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ABSTRACT

Ultra-high performance concrete (UHPC), despite being a relatively new kind of advanced cement-
based material (featuring outstanding mechanical performance and excellent durability), has been
deemed unsustainable due to its high cement content, thus increasing its carbon footprint. The large
amounts of cement and silica fume (SF) can also raise both production costs and cracking risks due to
the high early-age autogenous shrinkage. This paper addresses an innovative approach for developing a
more sustainable UHPC involving an efficient application of ground granulated blast furnace slag
(GGBS). Slags of two fineness levels are used, displaying a Blaine fineness of 420 m?/kg (SL1) and 700
m?/kg (SL2), respectively. These slags have been incorporated as volume replacements for 30% and
50% cement.

The results analysis shows that it is indeed possible to produce SL2-based UHPC with a behavior similar
to that of classical silica fume-based materials. The partial replacement of ordinary Portland cement
(OPC) by 30% of GGBS (SL1 or SL2) improves workability, promotes the hydration reaction of cement
and accelerates setting. In this case, the nucleation site effect of GGBS particles dominates; it seems to
be directly correlated with the fineness of the slag used. Thus, the finer additions result in a significant
acceleration of setting and hydration. The dilution effect is more sensitive at 50% of SL1 substitution.
This prevailing effect delays the hydration reaction, prolongs setting times and decreases the peak of
heat flow. In contrast however, this delay effect was not observed for the mixture containing 50% of
SL2. Shrinkage measurements indicated that 30% of SL1 induces a slight reduction in early-age
chemical and autogenous types of shrinkage. The most severe shrinkage is clearly found in mixtures
incorporating 30% of SL2. This phenomenon may be due to the distribution of refined pores, which
increases capillary tension. A more sustainable UHPC containing a high level of superfine slag (50%)
with less autogenous shrinkage has been successfully produced.

Keywords: UHPC, GGBS, Fineness, Hydration, Chemical shrinkage, Autogenous shrinkage

1. Introduction

Ultra-high performance concrete (UHPC) or, using a more specific term, ultra-high performance fiber
reinforced concrete (UHPFRC) is an emerging cement-based composite with excellent mechanical
properties and durability, exceeding those of conventional concrete [1]. It is, however, worth mentioning
that the high cement content (800-1,200 kg/m?) significantly expands the carbon footprint of concrete
elements, raises manufacturing costs and releases more heat of hydration [2]. The cement industry is
responsible for about 7% of global CO- emissions [3,4]. With the world tending towards a greener type
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of construction practices, one of the key sustainability challenges over the few next decades will be to
design and produce concrete with less clinker and capable of inducing lower CO, emissions than
conventional concrete, while offering the same reliability and even better durability [5,6]. Consequently,
several studies have shown that replacing cement by supplementary cementitious materials (SCM)
proves to be the most widely practiced approach to reducing the CO- footprint of cementitious materials
[7]. It has been documented that considerable amounts of cement can be replaced in UHPC without
significantly impairing the material's compressive strength [6]. SCMs, such as SF, fly ash (FA) [8], rice
husk ash (RHA) [9] and blast furnace slag (BFS), can all be used to satisfy numerous technical
performance requirements, in addition to sustainability performance criteria for low-emission concrete
development. To reduce the cement content in UHPC, GGBS is commonly used to substitute a portion
of the cement [7, 10-16].

GGBS has been used as an SCM in concrete for many years. As is not the case with most SCMs, it has
been established that GGBS possesses both hydraulic and pozzolanic properties [8]. Due to its hydraulic
behavior, GGBS reacts with water and generates C-S-H [17], which in turn allows the concrete to retain
adequate strength and durability even after a large amount of cement has been substituted by GGBS [7].
According to the literature, the properties of UHPC evolve rapidly at an early age. Generally speaking,
the early-age behavior of this advanced concrete can be described by the following parameters:
workability, hydration kinetics, setting time, chemical and autogenous shrinkage, and strength
development [18]. UHPC has been designed and investigated with the aim of decreasing the amount of
Portland cement while maintaining high performance and good workability in the fresh state. UHPC is
a super-plasticized concrete renowned for its satisfactory fluidity [19]. It was found that GGBS improves
the overall workability of concretes and enhances their durability [20]. For example, the authors reported
that by replacing silica fume with fine BES, the slump flow was increased by 70 mm. Abdulkareem et
al. [11] reported that replacing 30% of cement with slag induced a decrease in SP content (58%), as
required to achieve the mini slump flow of the reference mixture. Moreover, they explained this effect
by an improved packing density, since the slag fineness lies between that of cement and that of SF, as
well as by the particles' cohesion and viscosity. The results of the study conducted by Luzu et al. [21]
revealed that both the mineralogical properties and the fineness of the additions play a decisive role in
the saturation dosage and SP impact on packing density. The hydration process of cementitious
ingredients in UHPC is similar to that in conventional concrete under standard curing conditions [14].
However, the phase development in UHPC is expected to be kinetically and quantitatively different
from that in ordinary concretes. In addition, it is expected that heat flow and microstructure will be
largely affected by integrating pozzolanic additives [22]. GGBS is chemically activated by Ca(OH); and
gypsum in cement, but its rate of hydration is lower than that of clinker [23], which slows strength
development at the early age of UHPC. Pyo and Kim [20] confirmed that GGBS slows the hydration
process and increases setting time, which impairs early mechanical properties. Moreover, the use of
high-range water reducing admixtures can hinder the hydration reaction, which in turn prolongs setting
time and reduces early-age mechanical strength [2].

In order to use massive quantities of slag, it is recommended to incorporate a moderate level of silica
fume (SF). Even though SF guarantees advanced properties, many authors have varying opinions
regarding the definition of an optimal content that enables achieving the greatest strength. According to
previous studies [24], the optimal level replacement lies around 25% of Portland cement. SF, initially
considered as an industrial waste, has become a relatively expensive component in formulating concrete
products, and its demand has been consistently rising [25]. Therefore, it is critical to expand the types
and sources of SCMs for developing sustainable UHPC with less SF content. GGBS can generate
additional C—S—H upon hydration while decelerating early strength gain when no activator is present in
the system [23]. Some strategies adopted have sought to prevent the low reactivity of slag, such as
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chemical activation by alkalis and thermal activation at a specific high temperature and for a specific
duration [15]. Also, one way to accelerate the hydration and strength development in UHPC
incorporating slag consists in modifying its fineness. It was found that GGBS of a varying fineness
provides a different surface area for the hydration reaction and moreover influences the distribution of
hydration products in the cement matrix, which can impact the strength and durability of UHPC [17]. It
is worth noting that research works using high fineness slag in multi-component UHPC are indeed very
scarce [17].

Due to the presence of a large fraction of superfine particles and the extremely low water-to-binder ratio
of UHPC (w/b =0.15-0.25), the risk of high shrinkage has to be considered [26]. If such a large shrinkage
occurs, this will lead to residual tension, which in turn may induce the formation of cracks and further
degrade the durability of UHPC, thereby rapidly reducing the service life of engineering structures [27].
At a very early age, the fresh UHPC mixture presents a potential risk of cracking, as a result of the more
pronounced shrinkage, whether chemical or autogenous in origin. The former stems from chemical
volume contraction during the hydration process while the latter is induced by the self-desiccation of
cement-based material. Chemical shrinkage develops during cement hydration because of the smaller
absolute volume of the hydration products than that of the reactants [28]. It should be pointed out that
research works carried out on the chemical shrinkage of multi-component UHPC systems are very
limited. Li et al. [29] evaluated the chemical shrinkage of UHPC pastes with different types and dosages
of superplasticizer (SP). They found that various types of SP exert more of an effect on the chemical
shrinkage development rate before 24 h; afterwards, they remain nearly the same. Zenati et al. [30]
highlighted the influence of the BFS of EL-Hadjar on the chemical shrinkage of UHPC at a very early
age (i.e. before 72 h). Their experimental results showed that chemical shrinkage of the reference
mixture was greater because UHPC contains significant amounts of clinker minerals. However, BFS-
based UHPCs display a lower shrinkage; this shrinkage is even lower with a higher BFS content. Thus,
the fundamental early-age material properties of UHPC need to be quantified precisely in order to
control the premature shrinkage cracks for practical application.

