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A B S T R A C T 12 

Ultra-high performance concrete (UHPC), despite being a relatively new kind of advanced cement-13 

based material (featuring outstanding mechanical performance and excellent durability), has been 14 

deemed unsustainable due to its high cement content, thus increasing its carbon footprint. The large 15 

amounts of cement and silica fume (SF) can also raise both production costs and cracking risks due to 16 

the high early-age autogenous shrinkage. This paper addresses an innovative approach for developing a 17 

more sustainable UHPC involving an efficient application of ground granulated blast furnace slag 18 

(GGBS). Slags of two fineness levels are used, displaying a Blaine fineness of 420 m²/kg (SL1) and 700 19 

m²/kg (SL2), respectively. These slags have been incorporated as volume replacements for 30% and 20 

50% cement.   21 

The results analysis shows that it is indeed possible to produce SL2-based UHPC with a behavior similar 22 

to that of classical silica fume-based materials. The partial replacement of ordinary Portland cement 23 

(OPC) by 30% of GGBS (SL1 or SL2) improves workability, promotes the hydration reaction of cement 24 

and accelerates setting. In this case, the nucleation site effect of GGBS particles dominates; it seems to 25 

be directly correlated with the fineness of the slag used. Thus, the finer additions result in a significant 26 

acceleration of setting and hydration. The dilution effect is more sensitive at 50% of SL1 substitution. 27 

This prevailing effect delays the hydration reaction, prolongs setting times and decreases the peak of 28 

heat flow. In contrast however, this delay effect was not observed for the mixture containing 50% of 29 

SL2. Shrinkage measurements indicated that 30% of SL1 induces a slight reduction in early-age 30 

chemical and autogenous types of shrinkage. The most severe shrinkage is clearly found in mixtures 31 

incorporating 30% of SL2. This phenomenon may be due to the distribution of refined pores, which 32 

increases capillary tension. A more sustainable UHPC containing a high level of superfine slag (50%) 33 

with less autogenous shrinkage has been successfully produced.  34 

Keywords: UHPC, GGBS, Fineness, Hydration, Chemical shrinkage, Autogenous shrinkage 35 

1. Introduction 36 

Ultra-high performance concrete (UHPC) or, using a more specific term, ultra-high performance fiber 37 

reinforced concrete (UHPFRC) is an emerging cement-based composite with excellent mechanical 38 

properties and durability, exceeding those of conventional concrete [1]. It is, however, worth mentioning 39 

that the high cement content (800-1,200 kg/m3) significantly expands the carbon footprint of concrete 40 

elements, raises manufacturing costs and releases more heat of hydration [2]. The cement industry is 41 

responsible for about 7% of global CO2 emissions [3,4]. With the world tending towards a greener type 42 
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of construction practices, one of the key sustainability challenges over the few next decades will be to 43 

design and produce concrete with less clinker and capable of inducing lower CO2 emissions than 44 

conventional concrete, while offering the same reliability and even better durability [5,6]. Consequently, 45 

several studies have shown that replacing cement by supplementary cementitious materials (SCM) 46 

proves to be the most widely practiced approach to reducing the CO2 footprint of cementitious materials 47 

[7]. It has been documented that considerable amounts of cement can be replaced in UHPC without 48 

significantly impairing the material's compressive strength [6]. SCMs, such as SF, fly ash (FA) [8], rice 49 

husk ash (RHA) [9] and blast furnace slag (BFS), can all be used to satisfy numerous technical 50 

performance requirements, in addition to sustainability performance criteria for low-emission concrete 51 

development. To reduce the cement content in UHPC, GGBS is commonly used to substitute a portion 52 

of the cement [7, 10-16]. 53 

GGBS has been used as an SCM in concrete for many years. As is not the case with most SCMs, it has 54 

been established that GGBS possesses both hydraulic and pozzolanic properties [8]. Due to its hydraulic 55 

behavior, GGBS reacts with water and generates C-S-H [17], which in turn allows the concrete to retain 56 

adequate strength and durability even after a large amount of cement has been substituted by GGBS [7]. 57 

According to the literature, the properties of UHPC evolve rapidly at an early age. Generally speaking, 58 

the early-age behavior of this advanced concrete can be described by the following parameters: 59 

workability, hydration kinetics, setting time, chemical and autogenous shrinkage, and strength 60 

development [18]. UHPC has been designed and investigated with the aim of decreasing the amount of 61 

Portland cement while maintaining high performance and good workability in the fresh state. UHPC is 62 

a super-plasticized concrete renowned for its satisfactory fluidity [19]. It was found that GGBS improves 63 

the overall workability of concretes and enhances their durability [20]. For example, the authors reported 64 

that by replacing silica fume with fine BFS, the slump flow was increased by 70 mm. Abdulkareem et 65 

al. [11] reported that replacing 30% of cement with slag induced a decrease in SP content (58%), as 66 

required to achieve the mini slump flow of the reference mixture. Moreover, they explained this effect 67 

by an improved packing density, since the slag fineness lies between that of cement and that of SF, as 68 

well as by the particles' cohesion and viscosity. The results of the study conducted by Luzu et al. [21] 69 

revealed that both the mineralogical properties and the fineness of the additions play a decisive role in 70 

the saturation dosage and SP impact on packing density. The hydration process of cementitious 71 

ingredients in UHPC is similar to that in conventional concrete under standard curing conditions [14]. 72 

However, the phase development in UHPC is expected to be kinetically and quantitatively different 73 

from that in ordinary concretes. In addition, it is expected that heat flow and microstructure will be 74 

largely affected by integrating pozzolanic additives [22]. GGBS is chemically activated by Ca(OH)2 and 75 

gypsum in cement, but its rate of hydration is lower than that of clinker [23], which slows strength 76 

development at the early age of UHPC. Pyo and Kim [20] confirmed that GGBS slows the hydration 77 

process and increases setting time, which impairs early mechanical properties. Moreover, the use of 78 

high-range water reducing admixtures can hinder the hydration reaction, which in turn prolongs setting 79 

time and reduces early-age mechanical strength [2].  80 

In order to use massive quantities of slag, it is recommended to incorporate a moderate level of silica 81 

fume (SF). Even though SF guarantees advanced properties, many authors have varying opinions 82 

regarding the definition of an optimal content that enables achieving the greatest strength. According to 83 

previous studies [24], the optimal level replacement lies around 25% of Portland cement. SF, initially 84 

considered as an industrial waste, has become a relatively expensive component in formulating concrete 85 

products, and its demand has been consistently rising [25]. Therefore, it is critical to expand the types 86 

and sources of SCMs for developing sustainable UHPC with less SF content. GGBS can generate 87 

additional C–S–H upon hydration while decelerating early strength gain when no activator is present in 88 

the system [23]. Some strategies adopted have sought to prevent the low reactivity of slag, such as 89 
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chemical activation by alkalis and thermal activation at a specific high temperature and for a specific 90 

duration [15]. Also, one way to accelerate the hydration and strength development in UHPC 91 

incorporating slag consists in modifying its fineness. It was found that GGBS of a varying fineness 92 

provides a different surface area for the hydration reaction and moreover influences the distribution of 93 

hydration products in the cement matrix, which can impact the strength and durability of UHPC [17]. It 94 

is worth noting that research works using high fineness slag in multi-component UHPC are indeed very 95 

scarce [17]. 96 

Due to the presence of a large fraction of superfine particles and the extremely low water-to-binder ratio 97 

of UHPC (w/b = 0.15-0.25), the risk of high shrinkage has to be considered [26]. If such a large shrinkage 98 

occurs, this will lead to residual tension, which in turn may induce the formation of cracks and further 99 

degrade the durability of UHPC, thereby rapidly reducing the service life of engineering structures [27]. 100 

At a very early age, the fresh UHPC mixture presents a potential risk of cracking, as a result of the more 101 

pronounced shrinkage, whether chemical or autogenous in origin. The former stems from chemical 102 

volume contraction during the hydration process while the latter is induced by the self-desiccation of 103 

cement-based material. Chemical shrinkage develops during cement hydration because of the smaller 104 

absolute volume of the hydration products than that of the reactants [28]. It should be pointed out that 105 

research works carried out on the chemical shrinkage of multi-component UHPC systems are very 106 

limited. Li et al. [29] evaluated the chemical shrinkage of UHPC pastes with different types and dosages 107 

of superplasticizer (SP). They found that various types of SP exert more of an effect on the chemical 108 

shrinkage development rate before 24 h; afterwards, they remain nearly the same. Zenati et al. [30] 109 

highlighted the influence of the BFS of EL-Hadjar on the chemical shrinkage of UHPC at a very early 110 

age (i.e. before 72 h). Their experimental results showed that chemical shrinkage of the reference 111 

mixture was greater because UHPC contains significant amounts of clinker minerals. However, BFS-112 

based UHPCs display a lower shrinkage; this shrinkage is even lower with a higher BFS content. Thus, 113 

the fundamental early-age material properties of UHPC need to be quantified precisely in order to 114 

control the premature shrinkage cracks for practical application. 115 

Autogenous shrinkage is defined as the apparent volume reduction of a mixture containing cementitious 116 

materials during their hydration. It results from the internal consumption of moisture [28]. It has been 117 

documented that both the chemical and autogenous types of shrinkage of UHPC are particularly high at 118 

the early age, due to the use of low w/b, a high content of fine cementitious materials and the absence 119 

of coarse aggregates [29,31,32]. According to previous studies, it has been found that SCMs are indeed 120 

able to modify pore structure through chemical and physical effects; this modification is closely related 121 

to autogenous shrinkage [33]. Each addition exhibits distinctly different effects on pore structure, due 122 

to their varying physical properties and activities. It has been documented that the impact of slag on 123 

