrete’s porosity. This
results in increasing the mechanical properties of UHPC.

As observed in Fig. 18, thermal activation increases the com-
pressive strength at 3 days of UHPC; and UHPC,4 by 1.7 and 3 times,
respectively. The temperature accelerates the reaction of the solid
components of concrete, particularly BFS. Thus, the higher the
amount of slag, the higher the apparent hydration activation
energy [31,32]. At 90 days, the compressive strength increase is
circa 16% and 20% respectively for UHPC3; and UHPC,. This result
shows that contrary to ordinary and high performance concretes,
thermal activation improves the mechanical properties of UHPC
at later age. For the former with thermal activation, there is not
enough time for hydrated products to be regularly arranged inside
the pores of the hardened paste, which enlarges the capillary pores
and then decreases the later strength. This phenomenon is known
as crossover impact [33,35]. For UHPC, there is not enough water
for complete concrete hydration, which enables the development
of compressive strength at later age. Therefore, the high tempera-
ture compensates for the lack of water, by activating the solid com-
ponents, particularly the more sensitive ones (BFS). This results in
a high consumption of portlandite (0% for thermally-activated
UHPC) by mineral admixtures [59], inducing a high production of
hydrates which fill the pores and improve the packing density of
UHPC. The porosity drops and the compressive strength increases.

As already mentioned, the objective of thermal activation is to
reach the compressive strength of UHPC; at 90 days. This objective
was reached for UHPC; and its compressive strength exceeded that
of reference concrete by 7%, denoting the effectiveness of the acti-
vation mode applied (temperature and duration). For UHPC, ther-
mal activation improved the compressive strength but without
reaching that of reference concrete (-12.5%) as the low cement con-
tent combined with the high water absorption of SF and BFS
strongly affect the compressive strength, and thermal activation
at 90 °C for 48 h did not counterbalance this drop. Therefore, the
temperature should be increased or the duration should be
extended to compensate for the decrease in compressive strength
in presence of a high BFS content. However, the environmental
footprint of this activated UHPC has to be assessed, despite its
low cement content. Another activation mode, without increasing
temperature or duration, could be investigated, combining chemi-
cal and thermal activation.
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4.3.4. Effect of combined chemical and thermal activation

The combined activation mode consists in using chemical and
thermal activation sequentially. In our case, UHPC4-[KOH]5 was
demolded after 24 h and thermally-activated for 48 h, as detailed
previously. The results of flexure and compressive strengths at 3,
28 and 90 days are shown in Figs. 19 and 20, respectively.

Figs. 19 and 20 show clearly that the effect of chemical activa-
tion with [KOH]s; is negligible, as the measured compressive

strength does not exceed that of UHPC,-T. This result highlights
two interesting points: i) even if [KOH]|; improves the compressive
strength of UHPC, at 3 days, this improvement is negligible at 1

day, as the concrete has a high superplasticizer content, which
decelerates the hydration reaction of cement and hence that of
activated slag; ii) thermal activation, applied at 1 day, ensures an
activation of all silicon solid components, which accelerates their
hydration reaction and induces a pronounced increase in strength.
In addition, the hydrates formed in thermally-activated UHPC are
denser than those formed with chemical activation. Therefore, in
our case study, it is not interesting to combine chemical and ther-
mal activation.

5. Conclusions

The work carried out allows us to draw the following
conclusions:

- With 30% of slag, the heterogeneous nucleation effect of BFS

particles prevails over the effect of dilution. This results in an
acceleration of the cement hydration reaction and consequently
that of mineral admixtures (SF and BFS), which increases the
amount of hydrates produced. The latter improve the packing
density of concrete and decrease its porosity. Therefore, the
compressive strength increases.
In addition to the compressive strength enhancement, BFS par-
ticles improve the UHPC workability by their filling and lubrica-
tion roles, which decreases the superplasticizer content. This
reduces the environmental impact and the cost of UHPC, in
comparison with UHPC;.

- For high BFS content (50% and 80%), the dilution effect prevails
over the heterogeneous nucleation effect. The compressive
strength of UHPC; and UHPC, increased slightly, denoting the
low portlandite content, which results in fewer hydrates.
Despite the physical effect (filling pores and improving the
packing density) of BFS, the lack of water and portlandite
restrict the pozzolanic reaction of SF and BFS, which decreases
the mechanical performance of blended UHPC in comparison
with the reference one.

- Alkaline activation with [KOH]s increases the dissolution of Si
and Al ions by breaking the Si—0 and Al—O bonds in the slag
glass, which promotes the BFS reaction. This increases the
amount of C-S-H, decreasing porosity and improving the com-
pressive strength of UHPC,4 at early age.

- Thermal activation increases the reaction of solid components
and accelerates their hydration, which increases the consump-
tion of portlandite. Therefore, more hydrates are formed, filling
the porosity, improving the packing density of UHPC and
enhancing its mechanical performance. For UHPC;-T, the ther-
mal activation parameters chosen ensured the required com-
pressive strength. However, with 90 °C and 48 h of activation,
the compressive strength of UHPC4-T was 12.5% less than that
of UHPC; at 90 days, due to the lack of water and the high BFS
content. In order to improve the compressive strength of UHPC,,
higher temperatures or longer durations have to be explored, as
the combined chemical and thermal activation was not enough
to compensate for the drop in strength.
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