Autogenous shrinkage is defined as the apparent volume reduction of a mixture containing cementitious
materials during their hydration. It results from the internal consumption of moisture [28]. It has been
documented that both the chemical and autogenous types of shrinkage of UHPC are particularly high at
the early age, due to the use of low w/b, a high content of fine cementitious materials and the absence
of coarse aggregates [29,31,32]. According to previous studies, it has been found that SCMs are indeed
able to modify pore structure through chemical and physical effects; this modification is closely related
to autogenous shrinkage [33]. Each addition exhibits distinctly different effects on pore structure, due
to their varying physical properties and activities. It has been documented that the impact of slag on
UHPC shrinkage might possibly depend on the type of slag [34]. The incorporation of high-level slag
can accelerate the water consumption rate while reducing the critical radius of capillary pores, hence
increasing autogenous shrinkage development. This phenomenon explains why some investigations
have reported a pronounced autogenous shrinkage of UHPC when slag was added [35]. Ghafari et al.
[36] conducted an experimental work aimed at substituting SF by other fine SCMs, such as GGBS and
FA, in order to reduce the amount of autogenous shrinkage, yet without altering concrete mechanical
properties. Liu et al. [37] proved that the inclusion of GGBS can increase autogenous shrinkage. These
authors highlighted that the pozzolanic reaction of GGBS increases the consumption of calcium
hydroxide, which in turn increases water consumption. More generally, the incorporation of slag
increases the autogenous shrinkage of the cement matrix [38]. Lee et al. [39] concluded that all GGBS-
based concretes exhibited greater autogenous shrinkage than conventional concretes with the same w/b
ratio. They attributed this finding to the higher chemical shrinkage induced by the incorporation of
GGBS, which led to faster and greater self-desiccation, thus resulting in more severe autogenous
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shrinkage. At the same time, the pore structure of the GGBS-containing samples was observed to be
finer than that of the reference specimen. This finer pore structure gives rise to a larger incidence of
capillary stress, promoting self-desiccation and raising the autogenous deformation [40]. However, due
to the different experimental conditions and the variety of mineral additions used, the conclusions
regarding the effect of GGBS on the autogenous shrinkage of cementitious materials were, once again,
inconsistent and even contradictory. Although many studies on cement-based materials have been
conducted, the effects of GGBS on autogenous shrinkage are still unclear. It is worth noting that the vast
majority of research works have focused on measuring the linear autogenous shrinkage of UHPC after
24 hours of hydration. However, very few studies have been dedicated to very early-age autogenous
shrinkage. Motivated by the scarcity of test data on the early-age behavior of UHPCs, in particular
autogenous shrinkage, the objective of this comprehensive experimental work is to study the effect of
replacing cement with slag on autogenous deformations from the first few minutes after mixing.

The aforementioned literature review shows that, despite the considerable body of works published in
the literature on UHPC prepared with all kinds of SCMs (which are promising substitutes for cement in
UHPC production), few studies have in effect examined the coupled effect of slag replacement and slag
fineness on the early-age properties of standard-cured UHPC. The main objective of this paper is to
design an eco-friendly UHPC incorporating GGBS, as a volume cement replacement at a low SF
content, without the activation of slag by additional chemicals or thermal treatments. To better quantify
the influence of GGBS content and fineness on the early-age behavior of UHPC, a characterization of
the workability, reaction rate measurements, setting time, chemical shrinkage and volumetric
autogenous shrinkage has been performed on eight UHPC pastes prepared with the same water-to-
cementitious materials ratio (w/b = 0.16) and various dosages of OPC, GGBS and SP.

2. Experimental methodology

2.1. Materials

In this study, UHPC mixtures are designed to satisfy both fresh and hardened state requirements.
Ordinary Portland Cement (OPC, CEM 1 52.5 N), produced by Holcim (Le Teil plant), was used. The
main characteristics of this type of cement are a high amount of silica and a low C3;A content. Figure 1
shows the XRD patterns of cement with identification of the main current phases (CsS, C,S, C3A and
C4AF). The mineralogical composition of the cement using the Bogue calculation is listed in Table 1.
The supplementary cementitious materials (SCMs) included both silica fume (SF) provided by
Condensil and slag of two different levels of fineness (ordinary slag SL1 and superfine slag SL.2) from
Ecocem, as a partial replacement of the cement in UHPC systems. The XRD patterns of these materials
are depicted in Figure 2. The XRD analysis indicates that these materials are almost exclusively
amorphous. The vitreous nature of the slag is clearly demonstrated by a large halo on the XRD pattern.
The fine peaks observed are due to the presence of some crystallized phases, however they are practically
negligible. The chemical compositions of the cementitious materials, as determined by X-ray
fluorescence (XRF) analysis, and their main physical properties are given in Table 1.

Quartz Sand (QS, CV32) with a median diameter (d50) of 248 um, supplied by Sibelco, was used as the
fine aggregate. The SiO» content of this QS is about 98.78%. Its Blaine fineness and density are 124
cm?/g and 2.65, respectively. Crushed Quartz (CQ, C500), also sold by Sibelco, was used as a partial
substitution of SF. Its median diameter (d50) was approx. 6 um. Its Blaine specific surface area and
density are 10,435 cm?/g and 2.65, respectivelys; it is a totally crystallized material (99.61% of SiOy).



179 A high-range water reducer polycarboxylate Sika Viscocrete Krono-20 HE superplasticizer (SP) was
180  selected to adjust the fresh properties of UHPC. Its density and solid content are 1.085 and 41%,
181  respectively; this additive was introduced to ensure the self-compactness of the produced UHPC.
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183 Figure 1 : XRD patterns of used cement.
184 Table 1
185 Chemical composition and physical properties of different components.
Components’ Component Cement Silica Fume Ordinary Blast- Superfine Blast-
identification Furnace-Slag Furnace Slag
Trade name CEMI525N S95 B DM - -
Plant Le Teil Condensil Ecocem Ecocem
Abbreviation C/OPC SF SL1 SL2
Chemical composition ~ CaO 63.93 0.34 42.34 44.04
(% mass) SiO, 27.67 98.63 36.61 36.72
ALOs 3.00 0.17 11.19 10.08
Fe,05 227 0.06 0.44 043
K,O 0.09 0.24 0.42 0.46
MgO 0.73 0.22 7.50 7.96
Na,O 0.10 0.01 0.36 0.28
SOs 1.70 0.06 1.56 0.51
MnO 0.08 0.01 0.16 0.15
TiO, 0.14 0.00 0.72 0.66
P,0s 0.06 0.01 0.00 0.01
SrO 0.15 0.00 0.07 0.09
LOI 1.71 091 0.83 0.32
Physical properties Blaine specific 3630 - 4200 7000
area (cm?%/g)
BET specific area - 25 - -
(m?/g)
Density (-) 3.17 224 2.90 2.90
d(50) (um) - - 11.00 5.00
Mineralogical CsS 67.00
composition (%) C,S 17.00
GA 4.00
C,AF 7.00
186
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Figure 2 : XRD patterns of used SCM (SF, SL1, SL2 and SL3).

2.2. Mix proportions and mixing

The UHPC mix design was originally formulated by Richard and Cheyrezy [24]. This relatively new
cementitious composite was further improved to account for material availability [11,41] and allow for
optimization in this study, with the requisite reduction in SF content. The aim of using silica fume in
low quantities is to reduce production costs, reduce the carbon footprint and to be able to incorporate
massive quantities of slag given the high pozzolanic activity of silica fume. A reference mix design
(Refsr), integrating 1,025 kg/m® of cement, was proposed. The cement was partially substituted by 12%
(valued by mass) of both SF and CQ. Three-quarters of this replacement rate was for SF while the other
quarter was for CQ. GGBS with two different levels of fineness (SL1 and SL2) was used in order to
further refine the design of our UHPC. To balance the differences in total absolute volumes, due to the
various densities of cementitious materials (OPC, GGBS and SF), two levels of GGBS volume
percentages were explored (30% and 50%). The mix volume was maintained constant. GGBS was
incorporated to produce more sustainable UHPC mixes. This study also addresses the possibility of
producing a UHPC without SF. Thus, a second reference formula (Refsi2), based on superfine slag
(SL2), was also investigated. A volume substitution of SF by superfine slag was initiated. From this
basic mixture of UHPC, two mixes containing 30% of SL1 and SL2, as a volume cement replacement,
were designed. The removal of silica fume is intended to further reduce cost and carbon footprint of
UHPC. The water-to-binder (w/b) ratio was maintained at 0.16 for all analyzed mixes. QS, CQ and
water contents were all held constant. The superplasticizer dosage was adjusted to achieve the same
concrete workability; this workability was evaluated through mini slump flow tests and targeted 35 cm
for UHPC. It should be noted that the total water amount refers to the sum of water in the superplasticizer
and the water added to the solution (SP + water). The eight UHPC compositions, as defined above, are
detailed in Table 2.