UHPC shrinkage might possibly depend on the type of slag [34]. The incorporation of high-level slag 124 

can accelerate the water consumption rate while reducing the critical radius of capillary pores, hence 125 

increasing autogenous shrinkage development. This phenomenon explains why some investigations 126 

have reported a pronounced autogenous shrinkage of UHPC when slag was added [35]. Ghafari et al. 127 

[36] conducted an experimental work aimed at substituting SF by other fine SCMs, such as GGBS and 128 

FA, in order to reduce the amount of autogenous shrinkage, yet without altering concrete mechanical 129 

properties. Liu et al. [37] proved that the inclusion of GGBS can increase autogenous shrinkage. These 130 

authors highlighted that the pozzolanic reaction of GGBS increases the consumption of calcium 131 

hydroxide, which in turn increases water consumption. More generally, the incorporation of slag 132 

increases the autogenous shrinkage of the cement matrix [38]. Lee et al. [39] concluded that all GGBS-133 

based concretes exhibited greater autogenous shrinkage than conventional concretes with the same w/b 134 

ratio. They attributed this finding to the higher chemical shrinkage induced by the incorporation of 135 

GGBS, which led to faster and greater self-desiccation, thus resulting in more severe autogenous 136 
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shrinkage. At the same time, the pore structure of the GGBS-containing samples was observed to be 137 

finer than that of the reference specimen. This finer pore structure gives rise to a larger incidence of 138 

capillary stress, promoting self-desiccation and raising the autogenous deformation [40]. However, due 139 

to the different experimental conditions and the variety of mineral additions used, the conclusions 140 

regarding the effect of GGBS on the autogenous shrinkage of cementitious materials were, once again, 141 

inconsistent and even contradictory. Although many studies on cement-based materials have been 142 

conducted, the effects of GGBS on autogenous shrinkage are still unclear. It is worth noting that the vast 143 

majority of research works have focused on measuring the linear autogenous shrinkage of UHPC after 144 

24 hours of hydration. However, very few studies have been dedicated to very early-age autogenous 145 

shrinkage. Motivated by the scarcity of test data on the early-age behavior of UHPCs, in particular 146 

autogenous shrinkage, the objective of this comprehensive experimental work is to study the effect of 147 

replacing cement with slag on autogenous deformations from the first few minutes after mixing. 148 

The aforementioned literature review shows that, despite the considerable body of works published in 149 

the literature on UHPC prepared with all kinds of SCMs (which are promising substitutes for cement in 150 

UHPC production), few studies have in effect examined the coupled effect of slag replacement and slag 151 

fineness on the early-age properties of standard-cured UHPC. The main objective of this paper is to 152 

design an eco-friendly UHPC incorporating GGBS, as a volume cement replacement at a low SF 153 

content, without the activation of slag by additional chemicals or thermal treatments. To better quantify 154 

the influence of GGBS content and fineness on the early-age behavior of UHPC, a characterization of 155 

the workability, reaction rate measurements, setting time, chemical shrinkage and volumetric 156 

autogenous shrinkage has been performed on eight UHPC pastes prepared with the same water-to-157 

cementitious materials ratio (w/b = 0.16) and various dosages of OPC, GGBS and SP. 158 

2. Experimental methodology 159 

2.1. Materials 160 

In this study, UHPC mixtures are designed to satisfy both fresh and hardened state requirements. 161 

Ordinary Portland Cement (OPC, CEM I 52.5 N), produced by Holcim (Le Teil plant), was used. The 162 

main characteristics of this type of cement are a high amount of silica and a low C3A content. Figure 1 163 

shows the XRD patterns of cement with identification of the main current phases (C3S, C2S, C3A and 164 

C4AF). The mineralogical composition of the cement using the Bogue calculation is listed in Table 1. 165 

The supplementary cementitious materials (SCMs) included both silica fume (SF) provided by 166 

Condensil and slag of two different levels of fineness (ordinary slag SL1 and superfine slag SL2) from 167 

Ecocem, as a partial replacement of the cement in UHPC systems. The XRD patterns of these materials 168 

are depicted in Figure 2. The XRD analysis indicates that these materials are almost exclusively 169 

amorphous. The vitreous nature of the slag is clearly demonstrated by a large halo on the XRD pattern. 170 

The fine peaks observed are due to the presence of some crystallized phases, however they are practically 171 

negligible. The chemical compositions of the cementitious materials, as determined by X-ray 172 

fluorescence (XRF) analysis, and their main physical properties are given in Table 1. 173 

Quartz Sand (QS, CV32) with a median diameter (d50) of 248 µm, supplied by Sibelco, was used as the 174 

fine aggregate. The SiO2 content of this QS is about 98.78%. Its Blaine fineness and density are 124 175 

cm²/g and 2.65, respectively. Crushed Quartz (CQ, C500), also sold by Sibelco, was used as a partial 176 

substitution of SF. Its median diameter (d50) was approx. 6 µm. Its Blaine specific surface area and 177 

density are 10,435 cm²/g and 2.65, respectively; it is a totally crystallized material (99.61% of SiO2). 178 
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A high-range water reducer polycarboxylate Sika Viscocrete Krono-20 HE superplasticizer (SP) was 179 

selected to adjust the fresh properties of UHPC. Its density and solid content are 1.085 and 41%, 180 

respectively; this additive was introduced to ensure the self-compactness of the produced UHPC. 181 

 182 

Figure 1 : XRD patterns of used cement. 183 

Table 1 184 

Chemical composition and physical properties of different components. 185 

Components’ 
identification 

Component Cement Silica Fume Ordinary Blast-
Furnace-Slag 

Superfine Blast-
Furnace Slag 

Trade name CEM I 52.5 N S95 B DM – – 

Plant Le Teil Condensil Ecocem Ecocem 
Abbreviation C/OPC SF SL1 SL2 

Chemical composition 
(% mass) 

CaO 63.93 0.34 42.34 44.04 

SiO2 27.67 98.63 36.61 36.72 
Al2O3 3.00 0.17 11.19 10.08 
Fe2O3 2.27 0.06 0.44 0.43 

K2O 0.09 0.24 0.42 0.46 
MgO 0.73 0.22 7.50 7.96 
Na2O 0.10 0.01 0.36 0.28 

SO3 1.70 0.06 1.56 0.51 
MnO 0.08 0.01 0.16 0.15 
TiO2 0.14 0.00 0.72 0.66 

P2O5 0.06 0.01 0.00 0.01 
SrO 0.15 0.00 0.07 0.09 
LOI 1.71 0.91 0.83 0.32 

Physical properties Blaine specific 
area (cm²/g) 

3630 – 4200 7000 

BET specific area 
(m²/g) 

– 25 – – 

Density (-) 3.17 2.24 2.90 2.90 
d(50) (µm) – – 11.00 5.00 

Mineralogical 
composition (%) 

C3S 67.00    

C2S 17.00    
C3A 4.00    
C4AF 7.00    

 186 
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 187 

Figure 2 : XRD patterns of used SCM (SF, SL1, SL2 and SL3). 188 

2.2. Mix proportions and mixing 189 

The UHPC mix design was originally formulated by Richard and Cheyrezy [24]. This relatively new 190 

cementitious composite was further improved to account for material availability [11,41] and allow for 191 

optimization in this study, with the requisite reduction in SF content. The aim of using silica fume in 192 

low quantities is to reduce production costs, reduce the carbon footprint and to be able to incorporate 193 

massive quantities of slag given the high pozzolanic activity of silica fume. A reference mix design 194 

(RefSF), integrating 1,025 kg/m3 of cement, was proposed. The cement was partially substituted by 12% 195 

(valued by mass) of both SF and CQ. Three-quarters of this replacement rate was for SF while the other 196 

quarter was for CQ. GGBS with two different levels of fineness (SL1 and SL2) was used in order to 197 

further refine the design of our UHPC. To balance the differences in total absolute volumes, due to the 198 

various densities of cementitious materials (OPC, GGBS and SF), two levels of GGBS volume 199 

percentages were explored (30% and 50%). The mix volume was maintained constant. GGBS was 200 

incorporated to produce more sustainable UHPC mixes. This study also addresses the possibility of 201 

producing a UHPC without SF. Thus, a second reference formula (RefSL2), based on superfine slag 202 

