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 15 

ABSTRACT 16 

This paper focuses on the microstructural investigation of ultra-high performance concrete 17 

(UHPC) mixtures featuring various replacement levels for blast furnace slag (BFS), in the aim 18 

of becoming more environmentally-friendly. Three levels of slag are applied (namely 30%, 19 

50% and 80%) per unit volume of cement. The microstructural characteristics examined 20 

included X-ray diffraction (XRD) analysis, transmission electron microscopy (TEM), and 21 

mercury intrusion porosimetry (MIP). These characteristics are assessed along with the 22 

mechanical strengths at 3 and 90 days. Similarly, the effects of chemical and thermal 23 

activation methods on incorporating BFS into UHPC mixtures at high volumes were studied 24 

from a microstructural point of view, and a comparison is drawn between the non-activated 25 

and activated mixtures. 26 

The results of this investigation show that the beneficial physical impact of slag replacement 27 

lies at the 30% level, due to its filler property in stimulating hydration to quickly generate 28 

portlandite. For this reason, the portlandite and C-S-H peaks are quite similar to those in the 29 

reference mixture (i.e. 0% BFS) at 3 and 90 days, as demonstrated in the XRD analysis. 30 

Moreover, the pore size distribution could be refined, the microstructure densified (as 31 

indicated on the TEM images), and compressive strengths at both ages improved. In contrast, 32 

for slag replacement levels of 50% and 80%, the portlandite and C-S-H peaks are significantly 33 

lowered, as observed in the XRD analysis, thus causing a magnification of the capillary pores 34 
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and a drop in compressive strength at 3 and 90 days. Chemical activation through a potassium 35 

hydroxide, with a dosage of 10.17 kg/m3, at the 80% BFS replacement level is able to 36 

accelerate hydration and portlandite consumption, as exhibited in the XRD analysis through 37 

the absence of portlandite peaks and limited quantities of C-S-H at 3 and 90 days. However, 38 

this step results in smaller pores and a higher compressive strength. As for the thermal 39 

activation, the portlandite in the blended mixtures with 50% and 80% BFS replacement 40 

decreases in quantity, as confirmed by XRD analysis, and the reaction is perfectly activated 41 

by means of the solubility acceleration of the alkalis; consequently, the pore structure is 42 

compacted, as revealed on the TEM image and the compressive strength rises considerably. 43 

 44 

Keywords: Ultra-High Performance Concrete (UHPC), Blast Furnace Slag (BFS), Chemical 45 

Activation, Thermal Activation, Microstructure, XRD, TEM, MIP. 46 

 47 

1. Introduction and scientific background 48 

Ultra-high performance concrete (UHPC) was developed during the 1990's. Richard and 49 

Cheyrezy [1] introduced the primary formulation, in which they excluded coarse aggregate in 50 

order to increase homogeneity and avoid weakening the microstructure simultaneously given 51 

that the bond between coarse aggregate and cement paste is the most fragile in the system. 52 

This formulation thus leads to a more efficient UHPC, whose strength and durability is 53 

primarily ascribed to a highly compact composite matrix with practically no capillaries (i.e. 54 

minimal porosity). More specifically, the material's porosity is continuous [2, 3] since the 55 

UHPC mix design relies on both a tight packing density and the use of additional cementing 56 

materials, such as silica fume, for the purpose of filling voids between larger particles, thus 57 

enhancing the flow characteristics and promoting minor C-S-H generation [4, 5]. Courtial et 58 

al. [3] revealed images, by means of a scanning electron micrograph, of the perfectly 59 

homogeneous UHPC matrix through exposing widespread anhydrous cement (appearing in 60 

light gray), hydrate compounds (medium gray), a perfect dispersion of silica fume due to the 61 

polycarboxylate superplasticizer effect, and perfect filling of the Interface Transition Zone 62 

(ITZ) by hydrates emerging from the pozzolanic reaction of silica fume. Moreover, the 63 

crushed quartz distribution is homogeneous everywhere in the UHPC paste. Tam et al. [6] 64 

indicated that the minimal water amount present in UHPC inhibits the dissolution of silica 65 

fume in the pozzolanic reaction between portlandite and silica fume, hence the reaction is not 66 

complete. This finding has been emphasized by the SEM analysis, which detected several 67 

sound spherical particles of silica fume. The particles of both unhydrated cement and silica 68 
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fume do indeed play a filling role and participate in further densifying the system. In addition, 69 

the existing small amount of water may facilitate the generation of a limited portlandite 70 

content, as required for the pozzolanic reaction and generation of new C-S-H, which serves to 71 

increase strength. Given that the compressive strength of UHPC lies around 150-200 MPa 72 

without any subsequent treatment, the collateral effect of hydration on porosity is as follows: 73 

with a rather low w/c ratio, the capillary porosity declines and the ITZ is filled with C-S-H 74 

hydrates generated by the pozzolanic reaction of silica fume [3]. Cheyrezy et al. found that 75 

the cumulative porosity ranged from 3.75 nm to 100 µm and did not exceed 9% for the 76 

different UHPC mix designs subjected to various curing methods. The reduction obtained in 77 

cumulative porosity is corroborated by a lowering of the threshold value, whereas for other 78 

mixtures, the threshold value remains quite small and cannot be derived by mercury intrusion; 79 

hence, cumulative porosity is neglected. Furthermore, Cheyrezy et al. [7] observed, through 80 

an XRD experiment conducted on various UHPC mixtures, the appearance of C3S and C2S 81 

peaks for unhydrated cement, even for specimens cured at high temperature, while the 82 

portlandite peak cannot be distinguished for the UHPC specimens cured at temperatures 83 

above 200ºC. This finding underscores the activation of the pozzolanic reaction with 84 

temperature. The highly compact skeleton in the hardened UHPC paste with a small number 85 

of air pores can be recognized in the SEM images. The major hydration product is C-S-H gel, 86 

which features an identical morphology, whereas both portlandite and ettringite are absent [8, 87 