Table 2
Mix proportions of UHPCs.

Proportions of used materials for one cubic meter (kg/m?)

Mix name Mix code OPC QS SF CQ SL1 SL2 SP Sp w
(%)

Reference (SF) Refse 1025.00 1127.50 92.25 30.75 - - 32.45 2.20 151.23
30% SL1 (SF) SL1-30g¢ 717.50 1127.50 92.25 30.75 281.31 - 20.65 1.40 163.03
50% SL1 (SF) SL1-50sk 512.50 1127.50 92.25 30.75 468.85 - 35.40 2.40 148.28
30% SL2 (SF) SL2-30sk 717.50 1127.50 92.25 30.75 - 281.31 11.80 0.80 171.88
50% SL2 (SF) SL2-50sk 512.50 1127.50 92.25 30.75 - 468.85 17.70 1.20 165.98
Reference (SL2)  Refsin 1025.00 1127.50 - 30.75 119.43 29.50 2.00 154.18

30% SL1 (SL2)  SL1-30s.> 717.50 1127.50 - 30.75 281.31 119.43 17.70 1.20 165.98
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30% SL2 (SL2)  SL2-30s.2 717.50 1127.50 - 30.75 - 400.74 14.75 1.00 168.93

In order to ensure the self-compacting function, all selected UHPC mixtures were prepared in a 15-L
intensive mixer (Eirich). This high-energy mixer, as shown in Figure 3, features a star-blade, inclined
drum and high mixing speed (opposing currents). First, the dry constituents (sand, cement and SCMs)
were mixed for 30 s at low speed. Next, the solution containing the water and SP was added to the
container. Mixing continued at high speed for 4 min. The mixing protocol mentioned above resulted in
an optimal dispersion of particles and a high mixture homogenization with a reduced mixing time. At
the end of mixing, a flowable UHPC mix was obtained. Although it is known that elephant skin
formation can be observed on the surface of UHPC, which typically contains extremely high
superplasticizer amount, seconds to minutes after casting [42,43], this phenomenon can be considered
as negligible in our study as all the selected mixes were optimized so that the mixture does not exhibit
any bleeding or segregation.

After completing these mixing processes, the fresh UHPC sample was transferred to the container within
5 min in order to examine the early-age properties of the designed mixes (flow table test, isothermal
calorimetry measurements, setting time, chemical and autogenous shrinkage).

Figure 3 : Eirich mixer used.

2.3. Testing methods
2.3.1.  Slump flow

Once mixing was completed, mini slump flow tests of the various fresh UHPC mixes were conducted
according to EN 12350-8 [44]; the average of two measurements of the sample spread was recorded.
The targeted spread value of the investigated UHPC mixes was set at around 350 + 20 mm, as supported
by the analysis of previous findings [11], so as to achieve a sufficient release of entrapped air and
satisfactory strength performance.

2.3.2.  Isothermal calorimetry

A multi-channel isothermal calorimeter (model TAM Air, TA Instruments) was used to measure the
heat flow and cumulative heat of hydration of all considered mixtures. Each measurement was
performed continuously at a constant temperature of 20°C during the first 7 days of hydration.
Immediately after mixing, approximately 15 g of fresh material were placed into a 20-mL plastic
ampoule, accurately weighed (£ 0.001 g) and stored in the measurement channels. The first
measurement was acquired about 10 min after the initial contact between binder and mixing water. The
curves provided in this paper are average curves computed from the test results obtained on two parallel
specimens.
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2.3.3.  Vicat setting time

The initial and final setting times of UHPC mixtures were determined by an automatic Vicat set-up (with
a measurement interval of 10 min) in accordance with the standard specification EN 196-3 [45]. For
each UHPC sample, two Vicat tests were carried out to determine the average setting time. This study
considers that the initial setting time corresponds to the elapsed time, as measured from zero until the
time at which the distance between the needle and the base-plate reaches 5 mm (between 3 and 6 mm
according to the European Standard [45]). However, as a result of UHPC shrinkage (due to the very low
w/b), final setting time corresponded to 5 mm of penetration for all mixes and not 0.5 mm, as specified
by the standard.

2.3.4. Chemical shrinkage

Measurements were recorded on the various UHPC mixes by ensuring the permanent water saturation
of the hydrating cement matrix pore space. The hydrostatic weighing method used in the present
investigation allows, with the simple experimental system diagrammed in Figure 4, recording automatic
and continuous measurements of Le Chatelier's contraction [46,47]. The gravimetric technique consists
in monitoring the variation in buoyancy of a sample of cementitious material placed in a flask with an
orifice on its cap. Immediately after mixing, 15-20 g of fresh sample are introduced into a 20-ml
cylindrical flask. Entrapped air bubbles are removed at a roughly 1-min vibration sequence. The
remaining empty flask volume is then carefully filled with distilled water, while avoiding any
perturbation of the specimen. The contact surface between the top of the sample and the exterior water
equals about 4 cm?. Afterwards, the entire system, including the sample in its flask, is hung on a scale
(accuracy: +0.0001 g) by a nylon thread and immersed in distilled water. Data acquisition starts 10 min
after the initial contact between binder and mixing water. The test system is placed in an air-conditioned
room at 20° = 1°C. The quasi-isothermal conditions during the experiment are assured by a peripheral
water circulation system under a cryostat-controlled temperature.

continuous vater
supply

Balance

: (Accuracy. 0.0001 g)

unit
LTl
A Sample for chemical
, shrinkage
— T ‘_‘/@_ e

Distilled vater  / A -IA

R2>R1
Distilled water I

cryostat

- >

Sample for autogenous
shrinkage

Figure 4 : Schematic of the test device used for chemical and autogenous shrinkage measurement.

2.3.5. Autogenous shrinkage

The same device for measuring chemical shrinkage is also used to monitor the early-age volumetric
autogenous shrinkage of all selected mixtures. At the end of mixing, about 80-120 g of fresh
cementitious material are introduced into a latex membrane. Before closing the elastic rubber, the

8
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greatest level of care must be taken to guarantee that air is being discharged. The excess membrane is
then cut off and the sample is cleaned and weighed. Next, the test specimen is placed on a nacelle hung
from a balance and immediately immersed in the water bath. The balance is connected to a computer
for automatic and continuous recording of system buoyancy variations. The measurement of volume
change starts 15 min after water-binder contact. Some researchers have used this measurement in a
dynamic configuration to evaluate the volumetric deformation of cementitious matrices with high w/c
ratios, which consequently are highly sensitive to bleeding [48]. In this study, an identical w/b (0.16)
has been used for all UHPC mixtures. At this lower ratio, the matrix packing density is optimal and the
mixture does not present any bleeding or segregation. For this reason, the measurement under a static
configuration has been adopted.

The volumetric deformations are converted into linear deformations (€,4;-;in) by means of Equation

[1]:

10 AM(t)
Epol-tin(t) = = X V (t)xp

[1]

where: €,,;5in(t) is the autogenous shrinkage (um/m), AM (t) the mass variation of the sample under
water (g) at time t, p the density of water at 20°C (0.9982 g/cm?), and V (t,) the initial volume of the
sample (cm®).

3. Results and interpretation

3.1. Workability

The workability of the designed UHPC should be carefully managed to ensure their onsite properties.
This key parameter was measured herein in terms of flow diameter so as to estimate the necessary
superplasticizer content for blended-cement UHPC, thus yielding the same workability as the reference
material. To reach the same spread value (350 + 20 mm), the SP dosage was adjusted. The required SP
dosages to achieve a 35-cm slump flow for all selected UHPC mixtures are given in Figure 5.