(SL2), was also investigated. A volume substitution of SF by superfine slag was initiated. From this 203 

basic mixture of UHPC, two mixes containing 30% of SL1 and SL2, as a volume cement replacement, 204 

were designed. The removal of silica fume is intended to further reduce cost and carbon footprint of 205 

UHPC. The water-to-binder (w/b) ratio was maintained at 0.16 for all analyzed mixes. QS, CQ and 206 

water contents were all held constant. The superplasticizer dosage was adjusted to achieve the same 207 

concrete workability; this workability was evaluated through mini slump flow tests and targeted 35 cm 208 

for UHPC. It should be noted that the total water amount refers to the sum of water in the superplasticizer 209 

and the water added to the solution (SP + water). The eight UHPC compositions, as defined above, are 210 

detailed in Table 2. 211 

Table 2 212 

Mix proportions of UHPCs. 213 

Proportions of used materials for one cubic meter (kg/m3) 
Mix name Mix code OPC QS SF CQ SL1 SL2 SP SP 

(%) 
W 

Reference (SF) RefSF 1025.00 1127.50 92.25 30.75 - - 32.45 2.20 151.23 
30% SL1 (SF) SL1-30SF 717.50 1127.50 92.25 30.75 281.31 - 20.65 1.40 163.03 
50% SL1 (SF) SL1-50SF 512.50 1127.50 92.25 30.75 468.85 - 35.40 2.40 148.28 
30% SL2 (SF) SL2-30SF 717.50 1127.50 92.25 30.75 - 281.31 11.80 0.80 171.88 
50% SL2 (SF) SL2-50SF 512.50 1127.50 92.25 30.75 - 468.85 17.70 1.20 165.98 
Reference (SL2) RefSL2 1025.00 1127.50 - 30.75 - 119.43 29.50 2.00 154.18 
30% SL1 (SL2) SL1-30SL2 717.50 1127.50 - 30.75 281.31 119.43 17.70 1.20 165.98 
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30% SL2 (SL2) SL2-30SL2 717.50 1127.50 - 30.75 - 400.74 14.75 1.00 168.93 

 214 

In order to ensure the self-compacting function, all selected UHPC mixtures were prepared in a 15-L 215 

intensive mixer (Eirich). This high-energy mixer, as shown in Figure 3, features a star-blade, inclined 216 

drum and high mixing speed (opposing currents). First, the dry constituents (sand, cement and SCMs) 217 

were mixed for 30 s at low speed. Next, the solution containing the water and SP was added to the 218 

container. Mixing continued at high speed for 4 min. The mixing protocol mentioned above resulted in 219 

an optimal dispersion of particles and a high mixture homogenization with a reduced mixing time. At 220 

the end of mixing, a flowable UHPC mix was obtained. Although it is known that elephant skin 221 

formation can be observed on the surface of UHPC, which typically contains extremely high 222 

superplasticizer amount, seconds to minutes after casting [42,43], this phenomenon can be considered 223 

as negligible in our study as all the selected mixes were optimized so that the mixture does not exhibit 224 

any bleeding or segregation. 225 

After completing these mixing processes, the fresh UHPC sample was transferred to the container within 226 

5 min in order to examine the early-age properties of the designed mixes (flow table test, isothermal 227 

calorimetry measurements, setting time, chemical and autogenous shrinkage). 228 

 229 

Figure 3 : Eirich mixer used. 230 

2.3. Testing methods 231 

2.3.1. Slump flow 232 

Once mixing was completed, mini slump flow tests of the various fresh UHPC mixes were conducted 233 

according to EN 12350-8 [44]; the average of two measurements of the sample spread was recorded. 234 

The targeted spread value of the investigated UHPC mixes was set at around 350 ± 20 mm, as supported 235 

by the analysis of previous findings [11], so as to achieve a sufficient release of entrapped air and 236 

satisfactory strength performance. 237 

2.3.2. Isothermal calorimetry  238 

A multi-channel isothermal calorimeter (model TAM Air, TA Instruments) was used to measure the 239 

heat flow and cumulative heat of hydration of all considered mixtures. Each measurement was 240 

performed continuously at a constant temperature of 20°C during the first 7 days of hydration. 241 

Immediately after mixing, approximately 15 g of fresh material were placed into a 20-mL plastic 242 

ampoule, accurately weighed (± 0.001 g) and stored in the measurement channels. The first 243 

measurement was acquired about 10 min after the initial contact between binder and mixing water. The 244 

curves provided in this paper are average curves computed from the test results obtained on two parallel 245 

specimens. 246 
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2.3.3. Vicat setting time  247 

The initial and final setting times of UHPC mixtures were determined by an automatic Vicat set-up (with 248 

a measurement interval of 10 min) in accordance with the standard specification EN 196-3 [45]. For 249 

each UHPC sample, two Vicat tests were carried out to determine the average setting time. This study 250 

considers that the initial setting time corresponds to the elapsed time, as measured from zero until the 251 

time at which the distance between the needle and the base-plate reaches 5 mm (between 3 and 6 mm 252 

according to the European Standard [45]). However, as a result of UHPC shrinkage (due to the very low 253 

w/b), final setting time corresponded to 5 mm of penetration for all mixes and not 0.5 mm, as specified 254 

by the standard. 255 

2.3.4. Chemical shrinkage  256 

Measurements were recorded on the various UHPC mixes by ensuring the permanent water saturation 257 

of the hydrating cement matrix pore space. The hydrostatic weighing method used in the present 258 

investigation allows, with the simple experimental system diagrammed in Figure 4, recording automatic 259 

and continuous measurements of Le Chatelier's contraction [46,47]. The gravimetric technique consists 260 

in monitoring the variation in buoyancy of a sample of cementitious material placed in a flask with an 261 

orifice on its cap. Immediately after mixing, 15-20 g of fresh sample are introduced into a 20-ml 262 

cylindrical flask. Entrapped air bubbles are removed at a roughly 1-min vibration sequence. The 263 

remaining empty flask volume is then carefully filled with distilled water, while avoiding any 264 

perturbation of the specimen. The contact surface between the top of the sample and the exterior water 265 

equals about 4 cm². Afterwards, the entire system, including the sample in its flask, is hung on a scale 266 

(accuracy: ± 0.0001 g) by a nylon thread and immersed in distilled water. Data acquisition starts 10 min 267 

after the initial contact between binder and mixing water. The test system is placed in an air-conditioned 268 

room at 20° ± 1°C. The quasi-isothermal conditions during the experiment are assured by a peripheral 269 

water circulation system under a cryostat-controlled temperature. 270 

 271 

Figure 4 : Schematic of the test device used for chemical and autogenous shrinkage measurement. 272 

2.3.5. Autogenous shrinkage 273 

The same device for measuring chemical shrinkage is also used to monitor the early-age volumetric 274 

autogenous shrinkage of all selected mixtures. At the end of mixing, about 80-120 g of fresh 275 

cementitious material are introduced into a latex membrane. Before closing the elastic rubber, the 276 
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greatest level of care must be taken to guarantee that air is being discharged. The excess membrane is 277 

then cut off and the sample is cleaned and weighed. Next, the test specimen is placed on a nacelle hung 278 

from a balance and immediately immersed in the water bath. The balance is connected to a computer 279 

for automatic and continuous recording of system buoyancy variations. The measurement of volume 280 

change starts 15 min after water-binder contact. Some researchers have used this measurement in a 281 

dynamic configuration to evaluate the volumetric deformation of cementitious matrices with high w/c 282 

ratios, which consequently are highly sensitive to bleeding [48]. In this study, an identical w/b (0.16) 283 

has been used for all UHPC mixtures. At this lower ratio, the matrix packing density is optimal and the 284 

mixture does not present any bleeding or segregation. For this reason, the measurement under a static 285 

configuration has been adopted. 286 

The volumetric deformations are converted into linear deformations (ɛ���→���) by means of Equation 287 

[1]: 288 

ɛ���→���(	) =
�
�

�
×

∆� (�)

� (��)×⍴
 [1] 289 

where: ɛ���→���(	) is the autogenous shrinkage (µm/m), ∆� (	) the mass variation of the sample under 290 

water (g) at time t, ⍴ the density of water at 20°C (0.9982 g/cm3), and � (	
) the initial volume of the 291 

sample (cm3). 292 

3. Results and interpretation 293 

3.1. Workability  294 

The workability of the designed UHPC should be carefully managed to ensure their onsite properties. 295 

This key parameter was measured herein in terms of flow diameter so as to estimate the necessary 296 

superplasticizer content for blended-cement UHPC, thus yielding the same workability as the reference 297 

material. To reach the same spread value (350 ± 20 mm), the SP dosage was adjusted. The required SP 298 

dosages to achieve a 35-cm slump flow for all selected UHPC mixtures are given in Figure 5. 299 

The optimal SP dosages of the reference concretes (RefSF and RefSL2) are 2.2% and 2.0%, respectively. 300 

The SP content of the reference formula RefSL2 is slightly lower than that of the reference mix RefSF. 301 