9]. Maroliya [10] found, through the XRD patterns of UHPFRC mixtures, that both 88 

portlandite and SiO2 are considered as the main phases for entire mixtures, in addition to the 89 

increased portlandite intensity and loss of C-S-H in UHPC. The portlandite intensity in a 90 

water-cured UHPC specimen at 1 day was greater than that of the heat-cured specimens at 7 91 

days due to the fact that the portlandite content was proportional to the creative degree of C-92 

S-H. Also, both the C3S and C2S peak characteristics of unhydrated cement are revealed, even 93 

under thermal curing. Oertel et al. [11] confirmed, by way of SEM images, that alite particles 94 

strictly possess ridged rims in the UHPC paste, and these may serve as dissolution indicators. 95 

Moreover, the matrix between clinker particles appears to be even more compact in this paste. 96 

It is therefore impossible to distinguish hydration products (e.g. portlandite and C-S-H 97 

phases) through morphology or chemical composition. Silica fume particles appear as dark 98 

gray spheres. In contrast, Cwirzen et al. [12] did not remark any distinct dissimilarity when 99 

comparing the pore structure of thermally treated and non-thermally treated UHPC specimens 100 

through SEM analysis due to the lack of larger silica fume agglomerates or major quantities of 101 

portlandite. The pore structure was more highly densified as a result of the heat treatment 102 
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given that a large number of pores were smaller than 10 nm and moreover the pore size 103 

distribution did not denote an ITZ presence, which was confirmed by the detection of 104 

considerable residual (anhydrous) cement or additional portlandite close to the aggregate 105 

particles. 106 

Nonetheless, one downside of UHPC, when manufactured in accordance with existing 107 

technology, is the use of a cement quantity that far exceeds ordinary concrete. Based on an 108 

evaluation of the reviews spanning the last 10 years, it was found that the mean cement 109 

quantity equals nearly 750 kg/m3 and when whole reactive elements are included, the binder 110 

amount reached 925 kg/m3 [13]. Furthermore, attention is always being focused on CO2 111 

releases in the manufacturing of cement and concrete, in particular beyond the Kyoto Protocol 112 

and Paris Agreement. Because cement manufacturing operations release some 1.6 billion tons 113 

of CO2 annually [14], many studies have sought to modify UHPC by incorporation with 114 

cementitious blends (silica fume, fly ash and blast furnace slag) in order to meet numerous 115 

technical performance requirements, in addition to sustainability performance criteria for low-116 

emissions concrete manufacturing. 117 

Blast furnace slag (BFS), an industrial byproduct from iron manufacturing, is in abundant 118 

supply in both silica and alumina phases [15]. It has been established that BFS, on account of 119 

its hydraulic behavior, reacts with water and generates C-S-H [16]. In general, hydrated 120 

Portland cement generates portlandite (highly soluble mineral) at around 15% to 25 % (by 121 

mass), which can raise the level of porosity, weaken the aggregate/paste bond and hence 122 

reduce durability. In contrast, the relative C-S-H content in the cement blended with slag 123 

increases and portlandite decreases. The beneficial physical impacts of slag incorporation 124 

include: i) a dilution of lime-containing Portland cement compounds (equivalent to an 125 

incremental rise in the w/c ratio and inversely correlated with the slag substitution rate); ii) a 126 

filler effect due to fine slag particles being inserted between disconnecting cement particles, 127 

thus dispersing the reactive particles; and iii) stimulation tied to fine slag particles being 128 

represented as nucleation sites for portlandite, hence quickening the dissolution mechanism 129 

and both stimulating and inducing cement hydration. Moreover, the chemical impact of slag 130 

incorporation includes the reaction of portlandite released from Portland cement with the 131 

glass phase of the cement blended with slag. Consequently, the pore structure becomes further 132 

refined by decreasing pore size and cumulative pore volume, reinforcing the aggregate/paste 133 

interface and enhancing strength and durability [17-19]. 134 

Nevertheless, even though BFS can be activated by portlandite and gypsum, the BFS 135 

hydration rate in concrete is low, which limits the strength gain and forms a highly compact 136 
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UHPC microstructure by decreasing total pore volume and pore linkage while proceeding 137 

with perfect filling of the pores in the ITZ [16, 20]. Zhou et al. [21] observed that the longer 138 

the curing age of the blended slag cement mixtures, the smaller the capillary pore content and 139 

size. Furthermore, the gel pore content expands during the first 7 days, and thereafter their 140 

size shrinks. Likewise, when the slag replacement level falls below 70%, the greater slag 141 

amount results in a finer pore structure, which leads to the blocked structure observed in SEM 142 

images, as well as in a compact C-S-H at the later age. As for slag replacement levels 143 

exceeding 70%, the microstructure turns highly porous, accompanied by an increased amount 144 

of slag. Ca-rich C-S-H is fibrillar in its origin and gradually modifies into a foil-like 145 

morphology as the quantity of slag rises [22]. Hadj-Sadok et al. [23] reported that the pore 146 

size distribution of blended slag mixtures is coarser than that of a conventional mixture at 28 147 

days. The threshold pore access diameter and the average pore radius are both greater in the 148 

mixtures containing 30% and 50% slag than in the conventional mixture. Conversely, the pore 149 

size distribution of blended slag mixtures tends to develop toward being smaller and finer, as 150 

compared to the pores of a conventional mixture at 90 days. Based on XRD results, the 151 

following phases exist in cement and slag blends: portlandite, calcite, C-S-H, ettringite, 152 

monosulfoaluminate, C2S, C3S, C3A, C4AF [24]. Schuldyakov et al. [25] also noticed a very 153 

high content of portlandite through an XRD analysis of the blended mixture with a slag 154 

content of up to 70%. In contrast, they observed that the major reflection of β-C2S was nearly 155 

absent when 30% of the slag is replaced in the blended matrix at 28 days. Additionally, XRD 156 

analysis confirms the growth of low-basic hydrated calcium silicate in the blended binder, 157 

