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Abstract 13 

The properties of Ultra-High Performance Fibre-Reinforced Concrete (UHPFRC) in the fresh state 14 

were studied and analysed. The design parameters were the nature of the mineral admixture 15 

(metakaolin or silica fume), the fibre content and the paste content. Workability tests (mini slump-flow 16 

and mini L-box) were carried out immediately after mixing and after different resting times. 17 

Rheological tests were performed in order to evaluate the shear-dependent properties as well as the 18 

time-dependent ones. Workability results showed that the self-compacting ability targeted at the end of 19 

mixing was maintained up to 20 minutes after mixing for all UHPFRCs. Highlighting some significant 20 

relationships between workability measurements and rheological parameters enabled the flow 21 

properties to be analysed depending on the mixture composition. In particular, at given fibre and paste 22 

contents, UHPFRC incorporating metakaolin displayed higher plastic viscosity and structuration rate 23 

than UHPFRC containing silica fume. Furthermore, even if designed with lower fibre content or lower 24 

paste content, UHPFRC made with metakaolin was always more thixotropic than UHPFRC with silica 25 

fume. For the case of UHPFRC, having the highest metakaolin and fibre contents, a practical solution 26 

is proposed to prevent distinct-layer casting from occurring in the precast factory. 27 
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1. Introduction 30 

Ultra-High Performance Concrete without fibres (UHPC) or with fibres (UHPFRC) are 31 

cementitious materials having exceptional mechanical properties characterized by a compressive 32 

strength higher than 150 MPa and an excellent durability [1]. To reach such properties, the UHP(FR)C 33 

matrix is generally composed of large amounts of cement, silica fume, fine sand, steel fibres, and a 34 

high-range water reducer (HRWR) [1-2]. Thanks to their excellent performances, UHPFRCs have been 35 

more often applied in recent years, especially in Europe, North America, and Japan. Recently, two 36 

French standards, one on the specifications of UHPFRC materials [3] and the other dealing with 37 

suitable design methods [4] were published to improve and promote knowledge of these concretes for 38 

engineers, architects and construction managers. However, the high Portland cement content and the 39 

incorporation of significant amount of silica fume and metal fibres in UHPFRC imply environmental 40 

impact and high material costs, respectively. Considering in addition the potential heat treatment 41 

applied on structural elements, it is clear that the application of UHPFRC is restricted to some 42 

exceptional structures: bridges, buildings, structural strengthening and building retrofitting. Recent 43 

research presented through UHPC reviews [5-6] have focused on mixture design methods, in particular 44 

to attenuate the drawbacks mentioned above, mainly by partial or total replacement of Portland cement 45 

and silica fume by by-products.  46 

An analysis of the literature shows that studies have been preferentially conducted on UHPC and 47 

UHPFRC mixtures and hardened state characteristics, whereas very few deal with the properties in the 48 

fresh state [7]. It is well known that the rheological properties and thixotropic aspect of fresh concretes 49 

can be affected by the mix design parameters such as the content and nature of binder, superplasticizer, 50 

fibres, size and shape of particles, and mixing conditions [8-11]. In the case of UHPFRC, the large 51 

amount of superplasticized cement paste, which potentially provides the self-compacting ability [12], 52 

and the presence of fibres may have a strong impact on flowability. Some studies have shown that the 53 

addition of fibres in normal concrete decreases the workability [13-16]. This effect is accentuated as the 54 

fibre volume fraction and their aspect ratio increase [15-16]. In the case of UHPFRC, Martinie et al. 55 

[17] have shown the existence of a critical fibre content leading to a very strong increase in the yield 56 

stress. The maximum proportion of fibres in the mixture can be estimated as a function of the aspect 57 

ratio of the fibres, the packing fraction of sand, and the dense packing fraction of the sand in the 58 
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mixture. In addition, the self-compacting ability of UHPFRC can be associated with its thixotropic 59 

behaviour [8, 9, 18], i.e. the material is prone to build up an internal structure at rest, which can be 60 

broken after a longer time of mixing or flowing. Thixotropy can have positive effects, such as 61 

decreasing the formwork pressure and improving the stability of self-compacting concrete [19]. 62 

However, it could induce the creation of an interface, called distinct-layer casting [9]. If a first layer 63 

rests and builds structure before the next layer is cast, the yield stress increases above a critical value 64 

and a weaker interface is created [8-9]. This interface corresponds to a local structural heterogeneity 65 

characterized by higher porosity, which can facilitate the penetration of aggressive agents and can 66 

cause a loss of bending capacity of 40% [9]. Even if UHPFRC structural elements, such as bridge 67 

decks slabs, footbridges, and prestressed beams, can be thin thanks to high concrete strengths, they 68 

often require a significant volume of concrete and multi-layer casting is thus inevitable. In such a 69 

configuration, it is necessary to assess the recovery time between two successive castings related to 70 

potential distinct-layer casting problems caused by thixotropy. In particular, the total mixing time of 71 

UHPFRC can be up to 25 minutes according to Mounanga et al. [20]. Bonneau and Vernet [21] have 72 

observed that UHPFRCs present a highly thixotropic character and that their fresh properties change in 73 

time, but their study did not investigate this aspect in depth. However, the knowledge of flow 74 

properties and thixotropy of these materials means that relevant practices are needed in both the mixing 75 

and casting phases - for the concrete precast industry and for on-site applications. 76 

The present study deals with the rheological properties of four UHPFRC mixes in the fresh state. 77 

Like the majority of these materials, the reference mix incorporates silica fume. A second mix is the 78 

same as the reference mixture but with the silica fume replaced by metakaolin (MK) since recent 79 

research has shown that this mineral additive can be considered as a possible alternative. Besides its 80 

lower cost and higher availability, MK leads to almost equivalent mechanical properties when 81 

incorporated in UHPC [22]. The third and fourth mixes are equivalent to the second mixture but with 82 

smaller amounts of fibres and binder, respectively. The workability is assessed through mini slump-83 

flow test and mini L-box test (device dimensions are given in Section 2.2.2), and rheological properties 84 

(yield stress, viscosity) are determined from rheometric tests. Each test is performed after mixing and 85 

after various resting times in order to study the thixotropic behaviour. An analysis of the results allows 86 

estimating over time the influence of the mix parameters (mineral admixture nature, amounts of binder 87 

and fibres) on the flow properties of UHPFRC. 88 

2. Materials and methods 89 
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2.1 Materials and mix proportions 90 

The cement used in this study was an Ordinary Portland Cement (OPC) CEM I 52.5 PM-ES, 91 

according to European Standard 197-1 [23]. It was chosen for its high mechanical performance 92 