This lower SP content is justified by the ability of superfine granulated furnace slag (SL2) to improve 302 

workability of the mix. Such a positive effect can be partly attributed to the smooth and dense surface 303 

characteristics of the slag particles producing the slip planes [37]. The fineness of SF is significantly 304 

higher than that of SL2. It is known that SF particles increase water demand, with this effect often being 305 

directly ascribed to their extremely high specific surface area [49]. The amount of SP required to disperse 306 

SF particles depends on the specific surface area of SF. The addition of SF particles is clearly correlated 307 

with a higher SP content required to recover similar workability. These results are in agreement with 308 

those of Pyo and Kim [20], who found that the partial substitution of SF by slag resulted in a 70-mm 309 

improvement in slump flow. 310 

It can be seen from Figure 5 that the 30% substitution of cement by SL1 (SL1-30SF) and SL2 (SL2-311 

30SF) induces a drop in the SP content required to achieve the mini slump flow of RefSF (by relative 312 

amounts of -36.4% and -63.6%, respectively). A reduction in SP dosage is also observed for SL2-based 313 

mixtures instead of SF. The SP dosage decreased from 2% (RefSL2) to 1.2% and 1% for SL1-30SL2 and 314 

SL2-30SL2, respectively. These results underscored a considerable improvement in UHPC flowability 315 

when low levels of slag are incorporated into the mix. The addition of GGBS to the mixes had a 316 

significant effect on the water amount required to achieve better workability. Two phenomena, occurring 317 

simultaneously, serve to explain the decrease in SP dosage: i) the drop in the quantity of C3A reduces 318 

early AFt formation, which eventually enhances mix workability [50]; and ii) the enhancement of 319 
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packing first and then particle cohesion and viscosity [11]. Slag can increase the packing density of 320 

UHPC due to its fine volume, which can fill voids among the coarser cementitious particles. Introducing 321 

GGBS makes the mixture more cohesive and decreases bleeding water and segregation, which 322 

ultimately enhances the rheological behavior of concrete in the fresh state. The results obtained are 323 

consistent with those of Kim et al. [51], who measured, for the same SP content, an improvement in 324 

slump flow by 9% and 16% when slag content was respectively 15% and 30%. The incorporation of 325 

SL2 yields better homogeneity and packing. Since packing and workability are closely correlated, the 326 

inclusion of such small particles in a cementitious mix is expected to enhance the particle packing 327 

density, which is typically coupled with improved rheological properties [11,52]. For SL1-50SF and 328 

despite the increase in the amount of GGBS, the required SP content to reach the mini slump flow of 329 

the reference concrete equals 2.4%. The lubrication effect of GGBS along with the fluidizing effect of 330 

superplasticizer seem to be mitigated by the water demand of GGBS particles. At a high replacement 331 

rate, SL1 can absorb some of the free mixing water and SP due to its high specific surface area, which 332 

decreased particle dispersion. A large amount of water in the mix was absorbed by SL1 particles, which 333 

ultimately led to a decrease in workability (increased SP content). As a result, water available for 334 

lubrication remains insufficient, allowing for the free movement of particles [53]. However, a lower 335 

amount of SP (1.2%) is needed to disperse the superfine particles of the SL2-50SF mixture. This decline 336 

confirms the beneficial effect of a high fineness slag. Thanks to their filling effect, SL2 particles enhance 337 

matrix packing and promote cohesion, which in turn improves the rheological properties of UHPC. The 338 

beneficial effect of SL2 is attributed to the superfine particles that both fill the spaces created by larger 339 

OPC particles and reduce the frictional forces of a dual OPC-SL2 material, resulting in high fluidity of 340 

the OPC-SL2 system. This effect is also tied to the decrease in the amount of C3A, due to the decrease 341 

in cement content, which also induces improved workability. 342 

 343 

Figure 5 : Required SP dosages. 344 

3.2. Heat of hydration  345 

In order to better understand the influence of the different levels of fineness and contents of GGBS on 346 

the early-age reactivity of UHPC pastes, isothermal calorimetry tests were conducted at 20°C over the 347 

first 7 days. Heat flows and the cumulative heat release, normalized per gram of binder, are presented 348 

in Figures 6 and 7, respectively. Table 3 summarizes the primary measured characteristic values of the 349 

isothermal hydration curves. 350 
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 351 

Figure 6 : Hydration heat flow of investigated UHPC mixtures. 352 

 353 

Figure 7 : Cumulative heat of investigated UHPC mixtures. 354 

Table 3 355 

Peaks of hydration of UHPC mixes. 356 

Samples 

Cumulated heat of reaction  Time of maximum heat flow tmax  Maximum intensity of heat flow  

Measured value 
Qmax (J/g 
binder) 

Normalized 
value 

����

���� (�� )
 (!) 

 
Measured value 

tmax (min) 

Normalized 
value 

����

���� (�� )
 (!) 

 Measured value 
Imax (mW/g 

binder) 

Normalized 
value 

"���

"��� (�� )
 (!) 

RefSF 160 1  657 1  3.1 1 
SL1-30SF 166.2 1.04  576 0.88  2.6 0.84 
SL1-50SF 153.9 0.96  1019 1.55  1.8 0.58 
SL2-30SF 170.7 1.07  455 0.69  2.8 0.90 
SL2-50SF 168.5 1.05  626 0.95  2 0.65 

RefSL2 160.5 1  744 1.13  3.1 1 
SL1-30SL2 188.1 1.18  572 0.87  2.8 0.90 
SL2-30SL2 185.5 1.16  506 0.77  2.8 0.90 

 357 

The following section will discuss the influence of GGBS dosage and fineness on the UHPC hydration 358 

process. As expected, the replacement of clinker by GGBS up to 50% without changing w/b ratio does 359 

affect the hydration reaction. 360 

For reference mixtures RefSF and RefSL2, it is apparent that the influence of SF and SL2 on the early 361 

hydration kinetics of the developed UHPC is very similar, which can be demonstrated by the relatively 362 

small difference between their respective times to reach the maximum hydration peak. As observed, 363 

these two reference mixtures exhibit the same heat flow peak, i.e. approximately 3.1 mW/g of binder. 364 
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The time to reach the maximum reaction heat flow is 657 min for RefSF, while this peak appears after 365 

744 min for RefSL2. This phenomenon can be attributed to the ability of SF to accelerate the hydration 366 

rate of UHPC by means of nucleation and the growth site effect [54]. The presence of extremely fine SF 367 

particles promotes the nucleation effect by acting as additional nucleation sites for hydrates, which in 368 

turn results in rapid hydration [55]. Recently, Yalçınkaya and Çopuro˘glu [14] measured a heat flow of 369 

about 3 mW/g of binder for a UHPC manufactured with 881 kg/m3 of cement and 176 kg/m3 of SF, 370 

based on the calorimetry test results. The peak of heat flow curves at 20°C was reached at 636 min. 371 

These findings are in accordance with results obtained in this study. Figure 7 shows that both RefSF and 372 

RefSL2 display the same profile of hydration characteristics. The maximum heat reaction for RefSF and 373 

RefSL2 are respectively 160 and 160.5 J/g of binder. During the early stages, the SF-based mix exhibited 374 

high activity and accelerated the hydration rate, as compared to SL2. In 2022, Xi et al. [56] conducted 375 

an experimental study on the effect of SF on UHPC hydration and strength development. Their 376 

isothermal calorimetry test results revealed that SF accelerates cement hydration intensively at an early 377 

age. An important point to note is that even though the SP dosage for the RefSF mixture slightly exceeds 378 

that of the RefSL2 mixture, an accelerating effect of SF is observed compared to SL2. This phenomenon 379 

is mainly attributed to the physical effect of SF particles. 380 

Slag replacement reduced the magnitude of heat flow, while total heat released during the first 7 days 381 

was not proportional to the GGBS replacement ratio, thus indicating that slag participated in the 382 

exothermic reaction of the binder hydration [57]. An increase in the dosage of both SL1 and SL2 383 

significantly decreased the peak reaction heat flow value. Compared to the RefSF and RefSL2 mixtures, it 384 

appears that a 30% volume substitution of cement by GGBS (SL1-30SF, SL2-30SF, SL1-30SL2 and SL2-385 

30SL2) produces nearly the same heat flow peak, i.e. about 2.6-2.8 mW/g of binder. As presented in 386 

Table 3, the heat flow peaks of these various concrete mixes occur at 576, 455, 572 and 506 min for 387 

SL1-30SF, SL2-30SF, SL1-30SL2 and SL2-30SL2, respectively. Therefore, slag fineness does not exert a 388 

considerable effect on the peak value, but mainly on the time corresponding to the heat flow peak in 389 

these systems. The influence of low GGBS content on UHPC hydration seems rather small, and the 390 

profile of hydration characteristics of these four mixtures exhibits practically the same behavior, with a 391 

slight difference in the time to reach the maximum reaction heat flow. As shown in Figure 7, the 392 

maximum heat reactions for SL1-30SF, SL2-30SF, SL1-30SL2 and SL2-30SL2 are 166.2, 170.7, 188.1 and 393 