The optimal SP dosages of the reference concretes (Refsg and Refsi») are 2.2% and 2.0%, respectively.
The SP content of the reference formula Refsi» is slightly lower than that of the reference mix Refsr.
This lower SP content is justified by the ability of superfine granulated furnace slag (SL2) to improve
workability of the mix. Such a positive effect can be partly attributed to the smooth and dense surface
characteristics of the slag particles producing the slip planes [37]. The fineness of SF is significantly
higher than that of SL2. It is known that SF particles increase water demand, with this effect often being
directly ascribed to their extremely high specific surface area [49]. The amount of SP required to disperse
SF particles depends on the specific surface area of SF. The addition of SF particles is clearly correlated
with a higher SP content required to recover similar workability. These results are in agreement with
those of Pyo and Kim [20], who found that the partial substitution of SF by slag resulted in a 70-mm
improvement in slump flow.

It can be seen from Figure S that the 30% substitution of cement by SL1 (SL1-30sr) and SL2 (SL2-
30sp) induces a drop in the SP content required to achieve the mini slump flow of Refsr (by relative
amounts of -36.4% and -63.6%, respectively). A reduction in SP dosage is also observed for SL2-based
mixtures instead of SF. The SP dosage decreased from 2% (Refs12) to 1.2% and 1% for SL1-30s;, and
SL2-30s12, respectively. These results underscored a considerable improvement in UHPC flowability
when low levels of slag are incorporated into the mix. The addition of GGBS to the mixes had a
significant effect on the water amount required to achieve better workability. Two phenomena, occurring
simultaneously, serve to explain the decrease in SP dosage: i) the drop in the quantity of C3A reduces
early AFt formation, which eventually enhances mix workability [50]; and ii) the enhancement of
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packing first and then particle cohesion and viscosity [11]. Slag can increase the packing density of
UHPC due to its fine volume, which can fill voids among the coarser cementitious particles. Introducing
GGBS makes the mixture more cohesive and decreases bleeding water and segregation, which
ultimately enhances the rheological behavior of concrete in the fresh state. The results obtained are
consistent with those of Kim et al. [51], who measured, for the same SP content, an improvement in
slump flow by 9% and 16% when slag content was respectively 15% and 30%. The incorporation of
SL2 yields better homogeneity and packing. Since packing and workability are closely correlated, the
inclusion of such small particles in a cementitious mix is expected to enhance the particle packing
density, which is typically coupled with improved rheological properties [11,52]. For SL1-50s¢ and
despite the increase in the amount of GGBS, the required SP content to reach the mini slump flow of
the reference concrete equals 2.4%. The lubrication effect of GGBS along with the fluidizing effect of
superplasticizer seem to be mitigated by the water demand of GGBS particles. At a high replacement
rate, SL.1 can absorb some of the free mixing water and SP due to its high specific surface area, which
decreased particle dispersion. A large amount of water in the mix was absorbed by SL1 particles, which
ultimately led to a decrease in workability (increased SP content). As a result, water available for
lubrication remains insufficient, allowing for the free movement of particles [53]. However, a lower
amount of SP (1.2%) is needed to disperse the superfine particles of the SL.2-50sr mixture. This decline
confirms the beneficial effect of a high fineness slag. Thanks to their filling effect, SL.2 particles enhance
matrix packing and promote cohesion, which in turn improves the rheological properties of UHPC. The
beneficial effect of SL2 is attributed to the superfine particles that both fill the spaces created by larger
OPC particles and reduce the frictional forces of a dual OPC-SL2 material, resulting in high fluidity of
the OPC-SL2 system. This effect is also tied to the decrease in the amount of C3A, due to the decrease
in cement content, which also induces improved workability.

2.5 m— ¥
2.0

15

SP content (%)

1.0

0.5

0.0

NN

Figure 5 : Required SP dosages.

3.2. Heat of hydration

In order to better understand the influence of the different levels of fineness and contents of GGBS on
the early-age reactivity of UHPC pastes, isothermal calorimetry tests were conducted at 20°C over the
first 7 days. Heat flows and the cumulative heat release, normalized per gram of binder, are presented
in Figures 6 and 7, respectively. Table 3 summarizes the primary measured characteristic values of the
isothermal hydration curves.
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Figure 7 : Cumulative heat of investigated UHPC mixtures.

Table 3
Peaks of hydration of UHPC mixes.

Cumulated heat of reaction Time of maximum heat flow t;. Maximum intensity of heat flow
Measured value Normalized Normalized Measured value Normalized
Samples Qus UV value Measuredbvalue value T (MW/e value
bnden gl Y o) binden) 5 )
Refsp 160 1 657 1 3.1 1
SL1-30sr 166.2 1.04 576 0.88 2.6 0.84
SL1-50sr 153.9 0.96 1019 1.55 1.8 0.58
SL2-30sr 170.7 1.07 455 0.69 2.8 0.90
SL2-50sr 168.5 1.05 626 0.95 2 0.65
Refgio 160.5 1 744 1.13 3.1 1
SL1-30g12 188.1 1.18 572 0.87 2.8 0.90
SL2-30g12 185.5 1.16 506 0.77 2.8 0.90

The following section will discuss the influence of GGBS dosage and fineness on the UHPC hydration
process. As expected, the replacement of clinker by GGBS up to 50% without changing w/b ratio does
affect the hydration reaction.

For reference mixtures Refsr and Refso, it is apparent that the influence of SF and SL2 on the early
hydration kinetics of the developed UHPC is very similar, which can be demonstrated by the relatively
small difference between their respective times to reach the maximum hydration peak. As observed,
these two reference mixtures exhibit the same heat flow peak, i.e. approximately 3.1 mW/g of binder.
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The time to reach the maximum reaction heat flow is 657 min for Refsr, while this peak appears after
744 min for Refsi,. This phenomenon can be attributed to the ability of SF to accelerate the hydration
rate of UHPC by means of nucleation and the growth site effect [54]. The presence of extremely fine SF
particles promotes the nucleation effect by acting as additional nucleation sites for hydrates, which in
turn results in rapid hydration [55]. Recently, Yalcinkaya and Copuro“glu [14] measured a heat flow of
about 3 mW/g of binder for a UHPC manufactured with 881 kg/m* of cement and 176 kg/m* of SF,
based on the calorimetry test results. The peak of heat flow curves at 20°C was reached at 636 min.
These findings are in accordance with results obtained in this study. Figure 7 shows that both Refsr and
Refsi, display the same profile of hydration characteristics. The maximum heat reaction for Refsr and
Refsi» are respectively 160 and 160.5 J/g of binder. During the early stages, the SF-based mix exhibited
high activity and accelerated the hydration rate, as compared to SL2. In 2022, Xi ef al. [56] conducted
an experimental study on the effect of SF on UHPC hydration and strength development. Their
isothermal calorimetry test results revealed that SF accelerates cement hydration intensively at an early
age. An important point to note is that even though the SP dosage for the Refsr mixture slightly exceeds
that of the Refs > mixture, an accelerating effect of SF is observed compared to SL2. This phenomenon
is mainly attributed to the physical effect of SF particles.

Slag replacement reduced the magnitude of heat flow, while total heat released during the first 7 days
was not proportional to the GGBS replacement ratio, thus indicating that slag participated in the
exothermic reaction of the binder hydration [57]. An increase in the dosage of both SL1 and SL2
significantly decreased the peak reaction heat flow value. Compared to the Refsr and Refsi, mixtures, it
appears that a 30% volume substitution of cement by GGBS (SL1-30sr, SL2-30sr, SL1-30s12 and SL2-
30s12) produces nearly the same heat flow peak, i.e. about 2.6-2.8 mW/g of binder. As presented in
Table 3, the heat flow peaks of these various concrete mixes occur at 576, 455, 572 and 506 min for
SL1-30sg, SL2-30sk, SL.1-30s12 and SL2-30s2, respectively. Therefore, slag fineness does not exert a
considerable effect on the peak value, but mainly on the time corresponding to the heat flow peak in
these systems. The influence of low GGBS content on UHPC hydration seems rather small, and the
profile of hydration characteristics of these four mixtures exhibits practically the same behavior, with a
slight difference in the time to reach the maximum reaction heat flow. As shown in Figure 7, the
maximum heat reactions for SL1-30sg, SL2-30sr, SL1-30s12 and SL2-30s1» are 166.2, 170.7, 188.1 and
185.5 J/g of binder, respectively. In the presence of SL.2 and SF particles (SL2-30sk), the heat flow peak
occurs at 202 and 121 min before that of Refsr and SL1-30sg, respectively. When SF is replaced by SL2
(SL2-30s12), the heat flow peak appears 238 and 66 min before that of Refs, and SL1-30si2,
respectively. It can therefore be concluded that at low replacement levels, SL1 and SL2 accelerate the
hydration process through their nucleation effect. Another explanation for this acceleration effect lies in
the reduced SP content in mixtures that incorporate a low slag content.