hence the increased slag content in X-ray patterns leads to intensified reflections in the 158 

narrow-angle field. 159 

Accordingly, many researchers have attempted to activate the slag in the blended cement 160 

either chemically primarily by alkalis or thermally at a specific high temperature and duration, 161 

due to its low reactivity at early age coupled with a latent reaction [18, 26]. The porosity, pore 162 

size distribution and pore connectivity of alkali-activated slag (AAS) concrete can strongly 163 

affect the mechanical strength and durability of the chemically-activated mixture [27]. The 164 

microstructural evolution of hydrating AAS mixtures is controlled through quick alterations at 165 

the early age and slow evolution later on [28]. Aydin et al. [29] observed that NaOH-activated 166 

slag concrete has a coarser pore size distribution and many more macro and meso pores than 167 

those in water glass-activated slag concrete. The major reaction product of AAS mixture, 168 

which cannot be counted on the silica modulus (SiO2/Na2O) MS, is the Na-integrated C-S-H. 169 

This observation was confirmed by Shi et al.[30], who found by XRD analysis that the major 170 
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hydration product of the various alkali-activated slag mixtures is C-S-H (with its high peak 171 

denoting greater C-S-H crystallinity in the AAS structure), whereas the secondary hydration 172 

products vary with the type of activator. A slight divergence can be detected however between 173 

NaOH- and KOH-activated slags. The C-S-H crystallinity in NaOH-activated slag cement is 174 

clearly greater than that in water glass-activated slag cement. As noticed through SEM 175 

images, NaOH-activated slag cement contains a diffuse reaction ring around the hydrating 176 

slag particles, in addition to exhibiting a diffusion-controlled reaction [31]. 177 

Abd-El Aziz et al. [32] indicated that the slag reactivity increases with curing temperature, 178 

thus leading to a rise in the portlandite consumption rate via the pozzolanic reaction and the 179 

generation of further hydration products. This results in raising the chemically bound water 180 

and reducing total pore size with curing temperature for all blended mixtures. However, this 181 

water diminishes as the curing temperatures rises from 75° to 100ºC by means of converting 182 

the initially produced C-S-H with a greater bound water amount to C-S-H containing just a 183 

small amount of bound water. Moreover, Aldea et al. [33] confirmed through XRD the 184 

absence of any obvious tendency to generate portlandite content in the blended mixtures with 185 

either autoclave-cured or steam-cured slag. 186 

This study proposes bridging the existing knowledge gap by performing detailed studies on 187 

microstructural measurements of eco-friendly UHPC specimens as a function of cement 188 

replacement rate by BFS. These measurements comprise XRD, TEM and MIP. Similarly, this 189 

study presents an overview of the mechanical properties linked with the microstructural 190 

development of blended mixtures. Moreover, investigations deal with the effect of chemical 191 

and thermal activation of high BFS replacement rates contained in UHPC mixtures. 192 

Comparisons are drawn from a microstructural perspective between the activated and 193 

reference UHPC. The goal herein is to detect the influence of each activation process on the 194 

modification of assembly and pore development phases in conjunction with mechanical 195 

strength. 196 

 197 

2. Experimental program 198 

2.1 Materials and mixtures 199 

The components of the reference-binder phase of UHPC mixture studied here include a Type 200 

I ordinary portland cement (C) from Le Teil, Silica Fume (SF) from Condensil and Crushed 201 

Quartz (CQ) from Sibelco. For other UHPC mixtures, cement is vol. substituted with ground 202 

granulated blast furnace slag (BFS) from Ecocem. The chemical composition of different 203 

components and their physical properties are given in Table 1. 204 
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Figure 1 depicts the X-Ray patterns of cement, Blast Furnace Slag and Gray (silicium) Silica 205 

Fume. The XRD patterns of BFS and SF mainly reveal an amorphous nature [34]. The 206 

vitreous aspect of BFS is clearly illustrated by a large halo on the XRD pattern. 207 

 208 

Table 1: Chemical composition and physical properties of different components 209 
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Component Cement Silica Fume Blast-Furnace-
Slag 

Crushed 
Quartz 

Quartz 
Sand 

Trade name CEM I 52.5 
SR5 

S95 B DM - C500 CV32 

Plant Le Teil Condensil Ecocem Sibelco Sibelco 

Abbreviation C SF BFS CQ QS 

C
h
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m
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l 
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 (
%

 
m

a
s
s
) 

CaO 65.00 0.30 43.90 <0.03 0.01 
SiO2 22.00 95.00 37.40 >99.1 >99.00 
Al2O3 2.78 - 10.90 <0.46 0.49 
Fe2O3 2.42 - 0.70 <0.05 0.03 
K2O 0.17 - 0.24 <0.31 0.35 
MgO 0.76 - 6.50 - - 
Na2Oeq 0.24 0.08 0.46 - - 
SO3 2.20 0.06 0.10 - - 
MnO 0.01 - - - - 
TiO2 0.17 - 0.50 <0.02 0.02 
Cl- <0.10 0.10 0.01 - - 
S2- <0.10 - 0.80 - - 
LOI 0.90 0.60 <1.5 - - 

P
h

y
s
ic

a
l 

p
ro

p
e
rt

ie
s

       

SS (cm2/g) 3555* 250000** 4450* 10435* 124* 

Density 3.17 2.24 2.9 2.65 2.65 

*Blaine method; **BET method 210 
 211 
 212 

 
Figure 1. X-ray diffraction (XRD) patterns of used materials 

 213 
Figure 2 shows a slag particle containing metallic fibers, which are attributed to the iron 214 

manufacturing origin of BFS. The EDS analysis (Fig. 3) of this particle confirms the presence 215 
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of metal components. According to Figure 3, the slag particle contains aluminum, silicon, iron 216 

and carbon elements in a disordered combination along with oxygen, which agrees with the 217 

chemical composition provided of the slag used herein. The copper stems from the sample 218 

carrier. Generally speaking, the chemical composition of slag influences its reactivity, which 219 

intensifies with increases in alkalinity and in calcium, alumina and magnesium amounts, as 220 

well as with lower silica and magnesia amounts [35]. 221 

 222 

 
Figure 2. TEM image of a slag particle 

 223 

 224 
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Figure 3. EDS analysis of a slag particle 