185.5 J/g of binder, respectively. In the presence of SL2 and SF particles (SL2-30SF), the heat flow peak 394 

occurs at 202 and 121 min before that of RefSF and SL1-30SF, respectively. When SF is replaced by SL2 395 

(SL2-30SL2), the heat flow peak appears 238 and 66 min before that of RefSL2 and SL1-30SL2, 396 

respectively. It can therefore be concluded that at low replacement levels, SL1 and SL2 accelerate the 397 

hydration process through their nucleation effect. Another explanation for this acceleration effect lies in 398 

the reduced SP content in mixtures that incorporate a low slag content. 399 

Slag fineness can serve as an activator for the hydration of cementitious matrix materials. Consequently, 400 

an increase in slag fineness accelerates UHPC hydration due to the relatively high reactivity of superfine 401 

particles. The hydration of slag occurs when enough Ca(OH)2 is being produced by cement and slag 402 

(hydraulic part) hydration and/or when the alkalinity of the pore solution is sufficiently high (pH > 11) 403 

[57]. SL2 can react more quickly than SL1 and generate more C-S-H gel more quickly as well. 404 

Therefore, the activity of SL2 should be much higher than that of SL1 in UHPC at an early age. Slag is 405 

chemically activated by the Ca(OH)2 and gypsum in cement, but its reaction speed is slow, whereas SF 406 

reacts with Ca(OH)2 first in UHPC because of its high fineness [37]. For the mixes containing 30% of 407 

GGBS, the early stage of hydration was accelerated; this finding can be attributed to a reduction in the 408 

amount of SP. It was observed that increasing slag fineness leads to a reduction in SP content, with this 409 

effect being directly correlated with the physical effect of finely granulated blast furnace slag. 410 
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Figure 6 shows that with an increase in the slag replacement rate, the peak value of the exothermic 411 

reaction decreases significantly. The maximum heat reaction and heat flow peak of SL1-50SF equal 412 

respectively 153.9 J/g of binder and 1.8 mW/g of binder; moreover, the time to reach the maximum 413 

reaction heat flow is 1,019 min. For this mixture, the dilution effect dominates the nucleation effect. 414 

Increasing slag fineness leads to an increase in both the heat flow peak and reaction heat being released. 415 

For SL2-50SF concrete, the maximum heat reaction and heat flow peak are respectively 168.5 J/g of 416 

binder and 2 mW/g of binder. The time to achieve the maximum reaction heat flow is reduced by 393 417 

min (626 vs. 1,019 min). This acceleration can be attributed to the lower SP content, i.e. 1.2% vs. 2.2% 418 

for the RefSF mixture and 2.4% for the SL1-50SF concrete. Some authors have characterized the 419 

retardation effect of SP as follows: the inclusion of SP prevents solid phase nucleation and hydration 420 

products from growing, thus resulting in a delay in cement hydration [58]. The lower hydraulic activity 421 

of GGBS is mainly related to its potential to dissolve and react in generating subsequent hydrated 422 

products. This phenomenon depends on slag rate: the higher the GGBS dosage, the greater the dilution 423 

effect. Consequently, the reaction heat decreases, which in turn decelerates the hydration reaction [11]. 424 

This study suggests that the presence of a low content of GGBS results in a reduction of SP content, 425 

which can largely accelerate the cement hydration process. This paper has shown that an elevated level 426 

of high fineness slag (50% of SL2) has an accelerant effect. Such early acceleration can be explained by 427 

the chemical and physical effects of GGBS particles. The accelerated cement hydration could be caused 428 

by the increased nucleation sites stemming from the ultrafine particles [55]. These particles promote the 429 

reaction of cement by means of heterogeneous nucleation, thanks to their high fineness [59]. It was also 430 

found that the cumulative heat per gram of binder increases with an increase in slag fineness. The high 431 

fineness of SL2 results in an improvement of packing density, thus accelerating the cement reaction. 432 

Therefore, the alkalis, as supplied by the cement, and subsequently the Portlandite increased the 433 

pozzolanic reaction of SF and BFS [60]. The greater the Portlandite amount, the more enhanced the 434 

pozzolanic reaction of BFS, which jointly provides further released heat. These results serve to highlight 435 

a double effect of slag addition: a dilution effect and a nucleation site effect. To eliminate the effect of 436 

SP, heat flow was measured for some UHPC mixtures at various SP contents. Figure 8 presents the heat 437 

flow evolution of both the RefSF and SL2-30SF mixtures. 438 

  439 

Figure 8 : Hydration curves of RefSF and SL2-30SF mixtures at different SP contents. 440 

As clearly observed, a slight variation in SP content (from 2% to 2.2%) has no effect on the evolution 441 

of heat flow of the RefSF mixture. For SL2-30SF concrete, the increased SP dosage leads to a delay in 442 

hydration. For an SP dosage of 1.2%, the time to reach the maximum reaction heat flow is 600 min, 443 
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which is 145 min after that of SL2-30SF (0.8%) and 109 min before that of SL2-30SF (2%). Therefore, at 444 

a high SP content, the retardation effect cannot be attributed to the slag but rather to the high SP content; 445 

the retardation effect of SP may dominate that of slag. Consequently, it is difficult to control the 446 

influence of GGBS on UHPC hydration produced with high SP amounts, especially when the SP dosage 447 

exceeds the saturation point. Regarding the heat of hydration, it is clear that except for the SL2-30SF 448 

(2%) mixture, the other concretes exhibit quite similar heat release values, which implies that increasing 449 

the SP dosage from 0.8% to 2% leads to a reduction in heat release. 450 

3.3. Setting time 451 

The initial and final setting times of the UHPC systems are summarized in Table 4. As previously stated, 452 

these concretes have been prepared with different SP proportions in order to obtain similar workability, 453 

and the measurements were mainly performed to understand in detail the effect of slag content and 454 

fineness on setting time. Early-age properties are a major technical challenge in the application of 455 

blended cementitious materials. As discussed, it is clear that the variation of setting time is basically 456 

dependent on the content and fineness of GGBS, as well as on the dosage of SP. Results obtained 457 

indicate that SF, SL1 and SL2 have different effects on the UHPC setting times. 458 

Table 4 459 

Vicat setting times of the tested mixtures. 460 

Mixtures % slag Initial setting time (min) Final setting time (min) 
Setting time period 

(min) 
RefSF 0% SL (SF) 345 430 85 

SL1-30SF 30% SL1 (SF) 233 375 143 
SL1-50SF 50% SL1 (SF) 540 890 350 
SL2-30SF 30% SL2 (SF) 80 188 108 
SL2-50SF 50% SL2 (SF) 125 360 235 

RefSL2 Reference (SL2) 230 523 293 
SL1-30SL2 30% SL1 (SL2) 125 330 205 
SL2-30SL2 30% SL2 (SL2) 85 273 188 

 461 

The addition of SL2, in substitution of SF, results in an acceleration of the initial setting time, which is 462 

about 230 min for reference mix RefSL2 vs. 345 min for reference mix RefSF. The accelerating effect of 463 

SL2 is explained by the low dosage of SP in the RefSL2 mixture (2%). The high SP content can cause a 464 

strong retardation in setting. Due to the setting retardation effect of SP, the initial setting time of RefSF 465 

reaches 6 h; this outcome is in agreement with previous studies [24,61]. However, it is observed that SF 466 

accelerates the final setting time by 53 min compared to RefSL2. Previous research has revealed that the 467 

pozzolanic reaction of SF is fast in comparison with other mineral admixtures. The SF particles act as 468 

nucleation sites for the early formation of hydration products [55], which in turn will stimulate cement 469 

hydration. The inclusion of SF (RefSF) reduced the setting time period by 208 min, as compared to 470 

reference mixture RefSL2, thus confirming the higher nucleation effect of SF compared to SL2. 471 

As seen in Table 4, the addition of 30% of GGBS as a cement substitution also influences UHPC setting 472 

times. It is clear that the presence of low levels of slag accelerates setting times. For instance, for SL1-473 

30SF, the initial and final setting times are accelerated by 1.48 and 1.15 times respectively, in comparison 474 

with those of the control mixture RefSF. This same trend is observed for SL2-30SF. Moreover, it was 475 

found that both initial and final setting times are dramatically reduced (by 4.3 and 2.3 times 476 

respectively), compared to those of reference concrete RefSF. These results also indicate that both SL1 477 

and SL2 accelerate the initial and final setting times for mixtures incorporating SL2 in a total substitution 478 

of SF (SL1-30SL2 and SL2-30SL2), compared to RefSL2. The acceleration of setting time is more clearly 479 

observed in mixtures containing 30% of SL2. The results obtained herein confirm those of the 480 

calorimetry tests. As previously mentioned, the surfaces of GGBS particles will act as nucleation sites 481 
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for the early reaction products, specifically for the formation of calcium hydroxide, which in turn will 482 

stimulate the cement hydration process and offset the dilution effect [47]. Therefore, concretes with a 483 

low slag content exhibit shorter setting times than the control mixture. These results agree with those of 484 