(minimum guaranteed 28-day strength of 52.5 MPa) and its low C3A content (lower than 5%) which 93 

reduces the water and superplasticizer demands and has a positive effect on the fresh and hardened 94 

properties of concrete [21]. The silica fume used was an industrial by-product obtained by a filtering 95 

process during the production of silicon. This material contains up to 95% of SiO2 with very fine, 96 

rounded, vitreous particles. A more economical and eco-friendly alternative solution could be to 97 

substitute metakaolin (MK) for the silica fume. MK is a pozzolanic addition obtained from the 98 

calcination of kaolinite clay, which is an abundant natural mineral. Its availability makes it less 99 

expensive than silica fume. Moreover, for the industrial application in the context of this research 100 

project, MK is a local material, the distance between the production site and the concrete precast plant 101 

being less than 200 km, which reduces CO2 emissions due to transport. MK was produced by flash 102 

calcination of kaolinite clays. The geometrical shapes were characterized on 30000 metakaolin grains 103 

by means of an optical microscope equipped with an automated particle characterization system. The 104 

aspect ratio (width to length ratio) of MK particles is equal to 0.72 ± 0.02, which indicates that MK 105 

grains have an elongated shape in comparison with silica fume particles, which can be considered as 106 

perfectly spherical (aspect ratio close to 1). A polycarboxylic superplasticizer was used to adjust the 107 

workability of concrete. The maximum amount of superplasticizer was fixed at 6% by weight of 108 

binder. This dosage, exceeding the range applied for usual applications, resulted from the manufacturer 109 

experience to avoid setting retardation and to limit segregation and bleeding that can affect the 110 

mechanical performances. Local silica sand with particle sizes from 0 to 2 mm was selected. The main 111 

chemical and physical properties of the cement, mineral admixtures and sand are summarized in Table 112 

1 and Table 2. Short, straight steel fibres, 13 mm long and having a cross-sectional diameter of 0.2 mm 113 

(aspect ratio = 65), were incorporated in the designed mixtures. They are characterized by a tensile 114 

strength of 3000 MPa and a modulus of elasticity of 200 GPa. According to the criterion on the 115 

deflection/fibre length ratio defined in [17] and regarding the yield stress range over time (Sections 3.2 116 

and 3.3), the fibres could be considered as stiff in the UHPFRCs tested.  117 
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Table 1.Chemical composition of the raw materials 118 

Compound 
(wt. %) 

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO3 Loss on 
ignition 

Cement 22.50 3.26 2.33 64.50 1.00 0.11 0.23 2.37 1.37 
Metakaolin 65.90 25.10 4.26 1.63 0.37 0.07 0.41 - 2.63 
Silica fume 85.00 - - 1.00 - 1.00 - 2.00 4.00 
Sand 95.00 2.24 0.15 0.12 0.02 0.12 1.44 - 0.31 

Table 2. Physical properties of the raw materials 119 

Properties Cement Silica fume Metakaolin 

 Specific surface area (m²/g)  0.36* 23** 16** 
Average particle size, D50 (µm) 15 20 28 
Density (t/m3) 3.15 2.24 2.50 

* Blaine, ** BET 120 

Table 3 shows the mix proportions of the four UHPFRCs. The first one (UHPFRC-1) is 121 

considered the reference mix as, like the majority of UHPFRC, it incorporates silica fume. The design 122 

of UHPFRC-1 was based on a mix proposed by a previous study [22] with a silica fume content 123 

corresponding to 25% by weight of cement, 2% of fibres by volume, and a water/cement ratio of 0.25. 124 

The proportion of silica fume was considered as optimal to achieve the highest packing density 125 

according to [1]. To limit the energy consumption and the costs, no heat treatment was applied. The 126 

three other concretes, UHPFRC-2 to 4, were designed with the objective of proposing less expensive 127 

and more eco-friendly materials while maintaining the mechanical and durability properties. These 128 

UHPFRCs incorporated MK in order to verify its influence on workability and its ability to replace 129 

silica fume without performance decrease. The MK/cement ratio was optimized using a wet packing 130 

method proposed by Wong et al. [24]. The aim of this experimental method was to find the proportion 131 

of MK in cement substitution that provided the best packing density and thus improved mechanical and 132 

durability characteristics. The optimized ratio obtained was 0.30, instead of the 0.25 ratio of the silica 133 

fume reference mix. This value was fixed for the three MK concrete mixes. The water content was 134 

optimized by using the method proposed by Mechling et al. [25] to take account of the water absorbed 135 

by MK. Currently, this absorbed water is not considered by the European standard for concrete [26]. 136 

However, with the low water content of UHPFRC and the significant amount of water absorbed by 137 

MK, too low a water/cement ratio could induce a decrease in workability which, in turn, could affect 138 

hardened state properties. The application of these two optimization methods for the UHPFRC designs 139 

incorporating MK, explained and detailed previously [27], led to the second design mix called 140 

UHPFRC-2. To investigate the influence of lower cost mixes and mix parameters on rheological and 141 
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mechanical properties, the other two concretes were composed with a lower fibre content for 142 

UHPFRC-3 and a lower cement content for UHPFRC-4, since these constituents represent the most 143 

expensive part of the concrete mix. UHPFRC-3 incorporated 1.5% by volume of steel fibres. Compared 144 

to the other mixtures, UHPFRC-4 contained 22.7% less cement, and thus a binder reduction in the 145 

same proportion, since the MK/cement ratio was maintained equal to 0.30. The relative packing 146 

fraction of inclusions was calculated according to [17], assuming UHPFRC mixes to be suspensions of 147 

stiff fibres and spherical particles of sand in cement-based paste. According to [17], a critical packing 148 

value of 0.8 was identified, below which fibres and sand inclusions have little influence on the flow 149 

behaviour of the mixture (mixture behaviour equivalent to paste behaviour), and above which all 150 

inclusions combine and develop a continuous contact network in the suspension so that its yield stress 151 

increases significantly. Then, the more the packing value close to 1, the more the mixture is firm. In 152 

addition, above the packing value of 0.8, the mixture is considered to be optimized. In the present case, 153 

the packing values ranged between 0.8 and 0.9, indicating that the four mixtures were correctly 154 

designed and rather fluid according to [17]. The corresponding values ranged between 0.8 and 0.9, 155 

indicating that the four mixtures were optimized and rather fluid. In fact, for each mixture, self-156 

consolidating ability was targeted in order to facilitate the casting of elements on site. To that end, the 157 

amount of superplasticizer was adjusted to reach a required workability defined by a slump-flow value 158 

of at least 30 cm (device dimensions are given in Section 2.2.2). Wille et al. [28] recommend the spread 159 

values ranging from 30 to 35 cm with ASTM cone to enable self-consolidation. 160 

Table 3. Proportions by cement weight of concrete mixture with silica fume and metakaolin – 161 

entrapped air void and characteristic compressive strength 162 
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Materials UHPFRC-1 UHPFRC-2 UHPFRC-3 UHPFRC-4* 