 225 
To ensure the self-compactness of manufactured UHPC, a polycarboxylate Sika Viscocrete 226 

Krono HE 20 superplasticizer (SP) has been added. This additive is known as a high water 227 

reducer with a density and solid content of 1.085 and 41%, respectively. The content of this 228 

acrylic copolymer was adjusted to ensure the same slump flow for all UHPC mixtures 229 

regardless of their BFS content. All mix designs feature the same water-to-binder content (in 230 

considering the water provided by the superplasticizer). The optimization of these concrete 231 

mixtures has been detailed in [34]. A 15-L mixer, with high energy (Eirich intensive mixer) is 232 

used. It has a star-blade, tilted drum, and high mixing speed of up to 40 m/s (opposed 233 

currents). This results in optimum dispersion of particles, and high mixture homogenization 234 

with low mixing time (3 minutes). 235 

Table 2 summarizes the studied UHPC mixtures and their physico-chemical properties. Our 236 

objective is to compare different mixtures, with the same water-to-binder ratio (0.14), the 237 

same slump flow (300 mm), and with different contents of BFS. 238 

Even if the slump flow is the same for all studied mixtures, the maximum reaction heat and 239 

temperature measured in semi-adiabatic conditions decrease with increasing BFS content. The 240 

initial setting time is accelerated by the nucleation effect of low BFS content (UHPC2), and 241 

delayed with high BFS content, denoting a dilution effect. 242 

 243 

Table 2: Composition and physico-chemical properties of the studied UHPC mixtures  244 
Components (kg/m3) UHPC1 UHPC2 UHPC3 UHPC4 UHPC5 

C 977.0 683.9 488.5 195.4 195.4 
SF 183.0 183.0 183.0 183.0 183.0 
CQ 61.0 61.0 61.0 61.0 61.0 
BFS - 268.1 446.9 715.0 715.0 
QS 1075.0 1075.0 1075.0 1075.0 1075.0 
SP 25.31 10.54 22.49 25.31 25.31 
W 145.63 160.39 148.44 145.63 145.63 
KOH - - - - 10.17 

Physico-chemical properties [34, 36] 

Slump flow (mm) 300 
Maximum heat, qmax (J/g) 161 159 132 91 91 
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Temperature, Tmax (°C) 67.4 66.5 54.1 37.2 41.4 
Initial setting time (min) 330 150 450 750 660 

 245 

Immediately after mixing, concrete is poured into prismatic 40×40×160 mm3 steel molds and 246 

stored for 24 h before demolding and plastic wrapping, to avoid any drying. Subsequently, the 247 

specimens were stored in a fog room at 20ºC for 3 and 90 days, except for thermally activated 248 

mixture. 249 

 250 

2.2 Methods 251 

• Chemical/thermal activation 252 

In order to compensate for the lack of alkalis when cement is substituted with BFS, KOH is 253 

added, particularly for high BFS content. This results in improving the compressive strength 254 

at early age. In this study, we will focus on UHPC5, for which 80% of cement is replaced by 255 

BFS, and activated by 10.17 kg/m3 of KOH. The optimization of hydroxide potassium 256 

concentration is detailed in [34]. To maintain the same slump flow, additional 30 s of mixing 257 

time are necessary for chemically activated mixture.  258 

Thermal activation is employed to accelerate concrete maturity at a given equivalent age. For 259 

this study, thermal activation is notably applied on concretes with a high BFS content 260 

(UHPC3 and UHPC4) in order to ensure the same long-term properties as UHPC1. The 261 

equivalent age should therefore be more than 90 days. The optimization of activation 262 

temperature and duration is detailed in [36]. 263 

 264 
• X-ray diffraction 265 

A Bruker D8 X-ray diffractometer in a θ-2θ configuration with an incident beam 266 

monochromator and CuKα radiation (λ = 1.54Å) operating at a generator voltage of 40 kV 267 

and current of 30 mA has been used. The XRD analysis was performed at 3 and 90 days. The 268 

UHPC specimen was crushed in a percussion crusher and afterwards placed in an agate 269 

mixture. A surplus of ethanol was added (to prevent further hydration of the cement and 270 

support grinding), and the mixture was ground by hand to a fine powder (< 63 µm). 271 

 272 

• Transmission electron micrography 273 

The radiation experiment (scanning) on the specimens and chemical analysis were carried out 274 

using a Transmission Electron Micrograph FEI Tecnai G2-20, operated at a 200-kV 275 

accelerating potential. The device was equipped with a filament of lanthanum hexaboride 276 
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LaB6, a double tilt holder and a Gatan digital camera. For BFS particle, the analysis was 277 

performed with an EDAX/EDX spectrometer. 278 

 279 
• Pore size distribution 280 

The porosity and pore size distribution were determined by means of Mercury Intrusion 281 

Porosity (MIP) using an Autopore IV porosimeter. This test was conducted on 1-cm3 282 

specimens at both 3 and 90 days. At 3 days, the specimens were immersed in methanol so as 283 

to block hydration reaction progress before drying at 105°C and testing [36]. Every total 284 

porosity value represents the average of two measurements. 285 

 286 
• Mechanical properties 287 

The compressive strength test was carried out on 40 × 40 × 160 mm3 prismatic specimens at 3 288 

and 90 days, according to NF EN 196-1 [37]. A 300-kN press machine is used, with loading 289 

speeds of 2.5 kN/s for the compressive tests. Every strength value represents the average of 290 

six specimen strength readings. 291 

 292 

3. Results and discussion 293 

3.1 X-ray diffraction 294 

Figure 4 shows the XRD patterns of various UHPC specimens at 3 days. As observed, the 295 

quartz (Q) peaks are of similar intensities across all tested UHPCs since they feature the same 296 

contents of crushed quartz and quartz sand. After 3 days of hydration, the portlandite (P) 297 

content is low and no trace can be found of belite (C2S). 298 

 
Figure 4. X-ray diffractograms of UHPC mixtures at 3 days (Q=Quartz, P=Portlandite, A=Alite, 