Yalçınkaya and Yazıcı [35], who confirmed that the remarkable reductions in the initial and final setting 485 

times could be attributed to a decrease in the superplasticizer demand and the higher Blaine fineness of 486 

GGBS compared to that of the cement particles. 487 

The influence of slag is more sensitive at a 50% replacement rate. For SL1-50SF, SP content equals 2.4%, 488 

i.e. 9% higher than that of RefSF. The initial setting time, final setting time and setting time period are 489 

increased respectively by 1.56, 2.07 and 4.11 times, as compared to those of RefSF. This delay is 490 

attributed to the high SP content; SP is largely involved in the simultaneous deceleration of initial and 491 

final setting times. With the presence of a high SL1 amount, the dilution effect dominates that of 492 

hydration acceleration, which causes longer setting times [11]. The decrease in cement quantity slows 493 

the early production of hydrates within the mixture and delays the setting and hardening of the 494 

cementitious matrix. It can thus be noted that the phenomenon of dilution governs the hydration and 495 

setting process. Indeed, the water-to-cement ratio is 2 times higher in SL1-50SF than in RefSF. 496 

Consequently, 890 min were necessary to reach the final setting, and the setting time period was 350 497 

min for SL1-50SF. This result is in agreement with a previous work conducted by Camiletti et al. [55], 498 

who indicated that when a high SP content was introduced to achieve a required flowability, the setting 499 

time increased relatively. Some works have defined the retardation effect as a delay in hydration, which 500 

can be varied depending on: the different adsorption amounts on particles, the concentrations of 501 

carboxylic in the aqueous phase, and the charge characteristics of the SP [62]. Conversely, in the case 502 

of superfine slag, it was found that 50% of SL2 reduced the initial and final setting times by 2.76 and 503 

1.19 times respectively, in comparison with those of RefSF. This acceleration is justified by the low SP 504 

dosage in SL2-50SF concrete. According to Cyr et al. [59], the acceleration effect, due to the presence 505 

of fine particles, has not only a chemical origin but a physical one as well. These authors found that the 506 

presence of fine particles (with a high specific surface area) could activate cement hydration by means 507 

of heterogeneous nucleation. Their results on mineral admixtures reported that the physical effect of fine 508 

particles is dominant at an early age, while the pozzolanic effect prevails over the longer term. 509 

Product fineness is an important parameter governing the reaction rate of hydraulic binders. It can be 510 

concluded that particle size plays a vital role in affecting the early-age performance of cementitious 511 

materials. It was found that an increase in binder fineness leads to an acceleration of both hydration and 512 

setting times of the tested UHPC concretes, compared to the same binder with lower fineness. The 513 

reactivity of GGBS in a cementitious material depends not only on the chemical components, but also 514 

on their fineness [63]. The immediate consequences of rapid hydration are accelerated strength gain and 515 

improved durability. It is important to state that increasing the fineness of GGBS can provide a possible 516 

solution to reducing the dosage of SP, without affecting the workability of UHPC mixtures and thereby 517 

avoiding the hydration delay induced by slag with a lower fineness. The delay in early-age performance 518 

development of UHPC containing slag can therefore be compensated by an increase in its fineness, while 519 

avoiding any additional chemical and/or thermal activation. 520 

3.4. Chemical shrinkage  521 

According to the literature, the number of investigations conducted on the very early-age shrinkage of 522 

UHPC remains very limited. Chemical shrinkage measurements have thus been performed in this study 523 

to better clarify the effect of GGBS fineness and content on the early-age shrinkage of UHPC. Chemical 524 

shrinkage is a primary mechanism of autogenous shrinkage, hence understanding the role of the 525 

individual UHPC components during its early-age chemical shrinkage is critical to controlling the 526 
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autogenous shrinkage, which may induce cracking in UHPC structures. The evolution of chemical 527 

shrinkage in the various UHPC mixtures is displayed in Figure 9. 528 

 529 

Figure 9 : Chemical shrinkage of the studied UHPC mixtures. 530 

As this figure indicates, chemical shrinkage values range from 28 to 38.4 mm3/g of binder for all mix 531 

designs after 168 h. The experimental results can be classified into the following two groups: the first 532 

includes SL2-based concretes (SL2-30SF, SL2-50SF, SL1-30SL2 and SL2-30SL2), characterized by 533 

relatively higher chemical shrinkage than the second group (RefSL2, RefSF, SL1-30SF and SL1-50SF). 534 

For the reference concretes (RefSF and RefSL2), it is clear that RefSL2 presents a relatively higher chemical 535 

shrinkage than RefSF at all ages. For instance, at 3 days, the chemical shrinkage value of RefSL2 was 27.7 536 

mm3/g of binder, vs. 24.7 mm3/g of binder for the RefSF mix. At 7 days, RefSF and RefSL2 exhibited a 537 

chemical shrinkage of 28.8 and 30.3 mm3/g of binder, respectively. This result can be explained by the 538 

difference in water consumption level of SF and SL2. Because of its extremely high fineness, SF rapidly 539 

consumes the water required for hydration. In the RefSL2 mixture, the water content available for the 540 

chemical reaction is higher than that of RefSF due to the low water absorption of SL2 relative to SF 541 

(marked by a high specific surface area). This situation leads to an increase in chemical shrinkage. In 542 

addition, the mix design is also an important factor that can explain the shrinkage differences. Although 543 

a slight difference exists between the two reference mixes, it is important to specify that the results are 544 

comparable. This observation confirms the results from the heat of hydration. 545 

The partial substitution of cement by 30% of SL1 caused a slight decrease in the early-age chemical 546 

shrinkage. At 24 h, the chemical shrinkage value decreased from 18.1 mm3/g of binder for RefSF to 17.0 547 

mm3/g of binder for the mix incorporating 30% of SL1. Subsequently, as hydration progresses, the 548 

difference between RefSF and SL1-30SF narrows until disappearing completely. At 3 and 7 days, the two 549 

mixtures present practically the same chemical shrinkage values. Due to the low SP content of SL1-550 

30SF, the mix reaction was accelerated, resulting in additional shrinkage. Consequently, the chemical 551 

shrinkage value of SL1-30SF is close to that of the reference. For a 50% replacement rate, it can be 552 

noticed that SL1-50SF shows a less pronounced chemical shrinkage at 24 h (15.4 mm3/g of binder). 553 

Thereafter, the chemical shrinkage of SL1-50SF gradually increases to reach 31.9 mm3/g of binder at 168 554 

h (vs. 28.8 mm3/g of binder for RefSF). All three mixes demonstrated a similar evolution during the first 555 

few days. SL1-50SF paste exhibited a higher chemical shrinkage than that of the control mixture. This 556 

acceleration resulted in a curve crossing between 72 and 168 h of hydration and could be explained by 557 

the beginning of the slag reaction, which produced additional chemical shrinkage. The low chemical 558 

shrinkage value at the very early age of SL1-50SF can be attributed to the high SP content, which has a 559 

retardation effect. 560 
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The chemical shrinkage curve of the mixture containing 30% of SL2 (SL2-30SF) showed a faster 561 

evolution. At all ages, SL2-30SF displayed the highest value, as explained by the lower SP content and 562 

the high fineness of superfine particles and thus by the accelerated reaction of SL2, which generates an 563 

increase in chemical shrinkage. This acceleration is reflected by a crossing of the curve. It is worth 564 

mentioning that the mechanical activation promotes the hydration reaction. As proven by the isothermal 565 

calorimetry test, the higher the fineness, the greater the hydration rate. At 7 days, the chemical shrinkage 566 

value of SL2-30SF was 38.4 mm3/g of binder, i.e. about 33% and 37% higher than that of the RefSF and 567 

SL1-30SF mixes, respectively. This outcome proves that the large chemical contraction of 38.4 mm3/g 568 

of binder, obtained for a mixture incorporating a superfine slag, is due to both clinker hydration and a 569 

greater quantity of fine slag particles. In the case of a 50% substitution rate for SL2, it can be observed 570 

that at 24 h of hydration, the chemical shrinkage of SL2-50SF equals 18.5 mm3/g of binder vs. 18.1 571 

mm3/g and 23.3 mm3/g of binder, respectively, for RefSF and SL2-30SF pastes. At this early stage, the 572 

difference in values between the SL2-50SF and SL2-30SF mixtures can be justified by the high SP content 573 

of the SL2-50SF mixture, which can induce a delay in the hydration process. However, as hydration 574 

progresses, the retardation effect may be offset by the start of slag reactions, leading to the generation 575 

of additional chemical shrinkage. Therefore, the difference between the SL2-50SF mixture and the 576 

mixture with 30% SL2 was narrowed. At 168 h, SL2-50SF showed a chemical contraction of 36.6 mm3/g 577 

of binder. These same trends are observed with SL1-30SL2 and SL2-30SL2. At 24 h, SL1-30SL2 exhibited 578 

the same chemical shrinkage value as the reference paste RefSL2, and SL2-30SL2 posted a chemical 579 

shrinkage value 3% higher than that of the reference paste. The rate of chemical shrinkage evolution in 580 

the pastes with slag subsequently increased. 581 

3.5. Autogenous shrinkage 582 

The majority of studies conducted on the autogenous shrinkage of UHPC have focused on linear 583 

measurements [26,32,41]. The objective of this experimental work has therefore been to study the 584 

volumetric autogenous shrinkage of self-compacting UHPC, in which part of the cement had been 585 

replaced by GGBS with two distinct levels of fineness. The early volumetric deformations are converted 586 

into linear deformations. In the following, it should be pointed out that results are expressed in µm/m. 587 