Cement CEM I 52.5 (C) 1 1 1 0.773 

Silica fume (SF) 0.25 - - - 
Metakaolin (MK) - 0.30 0.30 0.30 
Sand 0/2 mm (S) 1.02 1.02 1.09 1.62 
Superplasticizer (weight 
percentage of binder) 

0.045 0.050 0.048 0.060 

Steel fibres (%volume) 2.0 2.0 1.5 2.0 

Effective Water/Binder 0.205 0.175 0.163 0.226 
Entrapped air void**(%) 3.0 2.7 3.0 3.0 
Characteristic cylinder 
compressive strength at 28 
days (MPa) 

150 152 132  132 

* For UHPFRC-4, the components are calculated as a percentage of the cement content of this mix, 
whereas the cement content of this mix is calculated as a percentage of that of the reference mix 
UHPFRC-1 
** Measurement in accordance with EN 12350-7 [29] 

As expected, entrapped air void values were less than those measured in the case of less flowable 163 

UHPFRC (spread values ranging from 10 cm to 20 cm) [30], and similar to those obtained for fluid 164 

UHPFRC, such as the Ductal® product range [31]. 165 

The compressive strength tests were performed on 6 cylinders of nominal dimensions Ø110 mm x 220 166 

mm at 28 days, following the specifications of the French standard code [3]. The samples were 167 

previously stored in a 20 °C, 95% RH room from demoulding until testing. From the mean values, 168 

characteristic compressive strengths (Table 3) were calculated taking the value of the Student’s 169 

coefficient into account, which was equal to 2.015 for 6 samples, in accordance with the French 170 

standard [3]. The four mixes were UHPFRC according to French standard, since their compressive 171 

strengths were higher than 130 MPa. With a characteristic compressive strength equal to and slightly 172 

above 150 MPa, the UHPFRC-1 and UHPFRC-2 mixes can be used for structural applications, unlike 173 

the other two, which should be limited to architectonic uses, for instance. 174 

2.2 Mixing and characterization in the fresh state 175 

2.2.1 Mixing and preliminary remarks 176 

Each 8-litre batch was prepared with a mixer equipped with a planetary beater blade and a scraper 177 

blade rotating near the wall of the bowl to avoid dead zones. The mixing sequence adopted in order to 178 

achieve good homogeneity of the mixture was as follows: 179 

- Low speed mixing (100 rpm) of solid materials for 2 minutes; 180 

- Addition of water and HRWR, and high speed mixing (320 rpm) for 8 minutes; 181 

- Addition of fibres and low speed mixing (100 rpm) for 2 minutes. 182 
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Immediately after mixing and after a given resting time, two types of tests were carried out, 183 

workability tests (mini slump-flow and mini L-box tests, Section 2.2.2) and rheological tests (Section 184 

2.2.3). 185 

It is important to note that these tests were performed within a period of 30 min from the moment 186 

when cement and water came into contact. It is accepted that, during this period, the irreversible built-187 

up of the microstructure of concrete can be disregarded [8, 32]. Moreover, this interval of time is 188 

chosen according to the period between the casting of two layers in a precast factory, when the second 189 

batch mixing starts immediately after the release of the first batch in the concrete hopper.  190 

It is also important to mention that a batch was made specifically for a given concrete and a given 191 

time of measurement,  so that all tests were carried out with a sample left at rest from the end of mixing 192 

(placing) until the time of measurement in the case of workability tests (rheological tests). Each test 193 

was performed at 0, 10, 15 and 20 minutes after mixing.  194 

2.2.2 Workability tests 195 

The flowability of UHPFRC was studied using the mini slump-flow test and the mini L-Box test as 196 

shown in Figure 1. 197 

    
a) Mini slump cone b) Mini L-box 

Figure 1. Mini slump cone and L-box test 198 

The mini slump cone was based on the Abrams cone, used for measuring the workability of 199 

concrete according to standard EN 12350-2 [33]. The dimensions of the mini cone (Figure 1a) were 1/2 200 

of those of the Abrams cone. The slump-flow value or flow spread corresponds to the average of 201 

diameters measured in two perpendicular directions. The mini L-box test without reinforcement was 202 

used to assess the filling ability of UHPFRCs. The device was 30 cm high (H), 36 cm long (L), and had 203 

a smaller height (h) of 7.5 cm. Such dimensions are at 1/2 scale of those of the L-box habitually used to 204 
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test self-compacting concrete. As soon as the trap separating the vertical part from the horizontal part 205 

of the L-box was lifted, flow times TLB-1 and TLB-2 were recorded when the concrete front reached 206 

half and the end of the horizontal part, respectively (Figure 1b).  207 

Once the rest time had elapsed, samples were gently taken from the mixing bowl and placed in the 208 

cone and in the L-box. Both tests were carried out immediately after placing in a room at 20 °C ± 2 °C 209 

and no vibration was used during the tests.  210 

2.2.3 Rheological tests 211 

The characterizations of the rheological behaviour in steady state flow and the thixotropic aspect of 212 

UHPFRC were possible with a mortar and concrete rheometer developed by CAD Instrumentation 213 

(Figure 2a). The device is based on the shear Couette flow, where the outer cylindrical vessel is fixed 214 

while the inner tool rotates. It operates at controlled rotational speed and measures the torque necessary 215 

to shear a 2-litre sample of fresh concrete at a defined number of revolutions. To avoid slip, the inner 216 

rotating bob was a four-blade vane (Figure 2b), dragging a cylindrical block of concrete. The vane (95 217 

mm in diameter and 56 mm in height) was first engaged on the motor shaft and then the empty stator 218 

was engaged. Next, the material was poured into the stator, so that the vane was totally immersed and 219 

centred in the sample volume. The gap width between the vane and the cylindrical container was 220 

sufficient (32.5mm) in comparison with the maximum size of sand particles (2mm) and was 221 

questionable with respect to the fibre length (13mm) as the maximum dimension of the suspension. 222 