Hidden line=C-S-H) 
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 299 

The portlandite intensities are practically the same for both UHPC1 and UHPC2, but the 300 

incremental BFS amount in both UHPC3 and UHPC4 decreased and their respective peaks 301 

dropped. The hydration acceleration of UHPC2 in the presence of 30% BFS [38,34] actually 302 

induces an acceleration of portlandite production that is counterbalanced by its rapid 303 

consumption by the silica fume. For high BFS contents, the quantity of portlandite produced 304 

decreases, and its consumption by the pozzolanic reaction of silica fume increases [39,40], 305 

resulting in very small quantities of portlandite even after 3 days of hydration [36]. This 306 

portlandite reacts with SF to produce C-S-H [41]; their amorphous nature had led to the 307 

emergence of obvious peaks at 32.65°, 34.1° and 60.2° in all patterns. As shown in Figure 4, 308 

C-S-H intensities are higher in UHPC1 and gradually diminish as BFS content increases. The 309 

C-S-H peaks are particularly low for UHPC4. 310 

Moreover, Figure 4 indicates some unhydrated calcium silicates (C3S) at 3 days. Unreacted 311 

alite is more prominent in UHPC1 than the other blended UHPC mixtures and decreases with 312 

greater slag content. 313 

Figure 5 exhibits a reduction in portlandite and alite amounts at 90 days through a weak 314 

reflection of peaks compared to that at 3 days. The portlandite is being consumed by the 315 

pozzolanic reaction of SF and BFS, which continues at the later ages. The alite reflects 316 

continuity in the cement hydration reaction and then a decrease in the amount of unreacted 317 

particles. The low cement content of UHPC4 explains the absence of an alite peak at 90 days 318 

as well as the lack of portlandite content, which results in a drop in the C-S-H produced. It is 319 

also observed that the C-S-H peaks in all UHPC mixtures at 90 days slightly exceed those at 3 320 

days, indicating progression of the hydration phenomenon over the long term and growth in 321 

C-S-H to the detriment of portlandite due to the pozzolanic [39] and latent hydraulic reactions 322 

of BFS. 323 

 324 
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Figure 5. X-ray diffractograms of UHPC mixtures at 90 days (Q=Quartz, P=Portlandite, A=Alite, 

Hidden line=C-S-H) 
 325 
Figure 6 shows the influence of chemical activation by KOH through XRD patterns on 326 

UHPC4 at both 3 and 90 days. It is obvious that adding KOH solution to the 80% slag in 327 

UHPC5 leads to an absence of portlandite at 3 and 90 days [36]. As for UHPC4, the speed of 328 

free portlandite release from cement hydration does not offset its consumption by the 329 

pozzolanic reaction of silica fume and slag. Moreover, the addition of chemical activator 330 

promotes BFS reactivity, which results in an increase of its portlandite consumption. The 331 

greater low contents of portlandite and C-S-H imply that the progress of UHPC5 hydration at 332 

90 days might be restricted. The lower reflection peak of UHPC5 at 90 days is correlated with 333 

the interrupted release of portlandite from the alite and belite hydration phases, which also 334 

become rather limited at this age. 335 

 336 
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Figure 6. X-ray diffractograms of UHPC4 mixtures with and without chemical activation (Q=Quartz, 

P=Portlandite, A=Alite, Hidden line=C-S-H) 
 337 

From Figure 7, it can be observed that the effect of thermal activation through XRD traces is 338 

quite obvious for both UHPC3 and UHPC4. The major phases specified for hydrated cement 339 

are: C-S-H gel, unhydrated C3S, and portlandite. Let's note that the intensities of the 340 

diffraction lines of quartz and C3S increased with the thermal treatment of UHPC3 and 341 

UHPC4. In contrast, the intensities of the diffraction lines corresponding to portlandite of both 342 

thermally-activated mixtures located at 18° (4.921 Å), 34.1° (2.627 Å) and 50.8° (1.796 Å) 343 

are lower than those of the non-activated mixtures. The similar XRD patterns of activated and 344 

non-activated mixtures at 90 days highlight the efficiency of the selected temperature and 345 

duration for boosting UHPC hydration with high BFS content. It is well known that a hotter 346 

temperature helps speed cement hydration and promote the secondary hydration between 347 

cementitious materials and portlandite. For BFS, the prime reaction is enhanced by 348 

temperature, in the aim of increasing the solubility of alkali hydroxides and releasing 349 

considerable portlandite through the cement hydration. In contrast, the quantity of portlandite 350 

generated by cement hydration offsets its consumption by slag at advanced ages. For UHPC4-351 

T, consumption prevails over generation and the lower portlandite peaks become more 352 

noticeable. 353 

 354 
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Figure 7. X-ray diffractograms of UHPC3 and UHPC4 mixtures with and without thermal activation 

(Q=Quartz, P=Portlandite, A=Alite, Hidden line=C-S-H) 
 355 

3.2 TEM observations 356 

The high resolution of the transmission electron microscopy technique should provide 357 

valuable information on the phases formed and their interactions, which depend on: i) BFS 358 

content, ii) age of hydration, and iii) applied activation. 359 

Figure 8 displays the somewhat dense internal structure of UHPC1, with perfect quartz 360 

particles/hydrated paste interfaces. The quartz particles have an angular shape with a sharp 361 

border, while silica fume particles possess different morphological features appearing as light 362 

gray spheres with different volumes. The interface between silica fume particles and the 363 

matrix is hard to distinguish and appears as cloudy, thus denoting that some hydration 364 

reactions occur on the silica fume surface. The hydrated products appear as light gray 365 

assemblages, developed on the surface of silica fume particles, as shown in Figure 8; this 366 

phenomenon is known as heterogeneous nucleation [34]. Figure 9 shows that after 90 days, 367 

the hydrates formed accumulate on the silica fume particle surface due to their ultra fineness 368 