Slag fineness can serve as an activator for the hydration of cementitious matrix materials. Consequently,
an increase in slag fineness accelerates UHPC hydration due to the relatively high reactivity of superfine
particles. The hydration of slag occurs when enough Ca(OH); is being produced by cement and slag
(hydraulic part) hydration and/or when the alkalinity of the pore solution is sufficiently high (pH > 11)
[57]. SL2 can react more quickly than SL1 and generate more C-S-H gel more quickly as well.
Therefore, the activity of SL2 should be much higher than that of SL1 in UHPC at an early age. Slag is
chemically activated by the Ca(OH), and gypsum in cement, but its reaction speed is slow, whereas SF
reacts with Ca(OH); first in UHPC because of its high fineness [37]. For the mixes containing 30% of
GGBS, the early stage of hydration was accelerated; this finding can be attributed to a reduction in the
amount of SP. It was observed that increasing slag fineness leads to a reduction in SP content, with this
effect being directly correlated with the physical effect of finely granulated blast furnace slag.
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Figure 6 shows that with an increase in the slag replacement rate, the peak value of the exothermic
reaction decreases significantly. The maximum heat reaction and heat flow peak of SL1-50sr equal
respectively 153.9 J/g of binder and 1.8 mW/g of binder; moreover, the time to reach the maximum
reaction heat flow is 1,019 min. For this mixture, the dilution effect dominates the nucleation effect.
Increasing slag fineness leads to an increase in both the heat flow peak and reaction heat being released.
For SL2-50sr concrete, the maximum heat reaction and heat flow peak are respectively 168.5 J/g of
binder and 2 mW/g of binder. The time to achieve the maximum reaction heat flow is reduced by 393
min (626 vs. 1,019 min). This acceleration can be attributed to the lower SP content, i.e. 1.2% vs. 2.2%
for the Refsr mixture and 2.4% for the SL1-50sr concrete. Some authors have characterized the
retardation effect of SP as follows: the inclusion of SP prevents solid phase nucleation and hydration
products from growing, thus resulting in a delay in cement hydration [58]. The lower hydraulic activity
of GGBS is mainly related to its potential to dissolve and react in generating subsequent hydrated
products. This phenomenon depends on slag rate: the higher the GGBS dosage, the greater the dilution
effect. Consequently, the reaction heat decreases, which in turn decelerates the hydration reaction [11].

This study suggests that the presence of a low content of GGBS results in a reduction of SP content,
which can largely accelerate the cement hydration process. This paper has shown that an elevated level
of high fineness slag (50% of SL2) has an accelerant effect. Such early acceleration can be explained by
the chemical and physical effects of GGBS particles. The accelerated cement hydration could be caused
by the increased nucleation sites stemming from the ultrafine particles [55]. These particles promote the
reaction of cement by means of heterogeneous nucleation, thanks to their high fineness [59]. It was also
found that the cumulative heat per gram of binder increases with an increase in slag fineness. The high
fineness of SL2 results in an improvement of packing density, thus accelerating the cement reaction.
Therefore, the alkalis, as supplied by the cement, and subsequently the Portlandite increased the
pozzolanic reaction of SF and BFS [60]. The greater the Portlandite amount, the more enhanced the
pozzolanic reaction of BFS, which jointly provides further released heat. These results serve to highlight
a double effect of slag addition: a dilution effect and a nucleation site effect. To eliminate the effect of
SP, heat flow was measured for some UHPC mixtures at various SP contents. Figure 8 presents the heat
flow evolution of both the Refsr and SL2-30sr mixtures.

= 3.5 200
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£ 3.0 SL2 -30s¢ (12%) = Refer (22%) | S
= — SL2-30. L 150 =
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Figure 8 : Hydration curves of Refsr and SL2-30sr mixtures at different SP contents.

As clearly observed, a slight variation in SP content (from 2% to 2.2%) has no effect on the evolution
of heat flow of the Refsr mixture. For SL2-30sr concrete, the increased SP dosage leads to a delay in
hydration. For an SP dosage of 1.2%, the time to reach the maximum reaction heat flow is 600 min,
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which is 145 min after that of SL.2-30sr (0.8%) and 109 min before that of SL.2-30sr (2%). Therefore, at
a high SP content, the retardation effect cannot be attributed to the slag but rather to the high SP content;
the retardation effect of SP may dominate that of slag. Consequently, it is difficult to control the
influence of GGBS on UHPC hydration produced with high SP amounts, especially when the SP dosage
exceeds the saturation point. Regarding the heat of hydration, it is clear that except for the SL2-30sr
(2%) mixture, the other concretes exhibit quite similar heat release values, which implies that increasing
the SP dosage from 0.8% to 2% leads to a reduction in heat release.

3.3. Setting time

The initial and final setting times of the UHPC systems are summarized in Table 4. As previously stated,
these concretes have been prepared with different SP proportions in order to obtain similar workability,
and the measurements were mainly performed to understand in detail the effect of slag content and
fineness on setting time. Early-age properties are a major technical challenge in the application of
blended cementitious materials. As discussed, it is clear that the variation of setting time is basically
dependent on the content and fineness of GGBS, as well as on the dosage of SP. Results obtained
indicate that SF, SL.1 and SL2 have different effects on the UHPC setting times.

Table 4
Vicat setting times of the tested mixtures.

Setting time period

Mixtures % slag Initial setting time (min)  Final setting time (min) (min)
Refse 0% SL (SF) 345 430 85
SL1-30s¢ 30% SL1 (SF) 233 375 143
SL1-50gk 50% SL1 (SF) 540 890 350
SL2-30sr 30% SL2 (SF) 80 188 108
SL2-50sr 50% SL2 (SF) 125 360 235
Refs;» Reference (SL2) 230 523 293
SL1-30s12 30% SL1 (SL2) 125 330 205
SL2-30s12 30% SL2 (SL2) 85 273 188

The addition of SL2, in substitution of SF, results in an acceleration of the initial setting time, which is
about 230 min for reference mix Refsi2 vs. 345 min for reference mix Refse. The accelerating effect of
SL2 is explained by the low dosage of SP in the Refs;» mixture (2%). The high SP content can cause a
strong retardation in setting. Due to the setting retardation effect of SP, the initial setting time of Refsk
reaches 6 h; this outcome is in agreement with previous studies [24,61]. However, it is observed that SF
accelerates the final setting time by 53 min compared to Refsi». Previous research has revealed that the
pozzolanic reaction of SF is fast in comparison with other mineral admixtures. The SF particles act as
nucleation sites for the early formation of hydration products [55], which in turn will stimulate cement
hydration. The inclusion of SF (Refsr) reduced the setting time period by 208 min, as compared to
reference mixture Refsiz, thus confirming the higher nucleation effect of SF compared to SL2.

As seen in Table 4, the addition of 30% of GGBS as a cement substitution also influences UHPC setting
times. It is clear that the presence of low levels of slag accelerates setting times. For instance, for SL.1-
30sr, the initial and final setting times are accelerated by 1.48 and 1.15 times respectively, in comparison
with those of the control mixture Refsg. This same trend is observed for SL2-30sg. Moreover, it was
found that both initial and final setting times are dramatically reduced (by 4.3 and 2.3 times
respectively), compared to those of reference concrete Refse. These results also indicate that both SL.1
and SL2 accelerate the initial and final setting times for mixtures incorporating SL2 in a total substitution
of SF (SL1-30sr2 and SL2-30s12), compared to Refsiz. The acceleration of setting time is more clearly
observed in mixtures containing 30% of SL2. The results obtained herein confirm those of the
calorimetry tests. As previously mentioned, the surfaces of GGBS particles will act as nucleation sites
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for the early reaction products, specifically for the formation of calcium hydroxide, which in turn will
stimulate the cement hydration process and offset the dilution effect [47]. Therefore, concretes with a
low slag content exhibit shorter setting times than the control mixture. These results agree with those of
Yalg¢inkaya and Yazici [35], who confirmed that the remarkable reductions in the initial and final setting
times could be attributed to a decrease in the superplasticizer demand and the higher Blaine fineness of
GGBS compared to that of the cement particles.