Nevertheless, during shearing, fibres tended to align in the direction of flow, due to the wall effect and 223 

the rotating movement of the vane. Accordingly, it is unlikely that fibres would form a continuous 224 

network perpendicular to the flow throughout the gap width, which allows the medium to be considered 225 

infinite.  226 

The measurements were performed at different effective resting times defined as the difference 227 

between the age of the material (10, 15 and 20 minutes after mixing) and the placing duration in the 228 

stator of the rheometer immediately after mixing (3 to 4.5 minutes on average). In that way, the 229 

effective resting time was considered to be zero when each mix was studied immediately after placing 230 

in the stator. It is important to recall that a sample from a new batch was tested for each concrete at a 231 

given resting time in order to assess its structuration capacity starting from the same shear history 232 

(mixing and placing) at the end of placing in the stator. In addition, during each resting time, the top of 233 

the stator was covered by a wet cloth so that evaporation was avoided. The measurements were carried 234 

out at ambient temperature, 20 °C ± 2 °C, and no vibration was used during the tests. 235 
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a) Rheometer CAD 
b) Cylindrical stator filled with UHPFRC 

and four-blade vane  

Figure 2. Illustration of the rheometer used and shearing geometry 236 

Once the yield stress is exceeded, fibres can align under the effect of the stator wall and during the 237 

rotating movement of the vane and, consequently, the flow properties of the mixes are shear-dependent. 238 

Then, each concrete sample was subjected to the same shear history, which was composed of three 239 

stages as shown in Figure 3. 240 

During the first stage (1), the rotational velocity was maintained at 1 rpm in order to quantify the 241 

maximum stress before flowing, i.e. the static yield stress τS. The determination of τS at different 242 

resting times enabled the thixotropy of the studied concretes to be evaluated (section 3.4), based on Eq. 243 

(1): 244 

�� �
��

�2��	
� � ��	�
																																																																																																																																										�1� 245 

where TS is the maximum measured torque at 1 rpm, Ri and H are the radius and the height of the 246 

shearing vane, respectively. Eq.(1) assumes a linear distribution of the shear stress at the top and the 247 

bottom of the vane. During this first stage, the fibre orientation had not yet occurred, according to [17]. 248 
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 249 

Figure 3. Typical shear history applied to UHPFRC 250 

During the second stage (2), the rotational speed was rapidly increased to 30 rpm and maintained at 251 

this speed for at least 150 s in order to break down the time-dependent structure of the mixture [32]. In 252 

addition, the value of 30 rpm was chosen from preliminary studies as an upper limit to avoid shear-253 

induced fibre clusters migrating on the free surface of the sample, due to secondary axial flow, which 254 

became more and more marked with the increase in the rotational speed. 255 

Finally, during the last stage (3), the speed was decreased by steps, successively to 20 rpm, 10 rpm 256 

and finally 5 rpm, in order to determine the average of stress related to the viscous properties of 257 

concrete. The change in the speed was made after at least 60s, as soon as the variation in torque was 258 

less than or equal to 2 N.cm, assuming a steady-state flow. From the averages of Torque Tj and 259 

corresponding rotational speed Ω j at steady state flow, the shear stress τ and the shear rate ��  could be 260 

deduced. Each value τj exerted on the vane was calculated using Eq. (1). A characteristic shear rate, �j� , 261 

at the vane was calculated according to Eq. (2) [34]: 262 

�j� � max����3�; ���4��          (2) 263 

�j� � 2��  Ω	 !                  (3)  264 

     �j� �

!"#Ω#$
%&'()(*+

, -
Ω"&!"#Ω#$
./'()(*+

          (4) 265 

where Re is the radius of the cylindrical vessel. 266 
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The maximum value (Eq. (2)) was considered as the appropriate value maximizing the energy 267 

dissipation in the sheared sample. 268 

Here, the derivative dΩ/dT was calculated from the fitting of the set of data (Tj; Ω j) by considering the 269 

Herschel-Bulkley model (Eq. (5)): 270 

� � �0 � 1Ω	2                                                                   (5) 271 

where T0, K and m are numerical parameters identified by the least squares method for each concrete. 272 

It is worth noting that Eq. (1), Eq. (3) and Eq. (4) are rigorously valid for the cylindrical Couette 273 

geometry. In the case of the vane tool, cylindrical flow can be accepted with sufficient accuracy at low 274 

shear rates [35], i.e. for the determination of τs by means of Eq.(1). At higher shear rates, Eq.(3) and 275 

Eq.(4) are questionable because a yield stress material does not flow in a really cylindrical layer near 276 

the blades of the vane. That is why the radius of the vane Ri  was replaced by an equivalent inner radius 277 

Ri,eq in Eq.(4) in order to consider the radius of the inner cylinder of a Couette geometry that would 278 

develop the torque Tj at the rotational speed Ω j  as measured in the vane geometry [36]. The value of 279 

Ri,eq was determined experimentally from preliminary measurements on Newtonian fluids. 280 

Moreover, Eq. (4) is usable provided that the Bingham approximation is correct. This 281 

approximation can be assumed for the UHPRCs studied because the exponent m in Eq. (5) was found 282 

to be close to 1 and previous studies had shown that the observed linear relationship in the macroscopic 283 

plane (T; Ω) was conserved in the local plane (τ; ��) [37-38]. Figure 4 confirms the linear relationship 284 

in the plane (τ; ��) when applying Eq. (3) and Eq. (4). For each concrete, the line through the 285 

experimental points was constructed in 2 steps: 286 

1) The stress corresponding to �� � 04&% was deduced from the parameter T0, using Eq. (1). 287 

2) Starting from the value determined in step 1, the slope of the line, i.e. the plastic viscosity ηp, 288 

was identified by the least squares method. 289 

Through the typical examples shown in Fig.4, the shear rate ranged from 1.5 s-1 to 7.5 s-1 for all the 290 

mixes investigated, which is in accordance with the 1 to 10 s-1 shear rate range encountered in their 291 

context of placing by pouring [8]. Since Grünewald has shown that fibres are rarely randomly oriented 292 

in self-compacting fibre reinforced concrete after classical placing operations [15], it can be assumed 293 

that the fibre orientation during the rheological measurements was not really a bias but was, to some 294 

extent, representative of the context of fluid UHPFRC placing in a precast factory. 295 

 296 
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 297 

Figure 4. Typical examples of Bingham approximation applied to UHPFRC 298 

3. Results and discussion 299 

3.1 Correlation between flow properties 300 

In order to analyse the results discussed in Sections 3.2 and 3.3 and highlighting the specificity of each 301 

mix studied, the degree of correspondence between two flow properties was first assessed by using the 302 