[6,42]. These particles partially reacted with portlandite, which explains the disappearance of 369 

a portion from the spherical silica fume. 370 

 371 
In Figure 10, the pore structure of UHPC1 appears very dense with a good bond between 372 

aggregates and cement matrix. A good dispersion of silica fume can also be noticed, thus 373 

confirming the beneficial effect of superplasticizer on UHPC homogeneity [3]. The piecemeal 374 

dissolution of silica fume and its reaction with portlandite generate new C-S-H hydrates. The 375 
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additional C-S-H gel produced in the paste occupies large spaces and reinforces 376 

interconnection of the blended mixture; consequently, UHPC1 becomes highly densified and 377 

impenetrable [6]. The C-S-H gel hydration products formed on the silica fume particle surface 378 

are irregularly shaped, and their presence points to silicon and calcium as major components 379 

[39]. 380 

 
Figure 8. TEM image of UHPC1 at 90 days, showing the heterogeneous nucleation 

 381 

 
Figure 9. TEM image of UHPC1 at 90 days, showing the partial reaction of silica fume 

 382 

 
Figure 10. TEM image of UHPC1 at 90 days, showing the hydrated products (C-S-H) 
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Incorporating 30% slag in UHPC2 achieves high compactness in its microstructure and a 383 

pronounced decrease in capillary porosity. As shown in Figure 11, the densified 384 

microstructure of UHPC2 at 90 days with little porosity can be represented as extra fine pores 385 

by white points, indicating the presence of a refined pore structure. The composite binder 386 

particles are closed to one another because of a minimal w/b ratio that lowered the porosity 387 

[40]. The capillary pore entrance diameter significantly decreased from early to late age. The 388 

slag reaction proceeded to generate hydration products continuously filling the large pores at a 389 

late hydration age. 390 

 
Figure 11. TEM image of UHPC2  at 90 days, showing its pore structure 

Figure 12 exhibits the microstructure of UHPC4 cured for 3 days (left) and 90 days (right). As 391 

indicated, at 3 days, many silica fume particles do not react, and large pores can be observed, 392 

thus indicating that for lower water-to-binder ratio values, the higher the slag substitution rate, 393 

the greater the capillary pore volume. Because of the latent slag reaction at early age in the 394 

composed binder, which cured under ambient conditions, the voids and capillary pores are not 395 

efficiently filled with the limited quantity of hydration products (i.e. low density of C-S-H) 396 

previously generated at an early age. Consequently, the content of coarse pores is quite high. 397 

At 90 days, UHPC4 appears with a high packing density; this result agrees with that of Yu et 398 

al. [43], who concluded that interparticle forces can become comparatively strong with a 399 

reduction in particle size, with as a consequence increased packing density. 400 
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Figure 12. TEM image of UHPC4 cured at 3 days (left) and 90 days (right) 

 401 

It should be remarked that due to its higher specific surface area, silica fume is more 402 

susceptible to react with water than slag. This finding can be confirmed through the existence 403 

of many hydrates around silica fume particles (see Fig. 13). Many anhydrous or partially 404 

hydrated slag and silica fume particles are thus acting as fillers. From a chemical standpoint, 405 

silica fume particles act as nucleation sites, whereby hydrates emerging from the pozzolanic 406 

reaction are formed and perfectly fill the ITZ, yielding strong silica fume/hydrate bonds 407 

compared to the silica fume/quartz particle bonds (Fig. 13). 408 

 
Figure 13. TEM image of UHPC4 at 90 days, showing different ITZs 

Figure 14 shows the low porosity of UHPC4-T since the cement hydration and pozzolanic 409 

reaction have been highly activated. This observation is obvious through the pore reduction 410 

due to activation, hence density and hydration products both increase given that the heat 411 

treatment accelerates the reaction of both slag and silica fume particles. Figure 14 clearly 412 

displays the high density and high quality of the ITZ, as perfectly filled with hydrates. 413 
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Figure 14. TEM image of UHPC4-T at 3 days 

 414 

3.3 Pore size distribution 415 

Figure 15 shows the pore size distribution curves for the various UHPCs studied at 3 days. 416 

The total porosities measured are summarized in Table 3. 417 

According to Figure 15, the most probable pore diameters of UHPC1 at 3 days are 0.0036 and 418 

0.016 µm, indicating porous network fineness despite the early age. This result can be 419 

explained by the major role played by silica fume, which decreases matrix porosity in two 420 

ways: 421 

- Filler impact: silica fume particles fill the voids between the cement particles themselves 422 

and the spaces between cement and aggregate particles, as illustrated in the TEM image 423 

(Figs. 8-9); 424 

- Pozzolanic reaction: silica fume reacts with portlandite to form further C-S-H gel, as noted 425 

in Figure 4 through XRD analysis and Figure 10 through the TEM image, respectively, 426 

resulting in an additional decrease in both pore diameter and capillary porosity during 427 

hydration progress [44]. 428 
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Figure 15. Incremental intrusion volume of UHPC mixtures at 3 days 

 429 

Table 3: Total porosity, n (%), of investigated UHPC  430 
Designation UHPC1 UHPC2 UHPC3 UHPC4 UHPC5 UHPC3-T UHPC4-T 

n-3 days (%) ±0.70 5.45 4.47 10.51 12.57 7.72 2.64 4.09 

n-90 days (%) ±0.50 4.81 3.85 2.51 4.04 4.14 - - 

 431 

For UHPC2, three pore diameter peaks are observed in Figure 15: 0.0045 µm, 0.0065 µm, and 432 

0.0202 µm. These peaks indicate the physical role of BFS in refining the UHPC 433 

microstructure, yielding a slight decrease in porosity, compared to UHPC1, despite the latent 434 