The influence of slag is more sensitive at a 50% replacement rate. For SL1-50sg, SP content equals 2.4%,
i.e. 9% higher than that of Refsg. The initial setting time, final setting time and setting time period are
increased respectively by 1.56, 2.07 and 4.11 times, as compared to those of Refsr. This delay is
attributed to the high SP content; SP is largely involved in the simultaneous deceleration of initial and
final setting times. With the presence of a high SL1 amount, the dilution effect dominates that of
hydration acceleration, which causes longer setting times [11]. The decrease in cement quantity slows
the early production of hydrates within the mixture and delays the setting and hardening of the
cementitious matrix. It can thus be noted that the phenomenon of dilution governs the hydration and
setting process. Indeed, the water-to-cement ratio is 2 times higher in SL1-50s¢ than in Refsk.
Consequently, 890 min were necessary to reach the final setting, and the setting time period was 350
min for SL1-50sk. This result is in agreement with a previous work conducted by Camiletti et al. [55],
who indicated that when a high SP content was introduced to achieve a required flowability, the setting
time increased relatively. Some works have defined the retardation effect as a delay in hydration, which
can be varied depending on: the different adsorption amounts on particles, the concentrations of
carboxylic in the aqueous phase, and the charge characteristics of the SP [62]. Conversely, in the case
of superfine slag, it was found that 50% of SL2 reduced the initial and final setting times by 2.76 and
1.19 times respectively, in comparison with those of Refsr. This acceleration is justified by the low SP
dosage in SL2-50sk concrete. According to Cyr ef al. [59], the acceleration effect, due to the presence
of fine particles, has not only a chemical origin but a physical one as well. These authors found that the
presence of fine particles (with a high specific surface area) could activate cement hydration by means
of heterogeneous nucleation. Their results on mineral admixtures reported that the physical effect of fine
particles is dominant at an early age, while the pozzolanic effect prevails over the longer term.

Product fineness is an important parameter governing the reaction rate of hydraulic binders. It can be
concluded that particle size plays a vital role in affecting the early-age performance of cementitious
materials. It was found that an increase in binder fineness leads to an acceleration of both hydration and
setting times of the tested UHPC concretes, compared to the same binder with lower fineness. The
reactivity of GGBS in a cementitious material depends not only on the chemical components, but also
on their fineness [63]. The immediate consequences of rapid hydration are accelerated strength gain and
improved durability. It is important to state that increasing the fineness of GGBS can provide a possible
solution to reducing the dosage of SP, without affecting the workability of UHPC mixtures and thereby
avoiding the hydration delay induced by slag with a lower fineness. The delay in early-age performance
development of UHPC containing slag can therefore be compensated by an increase in its fineness, while
avoiding any additional chemical and/or thermal activation.

3.4. Chemical shrinkage

According to the literature, the number of investigations conducted on the very early-age shrinkage of
UHPC remains very limited. Chemical shrinkage measurements have thus been performed in this study
to better clarify the effect of GGBS fineness and content on the early-age shrinkage of UHPC. Chemical
shrinkage is a primary mechanism of autogenous shrinkage, hence understanding the role of the
individual UHPC components during its early-age chemical shrinkage is critical to controlling the
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autogenous shrinkage, which may induce cracking in UHPC structures. The evolution of chemical
shrinkage in the various UHPC mixtures is displayed in Figure 9.
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Figure 9 : Chemical shrinkage of the studied UHPC mixtures.

As this figure indicates, chemical shrinkage values range from 28 to 38.4 mm?/g of binder for all mix
designs after 168 h. The experimental results can be classified into the following two groups: the first
includes SL2-based concretes (SL2-30sp, SL2-50sr, SL1-30si> and SL2-30s12), characterized by
relatively higher chemical shrinkage than the second group (Refsi2, Refsg, SL1-30sr and SL1-50sE).

For the reference concretes (Refsr and Refsi»), it is clear that Refsi» presents a relatively higher chemical
shrinkage than Refsr at all ages. For instance, at 3 days, the chemical shrinkage value of Refsi» was 27.7
mm?/g of binder, vs. 24.7 mm?/g of binder for the Refsr mix. At 7 days, Refsr and Refsi» exhibited a
chemical shrinkage of 28.8 and 30.3 mm?®/g of binder, respectively. This result can be explained by the
difference in water consumption level of SF and SL2. Because of its extremely high fineness, SF rapidly
consumes the water required for hydration. In the Refsi> mixture, the water content available for the
chemical reaction is higher than that of Refsr due to the low water absorption of SL2 relative to SF
(marked by a high specific surface area). This situation leads to an increase in chemical shrinkage. In
addition, the mix design is also an important factor that can explain the shrinkage differences. Although
a slight difference exists between the two reference mixes, it is important to specify that the results are
comparable. This observation confirms the results from the heat of hydration.

The partial substitution of cement by 30% of SL1 caused a slight decrease in the early-age chemical
shrinkage. At 24 h, the chemical shrinkage value decreased from 18.1 mm?/g of binder for Refsr to 17.0
mm?/g of binder for the mix incorporating 30% of SL1. Subsequently, as hydration progresses, the
difference between Refsr and SL1-30sr narrows until disappearing completely. At 3 and 7 days, the two
mixtures present practically the same chemical shrinkage values. Due to the low SP content of SL1-
30sr, the mix reaction was accelerated, resulting in additional shrinkage. Consequently, the chemical
shrinkage value of SL1-30sr is close to that of the reference. For a 50% replacement rate, it can be
noticed that SL1-50sr shows a less pronounced chemical shrinkage at 24 h (15.4 mm®/g of binder).
Thereafter, the chemical shrinkage of SL1-50sr gradually increases to reach 31.9 mm?/g of binder at 168
h (vs. 28.8 mm?/g of binder for Refsr). All three mixes demonstrated a similar evolution during the first
few days. SL1-50sr paste exhibited a higher chemical shrinkage than that of the control mixture. This
acceleration resulted in a curve crossing between 72 and 168 h of hydration and could be explained by
the beginning of the slag reaction, which produced additional chemical shrinkage. The low chemical
shrinkage value at the very early age of SL1-50sk can be attributed to the high SP content, which has a
retardation effect.
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The chemical shrinkage curve of the mixture containing 30% of SL2 (SL2-30sg) showed a faster
evolution. At all ages, SL2-30sr displayed the highest value, as explained by the lower SP content and
the high fineness of superfine particles and thus by the accelerated reaction of SL2, which generates an
increase in chemical shrinkage. This acceleration is reflected by a crossing of the curve. It is worth
mentioning that the mechanical activation promotes the hydration reaction. As proven by the isothermal
calorimetry test, the higher the fineness, the greater the hydration rate. At 7 days, the chemical shrinkage
value of SL2-30sr was 38.4 mm?/g of binder, i.e. about 33% and 37% higher than that of the Refsr and
SL1-30sr mixes, respectively. This outcome proves that the large chemical contraction of 38.4 mm®/g
of binder, obtained for a mixture incorporating a superfine slag, is due to both clinker hydration and a
greater quantity of fine slag particles. In the case of a 50% substitution rate for SL2, it can be observed
that at 24 h of hydration, the chemical shrinkage of SL2-50sr equals 18.5 mm?®/g of binder vs. 18.1
mm?/g and 23.3 mm?/g of binder, respectively, for Refsr and SL2-30sr pastes. At this early stage, the
difference in values between the SL.2-50sr and SL2-30sr mixtures can be justified by the high SP content
of the SL.2-50sr mixture, which can induce a delay in the hydration process. However, as hydration
progresses, the retardation effect may be offset by the start of slag reactions, leading to the generation
of additional chemical shrinkage. Therefore, the difference between the SL2-50sr mixture and the
mixture with 30% SL2 was narrowed. At 168 h, SL.2-50sr showed a chemical contraction of 36.6 mm®/g
of binder. These same trends are observed with SL1-30s1> and SL2-30s12. At 24 h, SL.1-30s.> exhibited
the same chemical shrinkage value as the reference paste Refsio, and SL2-30s12 posted a chemical
shrinkage value 3% higher than that of the reference paste. The rate of chemical shrinkage evolution in
the pastes with slag subsequently increased.