Kendall rank correlation coefficient “tau” (Eq. (6)) which is insensitive to an utmost point in the 303 

scatterplot and does not need a hypothesis on the normality of the parameters studied: 304 

567 � ∑9:/9:; </=	><	;?&∑ 	?9:; </=	><	;?
!:=<.	/@2AB;	:C	>:??	A.B	><	;?        (6) 305 

where 306 

concordant pairs correspond to a simultaneous increase in the properties between two paired 307 

observations, 308 

discordant pairs correspond to an increase in one property and a decrease in the other between two 309 

paired observations. 310 

Based on Eq. (6), tau ranges from -1 to +1, a positive value indicating that the ranks of both properties 311 

increase together, while a negative value means that, as the rank of one property increases, the rank of 312 

the other decreases. In the present study, 16 values were considered for each property (4 mixes and 4 313 

resting times). Table 4 gathers together the values of tau. The existence of a correlation was tested at a 314 

significance level of 0.01. Accordingly, each calculated tau-value had to be equal to or greater (in 315 

absolute value) than the threshold value defined in the reference tables (see [39] for example). 316 

Table 4. Kendall correlation coefficient values to assess relationships between flow properties 317 
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 τs ηp Spread TLB-1 TLB-2 

τs 1.000     
ηp 0.427 1.000    

Spread -0.712 -0.380 1.000   
TLB-1 0.843 0.407 -0.730 1.000  
TLB-2 0.644 0.700 -0.462 0.644 1.000 

Values in bold indicate significant correlations for which tau is greater than the critical value (0.483) 318 

at the 0.01 significance level. 319 

As shown in Table 4 and by Fig.5a, a correlation is found between the static yield stress τs and the 320 

spread measured during the mini slump-flow test, as expected, and confirms previous results obtained 321 

on cement pastes and concretes [40]. Also, a significant relationship is observed between τs and the 322 

time to reach the half way distance of the horizontal part in the L-box test, TLB-1 (Fig.5b) and, to a 323 

lesser extent, with the time to reach the end of the horizontal part of the L-box, TLB-2. The plastic 324 

viscosity ηp is only correlated with TLB-2 (Fig.5c), although the relationship is more dependent on the 325 

nature of the mix.  326 

 327 
(a) 328 

  
(b) (c) 

Figure 5. Relationships between the slump-flow spread and the static yield stress (a), the flow 329 

time TLB-1 and the static yield stress (b), and the flow time TLB-2 and the plastic viscosity (c) 330 
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3.2 Flow properties immediately after mixing 331 

Mini slump-flow spread and mini L-box flow time measurements were performed for each resting 332 

time. The results of these measurements immediately after the mixing (t0) are presented in Figure 6. 333 

From repeatability tests, the experimental uncertainties are ±0.5 cm and ±0.5 s for spread values and L-334 

box time values, respectively. 335 

  

Figure 6. Slump-flow spread value and L-box flow time value at the end of mixing, t0 336 

 337 

Spread values of all UHPFRCs are between 30 cm and 34 cm, thus meeting the target value, greater 338 

than or equal to 30 cm. All UHPFRCs have a self-compacting capacity immediately after mixing, 339 

enabling casting without vibration. The slump-flow value is slightly higher for UHPFRC-3, 340 

characterized by a lower fibre content which reduces inter particles friction and improves the 341 

flowability compared to other UHPFRCs. This result is in agreement with several studies [13-17] that 342 

observed a decrease in slump values when fibres were incorporated in self-compacting concrete, in 343 

normal concrete, and also in UHPC. This phenomenon is accentuated when the fibre content increases. 344 

At the end of mixing, t0, the L-box flow time parameters TLB-1 and TLB-2 present different 345 

evolutions, depending on the properties of flow. When TLB-1 is measured, there is a transient flow 346 

governed by both the material structure existing at the onset of the test and linked to the yield stress, 347 

and the viscous properties. The interaction implies that the values of TLB-1 are not very different in any 348 

of the concretes studied. In contrast, the flow tends to arrive at a steady state a little more when TLB-2 349 

is measured, so viscosity becomes the main parameter affecting the TLB-2 values (see Table 4), and 350 

differences are visible at t0: TLB-2 value is lower for UHPFRC-1 than for UHPFRC-2 containing 351 

metakaolin (MK). This result can be explained by the round shape of the silica fume grains, which 352 

facilitated the flow, compared to the angular form of MK particles. This aspect will be discussed 353 
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further in Section 3.3. The maximum flow time is obtained for UHPFRC-2, which has the highest 354 

content of fibres and MK, with respect to UHPFRC-3 and UHPFRC-4 respectively.  355 

The values of the static yield stress, τs, and the plastic viscosity, ηp, at t0 are reported in Table 5. 356 

Based on Eq. (1), the mean relative uncertainty of τs is 3%. Considering the variation in torque of 2 357 

N.cm at steady state flow, the average coefficient of variation on the regression for the determination of 358 

ηp is 5%. 359 

Table 5. Static yield stress and plastic viscosity at t0 360 

 
Static yield stress 

(τs) in Pa 
Plastic viscosity (ηp) 

in Pa.s 
UHPFRC-1 188 46 
UHPFRC-2 182 182 
UHPFRC-3 76 112 
UHPFRC-4 107 96 

Static yield stresses τs obtained immediately after mixing varied from 76 to 188 Pa. These values 361 

are higher than those obtained by Roussel and Cussigh [9] for self-compacting concrete, SCC (48 to 70 362 

Pa). There were distinct experimental conditions (slight variations in the vane dimensions and in the 363 

imposed rotational speed of the vane tool), and distinct hypotheses on the stress distribution (constant 364 

in [9], linear here) at the bottom and top of the vane between the two studies. However, the difference 365 

can be mainly attributed to the greater volume of paste in UHPFRC [41] than in SCC and to the 366 

incorporation of fibres in UHPFRC. The two first mixtures, which have the same fibre content and an 367 

almost equivalent volume of paste, have similar τs values. It is worth noting that the high τs value 368 

measured when silica fume is incorporated (UHPFRC-1) confirms the well-known effect of silica fume 369 

to increase the cohesiveness of the mixture [42]. A decrease in the value of this parameter is noted for 370 

UHPFRC-4, which is characterized by the lowest paste volume. The minimum value of the static yield 371 

stress is obtained for UHPFRC-3 with its lower fibre content. As fibres participate in the development 372 

of an internal network in concrete, they increase the yield stress [43]. Hence, a lower fibre content in 373 