BFS reaction. At 3 days, pore diameters become large, especially in the presence of high BFS 435 

content. For UHPC3, 0.0045 µm and 0.01608 µm have been measured, while for UHPC4, one 436 

mean pore diameter of 0.0202 µm has been observed. Due to the latent slag reaction at an 437 

early age, the voids and capillary pores are not efficiently filled with the limited quantity of 438 

hydration products, as observed through XRD analyses for UHPC3 and UHPC4 in Figure 4. 439 

Consequently, the capillary pore content is high, as clearly seen in Figure 12 (left) through the 440 

TEM image for UHPC4. When the pore solution pH increases, the slag begins to react with 441 

portlandite in order to generate hydration products; accordingly, the slag reaction exerts a 442 

positive impact on the pore system evolution by minimizing the critical pore size, i.e. refining 443 

porosity. Put otherwise, the critical pore diameter increases in parallel with the slag 444 

substitution rate at an early age [21, 45, 46]. 445 

At 90 days, it was indicated that the progress of the hydration reaction and the production of 446 

hydrates both filling the pores (Fig.16) and decreasing the porosity of UHPC. 447 
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 448 

 

Figure 16. Incremental intrusion volume of UHPC mixtures at 90 days 

 449 

From Figure 16, it was noted that the pore volume exceeding 10 nm decreases considerably, 450 

and total porosity declined for all UHPC at 90 days. UHPC1 has more capillary pores (10 nm) 451 

than other UHPCs, plus two peaks of nanopores of 3.6 and 5.3 nm. The substitution of cement 452 

by 30% BFS refines the microstructure at 90 days by filling the capillary pores, so only one 453 

peak of 6.6 nm is observed. When 50% BFS is used in UHPC3, this peak becomes 5.3 nm. 454 

For UHPC4 (80% BFS), the capillary pores disappeared, underscoring the filling role played 455 

by BFS particles. At 90 days, the BFS particles partially react, as evident in TEM 456 

observations, hence demonstrating their physical role of filling spaces between cement 457 

particles. Furthermore, the pores are partially filled with C-S-H produced through slag 458 

hydration, resulting in a refined microstructure and decreasing total porosity [46, 47]. The 459 

results obtained agreed with those from the bibliography, even though the measured total 460 

porosities were less. Cheyrezy et al. [7] tested an UHPC with a w/b ratio of 0.12; the total 461 

porosity measured was 7%, and a peak diameter of 70 nm was observed. Loukili et al. [48] 462 

demonstrated that the observed peak moves from 30 nm to 20 nm as UHPC hydration (w/b = 463 

0.2) progresses from 1 to 7 days; they explained this observation by the pozzolanic reaction of 464 

silica fume. 465 

Figure 17 shows the critical pore diameters for UHPC4 both without and with chemical 466 

activation (UHPC5). 467 

 468 
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Figure 17. Incremental intrusion volume of UHPC4 mixtures without and with chemical 

activation 

 469 

As exhibited in Figure 17, adding the chemical activator causes a great reduction in capillary 470 

pores, particularly at the early age, and an increase in the volume of nano-pores. It is well 471 

known that the AAS paste is distinguished by its finer matrix system compared to that of 472 

cement paste since for the same w/b ratio, the hydration products have more gel pores and the 473 

pastes fewer capillary pores [28]. Several researchers have established that when a suitable 474 

chemical activator is used, the alkali-activated slag paste has less porosity, smaller pores, and 475 

the proportion of micro pores seems to be larger while the proportion of capillary pores is less 476 

than that of the Portland cement paste [30,49]. The microstructural evolution of hydrating 477 

AAS paste is governed by quick alterations at the early ages and the latent evolution later on 478 

[28]. This finding was discussed above using the XRD analysis presented in Figure 6. 479 

Figure 18 shows the pore size distribution of thermally-activated mixtures (UHPC3 and 480 

UHPC4) respectively, compared to UHPC1 at 90 days. As shown in Table 3, the measured 481 

porosities of non-activated UHPC3 and UHPC4 at 90 days and those thermally-activated are 482 

quite similar. Compared to UHPC1, both UHPC3-T and UHPC4-T have fewer capillary pores 483 

and contain more nano-pores, thus denoting the beneficial effect of thermal activation in 484 

refining microstructure and decreasing porosity. These results agree with those of [50,51]. 485 

The former observed a peak of 2.5 nm for thermally-treated UHPC with a w/b ratio of 0.12, 486 

while the latter measured a 6% porosity for treated UHPC (w/c = 0.18) at 90°C. 487 
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Figure 18.  Incremental intrusion volume of UHPC1 compared to the thermally activated 

mixtures of UHPC3 and UHPC4 

 488 

3.4 Compressive strength 489 

The use of various amounts of slag in blended UHPC mixtures yields different compressive 490 

strength values before and after applying the proposed slag activation methods. The 491 

compressive strengths of UHPC specimens with and without activation are given in Table 4. 492 

Table 4: Compressive strength of investigated UHPC  493 
Designation UHPC1 UHPC2 UHPC3 UHPC4 UHPC5 UHPC3-T UHPC4-T 

Fc-3 days (MPa) 110.7±3.3 113.8±2.8 82.0±1.8 37.6±0.2 53.3±2.0 164.2±4.1 134.0±5.0 

Fc-90 days (MPa) 153.1±4.2 155.0±6.6 142.0±3.1 111.8±4.5 124.6±3.1 - - 

According to Table 4, the strength improvement ratios of UHPC2 in compression are 2.8% 494 

and 1.2% for 3 and 90 days, respectively. These incremental amounts are considered as an 495 

indicator that the 30% slag replacement level exerts a positive impact on the ultimate 496 

compressive strength of UHPC2. This finding is fundamentally ascribed to the greater quantity 497 

of C-S-H, which has been created in a cement/slag matrix, as sequentially observed by XRD 498 

analysis in Figures 4 and 5. The coupling effect of the high specific surface area of slag and 499 

its filling characteristics confirmed that the 30% content level performed a physical role that 500 

led to enhanced bond strength between the matrix skeleton components, as depicted in the 501 