3.5. Autogenous shrinkage

The majority of studies conducted on the autogenous shrinkage of UHPC have focused on linear
measurements [26,32,41]. The objective of this experimental work has therefore been to study the
volumetric autogenous shrinkage of self-compacting UHPC, in which part of the cement had been
replaced by GGBS with two distinct levels of fineness. The early volumetric deformations are converted
into linear deformations. In the following, it should be pointed out that results are expressed in um/m.
The evolution of early-age autogenous shrinkage, as measured from the first few minutes after mixing,
is shown in Figure 10.
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Figure 10 : Autogenous shrinkage of the studied UHPC mixtures: (a) for the whole study period and (b) for the first 24
hours.

Figure 10(a) indicates that the various mixtures under investigation exhibit high autogenous shrinkage,
with values ranging from 3,753 um/m (SL1-30sf) to 4,942 pum/m (SL1-30s12) for all mixtures tested at
7 days. Mounanga et al. [41] tested a UHPC with a similar composition (ERPC4) using a horizontal
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linear experimental system; they measured an autogenous shrinkage under free conditions of
approximately 3,600 pm/m after 100 hours of hydration. These results confirm that autogenous
shrinkage is very high during the first few days, i.e. between 24 and 72 h after casting. It is clearly
apparent that most of the autogenous shrinkage has occurred within the first few hours after mixing. At
24 h, at least 56% of the total volumetric autogenous shrinkage (measured at 7 d) had been recorded for
all mixtures being considered. In focusing on the first 24 hours of hydration, the gap between the
autogenous shrinkage curves of the various UHPC mixtures may be due to the varying SP content and/or
the presence of mineral additions with different reactivities. As an example, Figure 10(b) clearly shows
that the appearance of a second inflection point for the SL1-50SF mixture (at about 15 h) is later than
that of SL.1-30SF (at about 8.5 h). This delay can be explained by the combined dilution / SP content
effect. After 24 hours, the autogenous shrinkage curve trends are quite linear and parallel to one another.

For the reference mixtures (Refsr and Refsi,), it was found that Refsi, exhibited slightly higher
autogenous shrinkage than Refsr at all ages, yet keep in mind that the results remain comparable. This
trend confirms the results obtained from the chemical shrinkage test. At 168 h, the autogenous
deformation value of Refsi» equaled 4,483 um/m, vs. 4,380 um/m for Refsg. While the vast majority of
studies demonstrate that SF increases the autogenous shrinkage of UHPC, though this effect was not
observed in our case. A reduction in SF content (9% in this paper) would form a coarser pore structure
and thereby reduce autogenous shrinkage. A second cause of the higher deformation of the SL.2-blended
matrix (Refsio) would be the large SL2 content due to the volume substitution.

As observed in Figure 10, the concrete containing 30% of SL1 (SL1-30sr) features less autogenous
shrinkage over the first 7 days. It was found that 30% of SL1 (for the SL.1-30sr mixture) decreased
autogenous shrinkage by approximately 15.8%, 14.5% and 14.3% at 24 h, 72 h and 168 h, respectively,
vs. reference mix Refsk. These findings corroborate the results of a previous study [64], whose authors
reported that the total shrinkage of UHPC incorporating steel slag powder (SSP) is less than that of
UHPC without SSP. As the amount of SL1 increases, water consumption also increases; thus, the self-
desiccation of UHPC becomes more pronounced. It is important to note that SL1-50sr induces a slight
increase in autogenous shrinkage. For example, the autogenous shrinkage increased by 4.6% at 3 days
compared to Refsr. The delay in hydration caused by SP (the SP content in SL.1-50sk is greater than in
Refsr and SL1-30sg), and the latent SL1 reaction resulted in both a setting retardation and an extension
of the deformation phase dominated by chemical shrinkage, and consequently autogenous shrinkage.

The addition of 30% high fineness slag (SL2) increases autogenous shrinkage because superfine slag
increases the self-desiccation by consuming the pore solution (calcium hydroxide) in a small capillary
pore structure [65]. Compared to Refsr, an increase of 12.8% was recorded for the SL.2-30sr mixture at
7 days. This increased effect can be explained by the high reactivity of SL2. As slag fineness increases,
the hydration of cementitious materials increases at an early age; moreover, water consumption
increases, hence the UHPC self-desiccation becomes more severe. In contrast with a substitution rate of
30%, it is clear that SL2-50sr has a lower autogenous shrinkage than Refsr and SL2-30sg; this
phenomenon is related to the dilution effect. Another explanation for the lower autogenous deformation
of SL2-50sk involves the interparticle forces. At a high replacement level, attractive forces may
dominate, and the superfine slag particles may behave like coarse slag. For this reason, the SL2-50sr
mixture exhibits a shrinkage response quite similar to that of SL.1-30sr. The results obtained agree with
those of Yang et al. [66], who concluded that as the cement replacement percentage with phosphorous
slag (PS) increases, hydration can be slowed and the cement dilution effect can improve UHPC volume
stability. In other words, a large volume of PS can decrease the autogenous shrinkage of UHPC.

Similar to SL2-30sr, both SL1-30si> and SL2-30si, are more susceptible to self-desiccation and,
consequently, to autogenous shrinkage. These concretes display a behavior close to that of SL.2-30sk, as
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illustrated in Figure 10. The samples containing 30% of slag (SL.1 or SL2), with SL2 in replacement of
SF, exhibited a significant amount of autogenous shrinkage at an early age. In fact, the incorporation of
SL2 can accelerate the hydration process of the (CsS) clinker phase due to the extensive and highly
reactive surface of particles, resulting in the formation of more calcium silicate hydrate (C-S-H) at an
early age. The physical effect of GGBS particles, via the heterogeneous nucleation of hydrates produced,
leads to an accelerated hydration process. The increase in Portlandite content yields greater pozzolanic
activity of the superfine slag. The pozzolanic reaction of GGBS increases the consumption of calcium
hydroxide, which in turn increases water consumption by means of both hydraulic and pozzolanic
reactions, thus inducing more self-desiccation. Therefore, GGBS increases the autogenous shrinkage
due to the refined pore structure and moreover increases water depletion [37]. The slag additive is known
to have a lower Young's modulus, which induces more severe shrinkage than a cement paste submitted
to an identical internal capillary tension. Lura et al. [27] reported that the finer pore distribution of slag-
cement pastes increased capillary depression, thus engendering a more pronounced shrinkage.

3.6. Cross analysis

The experimental work herein suggests that incorporating 30% slag (SL1 or SL2) reduces the SP dosage,
yet without affecting workability. Isothermal calorimetry results have shown that the presence of a low
slag content (30%) serves to accelerate the hydration process. This acceleration effect, due to the
presence of fine particles, is both of chemical and physical origin. It should be noted that the reduced
SP content is also involved in the acceleration of hydration. The increased hydration rate leads to a
reduction in setting time. With the high SL1 content (50%), it was found that the dilution effect
dominates and slag particles increase the SP demand, resulting in delayed hydration and increased
setting time. For 50% of superfine slag, an acceleration effect was observed. Due to the smooth surface
and the physical effect of SL2 particles, the SP demand has decreased.

Since chemical shrinkage is a direct consequence of the hydration reactions, the accelerated cement
hydration due to the presence of superfine slag induces an increase in the chemical shrinkage rate. In
addition, the presence of GGBS modifies hydration products. Due to its relatively high reactivity, SL2
can react more rapidly than SL1. In order to relate Le Chatelier's contraction to the physicochemical
evolution of the material, the results of chemical shrinkage as a function of the heat of hydration are
presented in Figure 11. It can be clearly seen that for each UHPC miXx, a quasi-linear relationship exists
between the two parameters, regardless of GGBS dosage and fineness. This result indicates that the slag
effect on UHPC chemical shrinkage can mainly be considered as a kinetic effect at the early age.

40

—— Refsr 512 — 504 Vi
= SL1 —30s — Refsi2 ,/.
30 { — S1-50& —— SL1-30s: |

SL2 - 30s SL2 - 302

20
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0 20 40 60 80 100 120 140 160 180
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Figure 11 : Chemical shrinkage vs. hydration heat of UHPC mixtures.
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This section will present the results of the chemical and autogenous shrinkage kinetics, as well as those
of hydration kinetics, in order to draw a comparative analysis of the various deformations corresponding
to the evolution of material heat flow. Figure 12 illustrates these different parameters for the reference
concrete (Refsr). The free chemical shrinkage and autogenous shrinkage are given in mm?®/g of binder.
The hydration heat flow is expressed in mW/g of binder.