UHPFRC-3 can be related to a moderate yield value. 374 

The values of plastic viscosities are strongly dependent on the mix compositions. UHPFRCs 375 

incorporating metakaolin (MK) have higher plastic viscosities, ranging broadly from 100 Pa.s (upper 376 

limit for SCC [44]) to 200 Pa.s (upper limit specified in some high strength concrete applications [45]). 377 

Even if viscosity increases with the superplasticizer content [46] through a steric effect, and with the 378 

incorporation of stiff fibres through particle interaction and packing density loosening [43], the 379 

UHPFRCs studied here present relatively moderate plastic viscosity values by two aspects: (1) the use 380 
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of rolled sand as aggregate, which reduces friction, and (2) the great volume of ultrafine particles that 381 

separate the aggregates from each other, and therefore limit intergranular friction. Moreover, because 382 

ultrafine particles are round (silica fume), the intergranular friction is even more moderate and the 383 

plastic viscosity is significantly lower for UHPFRC-1. 384 

The results of flow time (when measured at the end of the L-box, where flow is mainly controlled 385 

by the viscous properties) and plastic viscosity demonstrate that UHPFRC-1 with silica fume is 386 

characterized by a better flowability than the other mixes with MK. 387 

3.3 Flow properties after different resting times 388 

The spread values and the flow times after different resting times are shown in Figure 7 for each 389 

UHPFRC. 390 

 

a) Slump values after different resting times (in mn) 

  

b) Flow time values after different resting times: TLB-1 (left) and TLB-2 (right) 

Figure 7. Evolution of slump value and flow time over time 391 

In Figure 7a, the minimum targeted value of 30 cm is indicated by the dotted line. The slump values 392 

decrease at increasing resting time, revealing a loss of workability. However, the reduction remains 393 
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small during the 20 minutes counted from the end of the mixing; in this period, the self-compacting 394 

ability is maintained. 395 

Both TLB-1 and TLB-2 increase with resting time for all concretes (Figure 7b), indicating a loss of 396 

workability over time, as previously observed for spread values (Figure 7a). Regarding TLB-1, 397 

governed rather by the internal structure of the material (Section 3.1, Table 4), the most moderate 398 

increase is shown in the case of UHPFRC-3, which has the lowest fibre content. In contrast, the 399 

evolution of TLB-2 depends on the modification over time of the inter-particle rearrangement during 400 

the flow. The nature and the particle shape of the mineral admixture control the rearrangement because, 401 

as first order parameter, it controls the packing at rest of the suspension and the superplasticizer-binder 402 

interaction varying over time. The increase remains low for UHPFRC-1 with silica fume, whereas it is 403 

more marked for the other concretes with MK. Accordingly, when flow tends to be in steady state and 404 

governed by the viscous properties of the material, the inter-particle frictions in the material are limited 405 

by the round-shaped particles of silica fume in comparison with the more angular form of MK. For the 406 

latter, the arrangement of particles induced in the suspension can imply residual water absorption 407 

altering flow over time. Hence, it is no wonder that concretes incorporating both high fibre and MK 408 

contents (cases of UHPFRC-2 and UHPFRC-4) also exhibit the most significant increase in both TLB-1 409 

and TLB-2 after as little as 10 minutes of rest.   410 

Figure 8 presents the variations of the static yield stress and the plastic viscosity according to the 411 

time of the test after mixing.  412 

Figure 8. Evolution of the static yield stress (left) and the plastic viscosity (right) over time 413 

An increase in the static yield stress τs over time is observed for all concretes, expressing a 414 

structuration capacity and the loss of workability when concretes stay at rest. These results are in 415 

agreement with those of mini slump-flow tests. The comparison among the concretes shows that 416 
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UHPFRC-2 has the highest τs value whatever the time of test, but especially beyond 15 minutes. The 417 

lowest value is obtained for UHPFRC-3, which contains a smaller fibre volume fraction, in agreement 418 

with observations made on the variations of flow time TLB-1 over time, as expected from the 419 

relationship highlighted between τs and TLB-1 (Table 4). The reduction of paste volume in UHPFRC-3 420 

also decreases the static yield stress value.  421 

Concerning the plastic viscosity, UHPFRC-1, with silica fume, presents the lowest values and a 422 

very slight increase with time, unlike UHPFRCs incorporating MK. These results confirm the analysis 423 

of the flow time values TLB-2, considering the significant correlation with the plastic viscosity (Section 424 

3.1). The distinct viscosity evolution over time related to UHPFRC-1 in comparison with mixes 425 

incorporating MK can be attributed to the difference in particle shape between MK and silica fume. It 426 

is well established that the flow of cement-based materials is improved when silica fume is used, 427 

thanks to its regular round shape, which reduces the friction between grains, provided that the use of 428 

superplasticizer ensures de-flocculation; see for example [42, 46]. In contrast, the irregular flat shape of 429 

MK can induce higher values of viscosity [41, 46, 47]. The comparison between the three UHPFRCs 430 

with MK show that the plastic viscosity depends on fibre and MK contents. UHPFRC-2, containing the 431 

greatest amounts of fibres and MK was characterized by the highest plastic viscosity of all mixes at all 432 

testing times.  433 

3.4 Thixotropy investigation 434 

The results presented in Sections 3.2 and 3.3 highlight the change of flow properties at increasing 435 

rest times. The alteration was more or less pronounced depending on the nature of the mix. In fact, 436 

when concrete is at rest, two phenomena can occur. The first one is the consequence of the evolution of 437 

hydration reactions which are obviously irreversible. In our case, all measurements were performed 438 

within a period of 30 minutes counted from the moment when cement and water were put in contact, so 439 

the hydration phenomenon can be neglected [9, 32]. The second phenomenon is the thixotropic 440 

property controlling the structuration capacity of the material. In practice, a concrete can be considered 441 

thixotropic when, after mixing, rapid (during several minutes) structuration (flocculation) occurs at 442 

rest, followed by very rapid (tens of seconds) de-structuration (de-flocculation of clusters of particles) 443 

during ordinary placing operations such as pouring, where the velocity gradient is in the range of 1 to 444 

10 s-1 [8]. The thixotropic character of cementitious materials depends on their composition. The origin 445 

of thixotropy can be linked to the colloidal nature of such materials, especially of their finer particles 446 
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such as cement, mineral admixtures and fine sand. According to Wallevik [48], particles up to 20 µm 447 

can be considered to be involved in the colloidal nature of cement-based materials. 448 