TEM image for UHPC2 in Figure 11 [36,52,53]. The filler impact makes reference to the 502 
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change in pore size distribution, as indicated in Figure 15, which can conversely be correlated 503 

with mixture density.  504 

It is worth noting that the slag has improved compressive strength more at 3 days than at 90 505 

days. Slag substitution proved to be useful by virtue of the fact that slag shares in the 506 

formation of low density C-S-H gel, as observed by the XRD analysis highlighted in Figure 5, 507 

more than cement alone and gel fills the capillary pores. 508 

In contrast, Table 4 reveals a loss of compressive strength in the blended UHPC specimens at 509 

both ages with slag substitution levels of 50% and 80%. The drop in compressive strength of 510 

UHPC3 was 26% and 7%, vs. UHPC4 (66%, 27%), at 3 and 90 days, respectively. These 511 

internally-generated decreases are related to the chemical composition of the reaction 512 

products as well as to the phase disconnection identified in the TEM images for UHPC4 in 513 

Figures 12 and 13, respectively [54,55]. Moreover, this finding was confirmed first through 514 

XRD analysis in Figures 4 and 5, where the amount of hydrates become significantly lower 515 

(especially in UHPC4) by the lower portlandite content, and second in Figures  15 and 16, 516 

where the pore size distribution of UHPC3 and UHPC4 are greatly increased at the early age 517 

and then decreased at an advanced age. 518 

The chemical activation served to maintain a significant rise in compressive strength, of 519 

nearly 42% at 3 days, whereas at 90 days the strength gain reached approx. 14% (Table 4). 520 

The dosage of activating agent is considered a paramount factor by virtue of controlling the 521 

reaction rate and intensity, as well as the reaction products generated (XRD analysis, see 522 

Fig.6), thus introducing an improvement effect on both early and later age performance of the 523 

alkali-activated binder system [56]. As seen in Figure 17, the pore size distribution of UHPC5 524 

at 3 and 90 days confirm these results by showing an absence of critical pore size for these 525 

activated mixtures at both ages.  526 

Following application of the thermal activation mechanism on the UHPC3 and UHPC4 527 

mixtures, the compressive strength results in comparison with UHPC1 at 90 days, i.e. UHPC3-528 

T and UHPC4-T, are shown in Table 4. Compared to UHPC1 at 90 days, the thermal 529 

activation procedure used proved to be more appropriate in UHPC3-T, whose strength grew at 530 

3 days by 9%, while the 3-day strength of UHPC4-T did not rise to the same extent to attain 531 

an identical strength of the UHPC1 at 90 days. The strength reduction of the UHPC4-T 532 

therefore amounted to 14%. Portlandite consumption will speed the cement reactions, which 533 

in turn will consume more water, produce more portlandite and ultimately react with the silica 534 

fume and slag [57], as observed in the TEM pore structure image of UHPC4 (Fig.14). The 535 

portlandite is completely consumed, due to thermal activation, in accordance with the XRD 536 
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analysis in Figure 7 for UHPC3-T and UHPC4-T, respectively. Moreover, the significant 537 

decrease in pore size distribution and the absence of critical UHPC3-T pore diameter (Fig.18) 538 

justifies the strength improvement, compared to the reference mixture at 90 days; in contrast, 539 

let's note the presence of two peaks indicating critical UHPC4-T pore diameters (Fig.18). 540 

 541 

4. Conclusion 542 

The following conclusions can be drawn: 543 

- For UHPC with 30% BFS, thanks to the dual impact of a high slag specific surface area and 544 

its filling characteristics for advancing hydration and accelerating portlandite formation, the 545 

portlandite intensities are identical and the greater C-S-H quantities are closely 546 

approximated by comparison to the reference mixture (UHPC1) at 3 and 90 days according 547 

to XRD analysis. As such, the pore size distribution has been refined, leading to formation 548 

of a compact microstructure, as shown through TEM images, and improved compressive 549 

strength at both ages. Accordingly, the 30% replacement level of cement by BFS can render 550 

the UHPC produced more environmentally friendly and less costly, compared to the 551 

reference (UHPC1). 552 

- For a 50% or 80% cement replacement by BFS, the portlandite intensities are lower and the 553 

peaks drop even after 3 days, as remarked through XRD analysis, hence the C-S-H 554 

intensities and unreacted alite are noticeably small for these mixtures. Thus, the capillary 555 

pores are enlarged and coarse pores increased, resulting in a reduction in compressive 556 

strength. The decrease in hydrate content was greater at 90 days. Therefore, capillary pores 557 

continue to generate, as confirmed by the TEM image of UHPC4 (80% BFS), with very 558 

little change to the pore size distribution, hence the 3-day compressive strength values were 559 

slightly lower in comparative terms. 560 

- Chemical activation by the KOH solution for the 80% BFS in UHPC4 did boost BFS 561 

reactivity by providing adequate alkalis, which raised the level of portlandite consumption. 562 

Portlandite intensity thus dropped, and C-S-H amounts were further lowered at 3 and 90 563 

days, as confirmed by XRD analysis. Dissolution of the slag glass structure and its reaction 564 

were accelerated. Consequently, the pores became smaller and compressive strength rose. 565 

Chemical activation by high doses of KOH is effective as a substitute for strength reduction. 566 

- Thermal activation lowered the portlandite intensities in UHPC3 (50% BFS) and UHPC4 567 

(80% BFS) according to XRD analysis. The pozzolanic reaction was thus highly activated 568 

due to solubility promotion by the alkali hydroxides and the large supply of portlandite 569 

released during cement hydration, leading to a decrease in pore size distribution, higher 570 
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density, a larger quantity of hydration products and ITZ quality improvements through 571 

effective filling with hydrates, as observed by the TEM image; therefore, compressive 572 

strength could be greatly improved. Consequently, thermal activation is highly efficient for 573 

developing the UHPC microstructure with high BFS content. 574 
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