The evolution of early-age autogenous shrinkage, as measured from the first few minutes after mixing, 588 

is shown in Figure 10. 589 

 590 

Figure 10 : Autogenous shrinkage of the studied UHPC mixtures: (a) for the whole study period and (b) for the first 24 591 

hours. 592 

Figure 10(a) indicates that the various mixtures under investigation exhibit high autogenous shrinkage, 593 

with values ranging from 3,753 µm/m (SL1-30SF) to 4,942 µm/m (SL1-30SL2) for all mixtures tested at 594 

7 days. Mounanga et al. [41] tested a UHPC with a similar composition (ERPC4) using a horizontal 595 
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linear experimental system; they measured an autogenous shrinkage under free conditions of 596 

approximately 3,600 µm/m after 100 hours of hydration. These results confirm that autogenous 597 

shrinkage is very high during the first few days, i.e. between 24 and 72 h after casting. It is clearly 598 

apparent that most of the autogenous shrinkage has occurred within the first few hours after mixing. At 599 

24 h, at least 56% of the total volumetric autogenous shrinkage (measured at 7 d) had been recorded for 600 

all mixtures being considered. In focusing on the first 24 hours of hydration, the gap between the 601 

autogenous shrinkage curves of the various UHPC mixtures may be due to the varying SP content and/or 602 

the presence of mineral additions with different reactivities. As an example, Figure 10(b) clearly shows 603 

that the appearance of a second inflection point for the SL1-50SF mixture (at about 15 h) is later than 604 

that of SL1-30SF (at about 8.5 h). This delay can be explained by the combined dilution / SP content 605 

effect. After 24 hours, the autogenous shrinkage curve trends are quite linear and parallel to one another. 606 

For the reference mixtures (RefSF and RefSL2), it was found that RefSL2 exhibited slightly higher 607 

autogenous shrinkage than RefSF at all ages, yet keep in mind that the results remain comparable. This 608 

trend confirms the results obtained from the chemical shrinkage test. At 168 h, the autogenous 609 

deformation value of RefSL2 equaled 4,483 µm/m, vs. 4,380 µm/m for RefSF. While the vast majority of 610 

studies demonstrate that SF increases the autogenous shrinkage of UHPC, though this effect was not 611 

observed in our case. A reduction in SF content (9% in this paper) would form a coarser pore structure 612 

and thereby reduce autogenous shrinkage. A second cause of the higher deformation of the SL2-blended 613 

matrix (RefSL2) would be the large SL2 content due to the volume substitution. 614 

As observed in Figure 10, the concrete containing 30% of SL1 (SL1-30SF) features less autogenous 615 

shrinkage over the first 7 days. It was found that 30% of SL1 (for the SL1-30SF mixture) decreased 616 

autogenous shrinkage by approximately 15.8%, 14.5% and 14.3% at 24 h, 72 h and 168 h, respectively, 617 

vs. reference mix RefSF. These findings corroborate the results of a previous study [64], whose authors 618 

reported that the total shrinkage of UHPC incorporating steel slag powder (SSP) is less than that of 619 

UHPC without SSP. As the amount of SL1 increases, water consumption also increases; thus, the self-620 

desiccation of UHPC becomes more pronounced. It is important to note that SL1-50SF induces a slight 621 

increase in autogenous shrinkage. For example, the autogenous shrinkage increased by 4.6% at 3 days 622 

compared to RefSF. The delay in hydration caused by SP (the SP content in SL1-50SF is greater than in 623 

RefSF and SL1-30SF), and the latent SL1 reaction resulted in both a setting retardation and an extension 624 

of the deformation phase dominated by chemical shrinkage, and consequently autogenous shrinkage. 625 

The addition of 30% high fineness slag (SL2) increases autogenous shrinkage because superfine slag 626 

increases the self-desiccation by consuming the pore solution (calcium hydroxide) in a small capillary 627 

pore structure [65]. Compared to RefSF, an increase of 12.8% was recorded for the SL2-30SF mixture at 628 

7 days. This increased effect can be explained by the high reactivity of SL2. As slag fineness increases, 629 

the hydration of cementitious materials increases at an early age; moreover, water consumption 630 

increases, hence the UHPC self-desiccation becomes more severe. In contrast with a substitution rate of 631 

30%, it is clear that SL2-50SF has a lower autogenous shrinkage than RefSF and SL2-30SF; this 632 

phenomenon is related to the dilution effect. Another explanation for the lower autogenous deformation 633 

of SL2-50SF involves the interparticle forces. At a high replacement level, attractive forces may 634 

dominate, and the superfine slag particles may behave like coarse slag. For this reason, the SL2-50SF 635 

mixture exhibits a shrinkage response quite similar to that of SL1-30SF. The results obtained agree with 636 

those of Yang et al. [66], who concluded that as the cement replacement percentage with phosphorous 637 

slag (PS) increases, hydration can be slowed and the cement dilution effect can improve UHPC volume 638 

stability. In other words, a large volume of PS can decrease the autogenous shrinkage of UHPC. 639 

Similar to SL2-30SF, both SL1-30SL2 and SL2-30SL2 are more susceptible to self-desiccation and, 640 

consequently, to autogenous shrinkage. These concretes display a behavior close to that of SL2-30SF, as 641 
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illustrated in Figure 10. The samples containing 30% of slag (SL1 or SL2), with SL2 in replacement of 642 

SF, exhibited a significant amount of autogenous shrinkage at an early age. In fact, the incorporation of 643 

SL2 can accelerate the hydration process of the (C3S) clinker phase due to the extensive and highly 644 

reactive surface of particles, resulting in the formation of more calcium silicate hydrate (C-S-H) at an 645 

early age. The physical effect of GGBS particles, via the heterogeneous nucleation of hydrates produced, 646 

leads to an accelerated hydration process. The increase in Portlandite content yields greater pozzolanic 647 

activity of the superfine slag. The pozzolanic reaction of GGBS increases the consumption of calcium 648 

hydroxide, which in turn increases water consumption by means of both hydraulic and pozzolanic 649 

reactions, thus inducing more self-desiccation. Therefore, GGBS increases the autogenous shrinkage 650 

due to the refined pore structure and moreover increases water depletion [37]. The slag additive is known 651 

to have a lower Young's modulus, which induces more severe shrinkage than a cement paste submitted 652 

to an identical internal capillary tension. Lura et al. [27] reported that the finer pore distribution of slag-653 

cement pastes increased capillary depression, thus engendering a more pronounced shrinkage. 654 

3.6. Cross analysis 655 

The experimental work herein suggests that incorporating 30% slag (SL1 or SL2) reduces the SP dosage, 656 

yet without affecting workability. Isothermal calorimetry results have shown that the presence of a low 657 

slag content (30%) serves to accelerate the hydration process. This acceleration effect, due to the 658 

presence of fine particles, is both of chemical and physical origin. It should be noted that the reduced 659 

SP content is also involved in the acceleration of hydration. The increased hydration rate leads to a 660 

reduction in setting time. With the high SL1 content (50%), it was found that the dilution effect 661 

dominates and slag particles increase the SP demand, resulting in delayed hydration and increased 662 

setting time. For 50% of superfine slag, an acceleration effect was observed. Due to the smooth surface 663 

and the physical effect of SL2 particles, the SP demand has decreased. 664 

Since chemical shrinkage is a direct consequence of the hydration reactions, the accelerated cement 665 

hydration due to the presence of superfine slag induces an increase in the chemical shrinkage rate. In 666 

addition, the presence of GGBS modifies hydration products. Due to its relatively high reactivity, SL2 667 

can react more rapidly than SL1. In order to relate Le Chatelier's contraction to the physicochemical 668 

evolution of the material, the results of chemical shrinkage as a function of the heat of hydration are 669 

presented in Figure 11. It can be clearly seen that for each UHPC mix, a quasi-linear relationship exists 670 

between the two parameters, regardless of GGBS dosage and fineness. This result indicates that the slag 671 

effect on UHPC chemical shrinkage can mainly be considered as a kinetic effect at the early age. 672 

 673 

Figure 11 : Chemical shrinkage vs. hydration heat of UHPC mixtures. 674 
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This section will present the results of the chemical and autogenous shrinkage kinetics, as well as those 675 

of hydration kinetics, in order to draw a comparative analysis of the various deformations corresponding 676 

to the evolution of material heat flow. Figure 12 illustrates these different parameters for the reference 677 

concrete (RefSF). The free chemical shrinkage and autogenous shrinkage are given in mm3/g of binder. 678 