It can be seen that the hydration heat flow reaches its maximum at 657 min. At approximately the same
time, the chemical and autogenous shrinkage curves transit from one regime to another, passing through
an inflection point. The thermal peak reached reflects the high chemical activity of the cement. The
transition between chemical shrinkage and self-desiccation is generally marked by a flattening of the
autogenous shrinkage curve. Up to the final setting time, the chemical shrinkage and autogenous
shrinkage are nearly equal. After the final set, a considerable difference is observed between these values
(with 17.3 mm*/g of binder for Refsr at 7 days). The point marking the transition between these two
deformations generally indicates the formation of the solid skeleton, i.e. the setting period, during which
the material begins to harden and develop a stiffness that allows it to resist deformation. For the Refsr
mixture, the initial and final setting times equal 345 and 430 min, respectively. It can be concluded that
for the reference sample, the divergence in chemical and autogenous shrinkage occurs during the setting

period.
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Figure 12 : Deformation and hydration heat flow kinetics of Refsr.

Autogenous shrinkage is particularly problematic at the very early age in cementitious matrices with
low w/b ratios; it may even be a cause of early material cracking. The high binder content considerably
increases its amplitude at an early age and induces a high risk of early cracking. To identify the actual
effect of autogenous shrinkage on the cracking risk of GGBS-based UHPC, it is important to investigate
in depth the evolution of this deformation. It is interesting to point out that the reported evolution in the
autogenous deformation under free conditions depends largely on the choice of "time-zero" (the time
for the beginning of autogenous shrinkage measurement) [67]. An incorrect definition of this reference
time can lead to various interpretations of the behavior of the same concrete [68]. In this section, the
initial setting time was considered as the time corresponding to the start of the deformation
measurement. The results of chemical shrinkage and volumetric autogenous shrinkage, both monitored
from the initial setting time, are given in Figures 13 and 14, respectively.
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Figure 13 : Chemical shrinkage of the UHPC mixtures with the “time-zero” (the inial setting time).
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Figure 14 : Autogenous shrinkage of the UHPC mixtures with the “time-zero” (the inial setting time).

As clearly seen in Figure 13, the evolution of the chemical contraction measured from the initial setting
time follows the same trend as chemical shrinkage curves recorded in the fresh state (i.e. immediately
after the end of mixing). It is well known that Le Chatelier's contraction develops before the setting of
the matrix; it primarily corresponds to the dissolution of clinker minerals, the hydration of anhydrite and
the precipitation of ettringite [69], as well as to the negative balance between the absolute volume of
hydrates formed and that of the reactants. The observed reduction in amplitudes is explained by the fact
that a portion of chemical shrinkage developed before the setting. Figure 14 shows that a significant
portion (more than 47%) of the autogenous shrinkage (as calculated from the initial setting time) of all
mixes studied during the first 7 days occurred within the first 24 hours after the initial setting time. More
than 14% of the autogenous shrinkage (as monitored from the first few minutes after mixing) was
achieved before the initial setting time. The trend for the autogenous shrinkage curves of UHPC mixtures
with "time zero" (the initial setting time) was slightly changed. These changes are correlated with the
change in microstructure around the initial setting time. After "time zero", the rigid skeleton was created
with sufficient rigidity, and the chemical shrinkage could not be fully transformed into an external
volume change [67]. It was found that SL.1-30sr and SL1-50sr exhibited the same autogenous strain,
which is lower than that of Refsg. The autogenous deformation of these concretes, expressed from this
time zero, is characterized by an expansion of their cement matrix. These observations are in agreement
with those of Darquennes et al. [68]. The three mixtures (SL2-30sg, SL.1-30s12 and SL.2-30s12) always
present the highest risk of cracking. It is obvious that the autogenous shrinkage of these mixes increases
faster than for the reference concretes, with the advancement of the hydration reaction. The finest pore
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size is slightly larger for SL2. For this reason, the pronounced autogenous shrinkage is observed for
SL2-30sp, SL1-30s2 and SL2-30s1» blends. The main mechanism driving self-desiccation is the
variation of capillary depression. Based on the Laplace and Kelvin Laws, the intensity of capillary
depression is inversely proportional to pore radius. As the hydration reaction progresses, the generation
of supplementary C-S-H by slag hydration fills the porosity developed at an early age. Therefore, at a
high SL2 replacement (SL2-50sk), a reduction in autogenous shrinkage was recorded, as compared to
SL2-30sk.

It can be concluded that increasing slag fineness increases autogenous shrinkage and, consequently, the
risk of cracking. This phenomenon is related to the finer porosity, which leads to a greater capillary
depression. One possible explanation for the difference in shrinkage behavior between ordinary slag and
superfine slag might pertain to the internal relative humidity. As mentioned above, SL2 is characterized
by a high reactivity. The pozzolanic reaction of SL2 increases the consumption of calcium hydroxide,
which in turn increases water consumption. This higher water consumption then lowers the internal
relative humidity, hence a greater amount of self-desiccation.

4. Conclusions

The present paper is aimed at developing more sustainable UHPC, in favor of an efficient GGBS
application. The experimental work herein has focused on characterizing the effects of incorporating
GGBS on: workability, early-age hydration, setting time, chemical and volumetric autogenous shrinkage
of multi-component UHPC containing Portland cement, and reactive mineral additions (SF and GGBS).
From an analysis of the results obtained, the following conclusions can be drawn:

- The replacement of 30% of cement by GGBS decreased the SP content in UHPC mixtures. At 30%
replacement level, GGBS improves density packing, enhances workability, accelerates setting times,
and promotes the cement hydration process through the nucleation site effect.

- The partial replacement of OPC by 50% of ordinary slag caused an increase in the amount of SP
required for the desired flowability. In this case, the lubrication effect of SL.1 and the fluidizing effect
of SP seem to be attenuated by the water demand of slag particles. This phenomenon delays cement
hydration and prolongs setting times. In the case of a high ordinary slag level, the dilution effect is
dominant.

- The use of slag with high fineness significantly improves the workability of UHPC mixtures (through
a lower SP dosage for the same workability). The beneficial filling effect of the superfine slag tends to
accelerate both setting times and cement hydration. These effects are noticeable even for a cement
substitution rate with 50% of finer GGBS. These findings are mainly attributed to both the dilution and
heterogeneous nucleation effects.

- The substitution of 30% of cement by low fineness slag caused a slight decrease in early-age chemical
and autogenous shrinkage, due to its lower reactivity. The most pronounced shrinkage was observed,
more clearly, in the mixtures containing 30% of superfine slag. The higher autogenous shrinkage of
superfine slag-blended mixtures can be explained by higher slag fineness, higher chemical shrinkage
and a lower Young's modulus of the slag-cement matrix. Another reason for the large deformation of
the blended matrix would be the finer pore distribution of slag-cement matrices, which increases the
capillary depression, thus leading to more pronounced shrinkage and, consequently, a high risk of
cracking.
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- A high substitution rate (50%) is not considered to have any significant effect on chemical contraction,
compared to 30%. However, this replacement level significantly modifies the evolution of autogenous
shrinkage.

In conclusion, a more eco-friendly UHPC has been designed and optimized. High replacement rates of
GGBS, extending up to 50%, have been used to reduce the cement content in UHPC. Increasing slag
fineness is one of the successful paths to improving reactivity, thus accelerating the hydration process,
which can enhance early strength development. Superfine slag has proven to be effective in completely
replacing silica fume in the manufacture of UHPC. To the best of our knowledge, this effort marks the
first time such an innovative approach has been employed. Superfine slag was found to increase
shrinkage, and thus the cracking risk, which does require special attention. Due to the scarcity of data
on this fundamental issue, the question of optimal fineness, in meeting the various technical, economic
and environmental requirements, remains an open one. Therefore, further research is necessary to ensure
a proper control of this kind of mechanical activation. Knowledge of the optimal fineness, which is a
key parameter, will enable better quantifying the effectiveness of GGBS regarding the properties of
multi-component UHPC.
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