Here, the property of thixotropy deserves to be studied in greater detail because all the mixtures tested 449 

still showed measurable workability properties as soon as they were slightly reworked in the mixing 450 

bowl after a given rest period, at the moment of placing in the mini-cone and the mini L-box. 451 

 3.4.1 Characterization and highlighting of thixotropy 452 

One way to assess thixotropy is to plot the static yield stress τs versus the effective rest time 453 

counted from the end of placing of a sample of UHPFRC in the stator of the rheometer (Figure 9). 454 

Since τs can be considered as a continuous network of inter-particle bonds in plain cement-based paste, 455 

it can reflect the structural build-up when its evolution with resting time is characterized. In the case of 456 

UHPFRC, τs is not only related to the energy required to break the inter-particle bonds in the matrix 457 

after a resting time, but is also related to the energy required to orientate fibres in a more stiff matrix. 458 

Hence, there is a strong interaction between the fibre content and the structural build-up of the matrix. 459 

In the 0.8-0.9 range of relative volume fraction of inclusions (sand and fibres) calculated according to 460 

[17], it is possible that all the mixes present such a strong network of inclusions that the structural 461 

build-up of the matrix itself might be slowed down [11]. In the following, the increase in τs over time is 462 

considered as an indication of the structuration capacity of UHPFRC through the interaction between 463 

the fibre content and the inter-particle bonds in the matrix. 464 

It is important to recall here that, for a given mix, a new batch was made for each measurement 465 

corresponding to a given resting time so that the history of any sample was the same between the end 466 

of mixing and the placement in the rheometer. 467 

Figure 9 shows that τs can be assumed to linearly increase over time (R² > 0.91 in all cases). The same 468 

result was found by [9, 11, 49, 50] in the case of fibre-reinforced cement-based materials. Then, the 469 

thixotropic character can be estimated through a parameter denoted Athix which characterizes the 470 

structuration capacity at rest. The structuration rate Athix corresponds to the slope of the linear 471 

relationship between τs and the resting times [8-9] (dotted lines in Fig. 9, which were determined by the 472 

least squares method).  473 
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 474 

Figure 9. Evolution of the static yield stress according to the effective resting time 475 

The values of Athix are given in Table 6. The classification on thixotropy of SCC as Binghamian 476 

fluids is also included in Table 6. The comparison between the values obtained and the classification is 477 

legitimate since the UHPFRCs studied are Bingham materials in the shear rate range investigated 478 

(Section 2.2.3, Figure 4) and can be considered as self-consolidating (Section 2.1). 479 

Table 6. Structuration rate, Athix, values, classification following [8] and critical time between 480 

two concrete casting layers (h=0.1m) 481 

Mixture 
Thixotropy 
Athix (Pa/s) 

Classification Bulk density 
(kg/m3)* 

Critical time 
(minutes) 

UHPFRC-1 0.28 Thixotropic (0.1 < Athix < 0.5) 2417 40.3 

UHPFRC-2 0.57 Highly thixotropic (Athix > 0.5) 2419 19.8 

UHPFRC-3 0.34 Thixotropic (0.1 < Athix < 0.5) 2401 33.0 
UHPFRC-4 0.41 Thixotropic (0.1 < Athix < 0.5) 2408 27.4 

* Measurement in accordance with EN 12350-6 [56] 482 

The calculated values of Athix seem to be coherent when compared to those found by [8-9] in the 483 

case of SCC, with structuration rates ranging from 0.12 Pa/s to 1.14 Pa/s. The results are also consistent 484 

with another study highlighting the increase in Athix as soon as SCC incorporates mineral admixtures at 485 

constant water/powder ratio, with a gravel/sand ratio and a superplasticizer content adjusted to achieve 486 

slump flow values between 630 mm and 700 mm [10]. Hence, based on the classification of SCC 487 

according to the flocculation rate presented in Table 6, all the UHPFRC mixes studied are thixotropic 488 

concretes. However, UHPFRC-1, with silica fume, is less thixotropic than UHPFRCs incorporating 489 

MK. The difference may be related to the blend composition, especially the nature and amount of 490 

ultrafine addition, and inter-particle interactions. Works on paints established as early as 1941 that 491 
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thixotropy was enhanced in systems incorporating non-spherical particles [51]. Since then, this fact has 492 

been confirmed with regard to cement-based materials. For instance, Ahari et al. [52] noted that the 493 

nature of the mineral admixture and its interactions with other fines in the mixture had an effect on the 494 

structuration rate of concrete. They showed that the use of MK in SCC accentuated the thixotropy, 495 

which increased with the MK content. Carneiro et al. [53] observed a recovery of the structure in fluid 496 

concretes containing MK with significant rounded quartz content. In the present study, the most 497 

thixotropic concrete was UHPFRC-2, containing the highest amount of metakaolin and steel fibres. 498 

This influence can be explained by the fact that the shape of MK grains is essentially platelet-type, 499 

elongated and angular. As a result, inter-particle bonds are developed at rest, thereby trapping a 500 

significant amount of water and superplasticizer. Consequently, the longer the resting time lasts, the 501 

more numerous and strong inter-particle bonds become, and the higher the static shear stress will be. 502 

The congestion effect developed by the presence of steel fibres is added to the inter-particle bonds in 503 

the matrix and they contribute to the increase in the structuration capacity. The combination of the two 504 

effects can be at the origin of the high structuration rate of UHPFRC-2 in comparison with UHPFRC-3 505 

and UHPFRC-4.  506 

3.4.2 Practical implications  507 

Thixotropy can be beneficial as it reduces formwork pressure and static segregation after casting in 508 

the case of SCC [19, 49, 54, 55, 57]. However, Roussel [8] and Roussel et al. [9] point on the risk of 509 

material heterogeneity in case of multi-casting as a major disadvantage of the thixotropy. During 510 

placing, if a layer of thixotropic SCC builds structure at rest before a second layer of concrete is cast on 511 

top of it, the two layers can then fail to mix, creating an interface with high porosity and permeability, 512 

which affects the mechanical strength and makes it easier for aggressive species to penetrate. 513 

Considering the thixotropic nature (Section 3.4.1) and the manufacturing context of the UHPFRCs 514 

studied, it is important to assess the risk of distinct-layer casting. In fact, the low batch volumes in 515 

precast industry conditions associated with the long mixing time of UHPFRC most often implies 516 

multilayer casting. Thus, it appears essential to evaluate the critical time between the casting of two 517 

layers in order to avoid a local loss of mechanical and durability properties in precast elements. 518 