The hydration heat flow is expressed in mW/g of binder. 679 

It can be seen that the hydration heat flow reaches its maximum at 657 min. At approximately the same 680 

time, the chemical and autogenous shrinkage curves transit from one regime to another, passing through 681 

an inflection point. The thermal peak reached reflects the high chemical activity of the cement. The 682 

transition between chemical shrinkage and self-desiccation is generally marked by a flattening of the 683 

autogenous shrinkage curve. Up to the final setting time, the chemical shrinkage and autogenous 684 

shrinkage are nearly equal. After the final set, a considerable difference is observed between these values 685 

(with 17.3 mm3/g of binder for RefSF at 7 days). The point marking the transition between these two 686 

deformations generally indicates the formation of the solid skeleton, i.e. the setting period, during which 687 

the material begins to harden and develop a stiffness that allows it to resist deformation. For the RefSF 688 

mixture, the initial and final setting times equal 345 and 430 min, respectively. It can be concluded that 689 

for the reference sample, the divergence in chemical and autogenous shrinkage occurs during the setting 690 

period. 691 

 692 

Figure 12 : Deformation and hydration heat flow kinetics of RefSF. 693 

Autogenous shrinkage is particularly problematic at the very early age in cementitious matrices with 694 

low w/b ratios; it may even be a cause of early material cracking. The high binder content considerably 695 

increases its amplitude at an early age and induces a high risk of early cracking. To identify the actual 696 

effect of autogenous shrinkage on the cracking risk of GGBS-based UHPC, it is important to investigate 697 

in depth the evolution of this deformation. It is interesting to point out that the reported evolution in the 698 

autogenous deformation under free conditions depends largely on the choice of "time-zero" (the time 699 

for the beginning of autogenous shrinkage measurement) [67]. An incorrect definition of this reference 700 

time can lead to various interpretations of the behavior of the same concrete [68]. In this section, the 701 

initial setting time was considered as the time corresponding to the start of the deformation 702 

measurement. The results of chemical shrinkage and volumetric autogenous shrinkage, both monitored 703 

from the initial setting time, are given in Figures 13 and 14, respectively. 704 
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 705 

Figure 13 : Chemical shrinkage of the UHPC mixtures with the “time-zero” (the inial setting time). 706 

 707 

Figure 14 : Autogenous shrinkage of the UHPC mixtures with the “time-zero” (the inial setting time). 708 

As clearly seen in Figure 13, the evolution of the chemical contraction measured from the initial setting 709 

time follows the same trend as chemical shrinkage curves recorded in the fresh state (i.e. immediately 710 

after the end of mixing). It is well known that Le Chatelier's contraction develops before the setting of 711 

the matrix; it primarily corresponds to the dissolution of clinker minerals, the hydration of anhydrite and 712 

the precipitation of ettringite [69], as well as to the negative balance between the absolute volume of 713 

hydrates formed and that of the reactants. The observed reduction in amplitudes is explained by the fact 714 

that a portion of chemical shrinkage developed before the setting. Figure 14 shows that a significant 715 

portion (more than 47%) of the autogenous shrinkage (as calculated from the initial setting time) of all 716 

mixes studied during the first 7 days occurred within the first 24 hours after the initial setting time. More 717 

than 14% of the autogenous shrinkage (as monitored from the first few minutes after mixing) was 718 

achieved before the initial setting time. The trend for the autogenous shrinkage curves of UHPC mixtures 719 

with "time zero" (the initial setting time) was slightly changed. These changes are correlated with the 720 

change in microstructure around the initial setting time. After "time zero", the rigid skeleton was created 721 

with sufficient rigidity, and the chemical shrinkage could not be fully transformed into an external 722 

volume change [67]. It was found that SL1-30SF and SL1-50SF exhibited the same autogenous strain, 723 

which is lower than that of RefSF. The autogenous deformation of these concretes, expressed from this 724 

time zero, is characterized by an expansion of their cement matrix. These observations are in agreement 725 

with those of Darquennes et al. [68]. The three mixtures (SL2-30SF, SL1-30SL2 and SL2-30SL2) always 726 

present the highest risk of cracking. It is obvious that the autogenous shrinkage of these mixes increases 727 

faster than for the reference concretes, with the advancement of the hydration reaction. The finest pore 728 
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size is slightly larger for SL2. For this reason, the pronounced autogenous shrinkage is observed for 729 

SL2-30SF, SL1-30SL2 and SL2-30SL2 blends. The main mechanism driving self-desiccation is the 730 

variation of capillary depression. Based on the Laplace and Kelvin Laws, the intensity of capillary 731 

depression is inversely proportional to pore radius. As the hydration reaction progresses, the generation 732 

of supplementary C-S-H by slag hydration fills the porosity developed at an early age. Therefore, at a 733 

high SL2 replacement (SL2-50SF), a reduction in autogenous shrinkage was recorded, as compared to 734 

SL2-30SF. 735 

It can be concluded that increasing slag fineness increases autogenous shrinkage and, consequently, the 736 

risk of cracking. This phenomenon is related to the finer porosity, which leads to a greater capillary 737 

depression. One possible explanation for the difference in shrinkage behavior between ordinary slag and 738 

superfine slag might pertain to the internal relative humidity. As mentioned above, SL2 is characterized 739 

by a high reactivity. The pozzolanic reaction of SL2 increases the consumption of calcium hydroxide, 740 

which in turn increases water consumption. This higher water consumption then lowers the internal 741 

relative humidity, hence a greater amount of self-desiccation. 742 

4. Conclusions 743 

The present paper is aimed at developing more sustainable UHPC, in favor of an efficient GGBS 744 

application. The experimental work herein has focused on characterizing the effects of incorporating 745 

GGBS on: workability, early-age hydration, setting time, chemical and volumetric autogenous shrinkage 746 

of multi-component UHPC containing Portland cement, and reactive mineral additions (SF and GGBS). 747 

From an analysis of the results obtained, the following conclusions can be drawn: 748 

- The replacement of 30% of cement by GGBS decreased the SP content in UHPC mixtures. At 30% 749 

replacement level, GGBS improves density packing, enhances workability, accelerates setting times, 750 

and promotes the cement hydration process through the nucleation site effect. 751 

- The partial replacement of OPC by 50% of ordinary slag caused an increase in the amount of SP 752 

required for the desired flowability. In this case, the lubrication effect of SL1 and the fluidizing effect 753 

of SP seem to be attenuated by the water demand of slag particles. This phenomenon delays cement 754 

hydration and prolongs setting times. In the case of a high ordinary slag level, the dilution effect is 755 

dominant. 756 

- The use of slag with high fineness significantly improves the workability of UHPC mixtures (through 757 

a lower SP dosage for the same workability). The beneficial filling effect of the superfine slag tends to 758 

accelerate both setting times and cement hydration. These effects are noticeable even for a cement 759 

substitution rate with 50% of finer GGBS. These findings are mainly attributed to both the dilution and 760 

heterogeneous nucleation effects. 761 

- The substitution of 30% of cement by low fineness slag caused a slight decrease in early-age chemical 762 

and autogenous shrinkage, due to its lower reactivity. The most pronounced shrinkage was observed, 763 

more clearly, in the mixtures containing 30% of superfine slag. The higher autogenous shrinkage of 764 

superfine slag-blended mixtures can be explained by higher slag fineness, higher chemical shrinkage 765 

and a lower Young's modulus of the slag-cement matrix. Another reason for the large deformation of 766 

the blended matrix would be the finer pore distribution of slag-cement matrices, which increases the 767 

capillary depression, thus leading to more pronounced shrinkage and, consequently, a high risk of 768 

cracking. 769 
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- A high substitution rate (50%) is not considered to have any significant effect on chemical contraction, 770 

compared to 30%. However, this replacement level significantly modifies the evolution of autogenous 771 

shrinkage. 772 

In conclusion, a more eco-friendly UHPC has been designed and optimized. High replacement rates of 773 

GGBS, extending up to 50%, have been used to reduce the cement content in UHPC. Increasing slag 774 

fineness is one of the successful paths to improving reactivity, thus accelerating the hydration process, 775 

which can enhance early strength development. Superfine slag has proven to be effective in completely 776 

replacing silica fume in the manufacture of UHPC. To the best of our knowledge, this effort marks the 777 

first time such an innovative approach has been employed. Superfine slag was found to increase 778 

shrinkage, and thus the cracking risk, which does require special attention. Due to the scarcity of data 779 

on this fundamental issue, the question of optimal fineness, in meeting the various technical, economic 780 

and environmental requirements, remains an open one. Therefore, further research is necessary to ensure 781 

a proper control of this kind of mechanical activation. Knowledge of the optimal fineness, which is a 782 

key parameter, will enable better quantifying the effectiveness of GGBS regarding the properties of 783 

multi-component UHPC. 784 
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