According to [8], it is possible to predict the critical time, after which the two layers will not mix 519 

(Eq. (7)): 520 

�9 � DEF
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            (7) 521 
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where: 522 

Tc is the critical time (seconds);  523 

M=F	N	 is the structuration rate (Pa/s);  524 

ℎ is the thickness of the second layer (m); 525 

ρ is the density of the concrete (kg/m3); 526 

g is the gravitational acceleration constant (9.81 m/s²). 527 

Eq. (7) is limited to SCC considered as Bingham material and a second concrete layer thickness 528 

greater than 10 cm. Even though UHPFRC applications usually employ thin elements, the critical time 529 

is evaluated (Table 6) in order to give information to industry on the thixotropic behaviour of the 530 

UHPFRCs studied. 531 

The UHPFRC with silica fume is characterized by the highest critical time compared to those 532 

incorporating metakaolin. The strongest structuration rate is obtained for UHPFRC-2, inducing a lower 533 

critical time. This period is rather short compared to the total time of a production cycle on site (mixing 534 

and casting phases) (Table 7), for an element incorporating one of the UHPFRCs studied. 535 

Table 7. Specific production cycle in the precast factory (UHPFRC is produced using a 536 

traditional pan mixer) 537 

Actions Time (minutes) 
Weighing of materials 3 

Dry mixing 2 
Wet mixing 8 

Wet mixing with fibres 2 
Mixer emptying 1 

Mixing time 16 
Transportation+ casting 12 

Total time 28 

The total production time is 28 minutes which is longer than the critical times of UHPFRC-2 and 538 

UHPFRC-4. The solution of using vibration is not relevant for UHPFRC since it could disturb the fibre 539 

orientation and distribution and thus affect the tensile behaviour of precast elements. Considering the 540 

lowest value of the critical time in Table 7, it is simple to optimize the manufacturing of precast 541 

UHPFRC elements in order to prevent distinct layer concrete when multi-casting is necessary, 542 

whatever the UHPFRC design. The optimization consists in starting the following concrete batch 543 

immediately after emptying the first one into the hopper (Figure 10). In that way, the first layer will 544 
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have been placed for 4 minutes when the second one is emptied into the hopper. Hence, only 16 545 

minutes will elapse before the two layers mix under the weight of the new concrete, which is less than 546 

the shortest critical time (UHPFRC-2). It is the proposed solution taking into account the current 547 

mixing means. There is no doubt that the use of high shear mixer with high mixing energy will reduce 548 

the mixing time and improve the conditions for two-layer casting by reducing the time elapse between 549 

the placing of both layers. 550 

 551 

Figure 10. Optimization of the manufacturing process in case of two-layer casting 552 

4. Conclusions 553 

The objective of the study was to assess the flow properties of UHPFRC designed for precast 554 

manufacturing, according to the nature of the mineral admixture (silica fume or metakaolin), the fibre 555 

content and the cement content. Workability (mini-cone and mini L-box) and rheological tests were 556 

carried out directly after mixing up to 20 minutes after mixing. Based on the experimental data 557 

obtained, the following conclusions can be drawn: 558 

1. The self-compacting ability targeted immediately after mixing (mini slump-flow equal to or 559 

greater than 30 cm) for all mixes is not significantly altered during the 30-min period from the 560 

beginning of contact between cement and water.  561 

2. The Binghamian behaviour can be considered acceptable in the shear rate range investigated, 562 

which corresponds to classical placing operations such as pouring. 563 

3. Mini L-box flow times TLB-1 (concrete reaches half of the horizontal part) and TLB-2 (end of 564 

the horizontal part) are significantly correlated to the static yield stress τs and the plastic 565 

viscosity ηp, respectively. A significant relationship is also found, as expected, between the 566 

mini-slump flow and τs. 567 

4. For given fibre and paste (cement + mineral admixture + superplasticizer + water) contents, the 568 

incorporation of metakaolin (MK) increases the plastic viscosity at any age of test and a higher 569 

structuration rate is obtained in comparison with the use of silica fume, even though the static 570 

Emptying First layer placing

Emptying Second layer placing

16’0 28’

16’

Emptying First layer placing

Emptying Second layer placing

16’0 28’

16’



25 

yield stress is similar in both cases immediately after mixing. These results can be attributed to 571 

the difference in particle shapes. The regular, round shape of silica fume particles favours 572 

flowability and so the plastic viscosity is not significantly increased during rest. On the other 573 

hand, the irregular type and platelet form of MK particles increases i) the strength of the inter-574 

particle bonds and the structuration capacity of the mix, and ii) friction between the particles 575 

once flow is initiated. 576 

5. Even if the fibre content or the paste content decreases, the flat shape of MK particles remains 577 

the main factor causing the higher values of plastic viscosity, a larger increase of plastic 578 

viscosity over time and higher structuration capacity of UHPFRC incorporating MK in 579 

comparison with mixes that contain silica fume.  580 

6. For a given metakaolin/cement ratio and whatever the age of test, i) the fibre content governs 581 

the static yield stress (the lower the fibre content, the lower the static yield stress), ii) the 582 

decrease in the paste content or the fibre content reduces the plastic viscosity to almost the same 583 

extent. Thus, the effect of the packing density of inclusions (sand, fibres) on the flow capacity 584 

of UHPFRC suspensions is of great importance, as pointed out by previous studies [11, 17]. 585 

7. All the mixes studied were thixotropic according to the classification proposed in [8] for SCC. 586 

Those incorporating MK always exhibited higher thixotropy than the mixes with silica fume. 587 

The most thixotropic MK mixture contained the highest volumes of paste and fibres. The 588 

combination of the effects of metakaolin particle shape and steel fibre friction may be the 589 

reason why this concrete mix showed the highest structuration rate. 590 

8. The critical time estimated for all the UHPFRCs studied gives information about the maximum 591 

acceptable delay between the casting of two layers which allows preventing the formation of a 592 

weak interface corresponding to a material discontinuity that locally affects the mechanical 593 

properties. The shortest critical time (19.8 minutes) is obtained for the most thixotropic concrete 594 

with metakaolin and characterized by the highest amounts of fibres and paste. In the precast 595 

factory, considering that the estimated time required for the UHPFRC mixing sequence is about 596 

16 minutes, including the weighing of materials, and that the total time is around 28 minutes, 597 

including transportation and casting time, the risk of creating a singular interface is very real. A 598 

practical solution with regard to logistics optimization has been proposed. 599 

 600 
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