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ABSTRACT 8 

Ultra-High Performance Fibre Reinforced Concrete is a material which is becoming increasingly 9 

popular in structural applications, mainly due to its superior mechanical characteristics. The 10 

mechanical properties of this material are of high importance and the development of non-destructive 11 

techniques is vital for the evaluation of the mechanical characteristics of existing structures. In the 12 

current study, Ultra-High Performance Fibre Reinforced Concrete with different amounts of steel 13 

fibres has been examined. Compressive and tensile tests have been conducted alongside with 14 

Ultrasonic Pulse Velocity and Rebound Hammer measurements and the development of appropriate 15 

empirical non-destructive models has been examined.  16 

Keywords: UHPFRC, NDT, Rebound Hammer, Ultrasonic, SonReb,  17 

1. Introduction 18 

Ultra High Performance Fibre Reinforced Concrete (UHPFRC) is a novel material with superior 19 

strength and energy absorption [1]. UHPFRC composition differs to that of an ordinary concrete as it 20 

contains low water over cement ratio, silica fume, steel fibres and silica sand. Steel fibres content is 21 

one of the most crucial parameters of the mix and important mechanical characteristics such as the 22 

tensile strength, the flexural strength and the ductility of UHPFRC elements are highly affected by the 23 

percentage of steel fibres. According to previously published studies [2-7], increment of steel fibres 24 

amount results to an increment of the flexural strength. In literature [1, 8-11], there are several 25 

investigations on the mechanical properties of UHPFRC based on conventional destructive methods. 26 

However, there are very limited studies on the evaluation of the mechanical properties of UHPFRC 27 

using Non-Destructive Testing (NDT) [12-13] and there are not any published studies to date on 28 

combined NDT methods for the estimation of the mechanical characteristics of UHPFRC. Washer et 29 

al. [12] investigated the applicability of Ultrasonic Pulse Velocity (UPV) on UHPFRC, and the effect 30 

of steel fibres content on the wave velocity. The effectiveness of UPV was also examined by Hassan 31 

and Jones [13] and the need for further investigation was highlighted.  32 
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NDT methods are useful for the evaluation of the condition of structures, by performing indirect 33 

assessment of concrete properties. NDT has many advantages as structural damage during testing is 34 

reduced, is relatively simple and less time consuming, and there is possibility of taking measurements 35 

even from structures where cores cannot be drilled [14-15]. NDT methods have also been proposed for 36 

the assessment of the damage and for the survey of detailed condition of concrete structures and road 37 

pavements [16]. There are several NDT methods and two of the most commonly used for in-situ 38 

applications are the Rebound Hammer (RH) and the UPV techniques. RH test is a quick method for 39 

determining the quality of concrete based on its surface hardness [17]. Schmidt rebound hammer is 40 

used to measure the hardness of the surface. Schmidt hammer consists of a mass and a spring which is 41 

sliding along a bar which impacts on the end of a steel plunger. After the impact on the concrete 42 

surface, the mass rebounds from the steel plunger and moves an index rider. Schmidt hammers 43 

normally measure either R-value or Q-value. R-value is the rebound index which is being calculated 44 

by the ratio of paths of the mass before and after impact. Q-value or coefficient of restitution is the 45 

ratio of kinetic energies of the mass before and after the impact. The energy absorbed by the concrete 46 

depends on the stress-strain characteristics of concrete and hence on the modulus of Elasticity and the 47 

maximum compressive strength. UPV method [18-19] is based on measurements of the velocity of an 48 

ultrasonic pulse which is generated by an electro-acoustical transducer through concrete. Using UPV 49 

results, the structure of concrete alongside with its density and any cracks or defects can be evaluated. 50 

In the literature, there are various proposed models for conventional concrete for the correlation of RH 51 

index values and UPV with concrete compressive strength and modulus of Elasticity [26, 38-39]. In 52 

the last few years, combination of more than one method is becoming more popular since they can 53 

offer improved reliability and limited errors compared to respective results of individual methods [21, 54 

40-44]. SonReb method is one of them. The term SonReb is created by combing the terms ‘Sonic’ and 55 

‘Rebound’ and is a method which is based on the combination of UPV and RH tests results; and until 56 

now has only been used for the development of models appropriate for the prediction of conventional 57 

concrete compressive strength. This combined method is more accurate than the single NDT methods 58 

as takes into consideration two parameters (UPV and RH) which are influenced in different ways by 59 

similar factors related to concrete density and hardness. The SonReb method is an empirical method to 60 

determine appropriate models for the correlation of the mechanical characteristics (normally 61 

compressive strength) with the UPV and RH index values. By using multiple-regression analysis, the 62 

mechanical characteristics of the examined material is expressed as a function of the average RH and 63 

UPV values and there are published models in the literature for the estimation of the compressive 64 

strength of conventional concrete [45-48].   65 

To date there are very limited studies on the use of NDT techniques for the evaluation of the 66 

mechanical performance of UHPFRC [12-13] and there are not any published studies on combined 67 

NDT methods (i.e. SonReb). The main aim of this study is to evaluate the reliability of NDT methods 68 

for the assessment of the mechanical characteristics (compressive strength and modulus of Elasticity) 69 

of UHPC and UHPFRC. Various mixes have been examined, with and without steel fibres (UHPFRC 70 
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and UHPC), and compressive and tensile tests have been conducted alongside with RH and UPV tests 71 

at different ages. The application of established relationships for the correlation of the dynamic 72 

modulus of Elasticity with the UPV for homogeneous isotropic elastic medium have been examined 73 

[12, 13] and the results have been compared to the experimental values. The experimental results have 74 

been used for the development of NDT models using UPV, RH and combination of UPV and RH 75 

(SonReb) values. 76 

2. Experimental procedure 77 

2.1 Preparation of UHPFRC  78 

In the current study, three different mixes have been examined; one using 1% steel fibres (UHPFRC-79 

1), one using 3% steel fibres (UHPFRC-3) and another one without steel fibres (UHPC). UHPFRC 80 

mix design is based on previous studies [5, 7] where 2% and 3% (by volume of the mix) steel fibres 81 

have been used. In the current study the selection of the three mix designs of Table 1 (0%, 1% and 3% 82 

steel fibres) has been made in order to evaluate the effect of the steel fibres quantity by comparing the 83 

results of mixes without steel fibres (UHPC), with low (UHPFRC-1) and with relatively high 84 

percentage of steel fibres (UHPFRC-3). All three concrete mix designs are presented in Table 1. 85 

Silica fume, silica sand, Ground Granulated Blast Furnace Slag (GGBS), and cement class 32.5 R type 86 

II have been used together with polycarboxylate superplasticizer. Steel fibres with 13 mm length, 87 

diameter 0.16 mm, tensile strength 3000 MPa, and modulus of Elasticity equal to 200 GPa have also 88 

been incorporated in the UHPFRC mixes. 89 

Regarding the mixing method, high-shear pan mixer (Zyklos ZZ 75 HE) has been used for all the 90 

examined mixes. Dry ingredients have been mixed first, and then superplasticizer has been added in 91 

the mix followed by the gradual addition of steel fibres through sieving. All specimens have been 92 

placed in a water curing tank until the testing day.  93 

Cubic specimens with dimension 100 mm have been tested under compression alongside with 94 

nondestructive tests (RH and UPV) at 1, 2 (for UHPFRC-1 only), 3, 7 14 (for UHPFRC-1 only), and 95 

28 days after casting. For the evaluation of the modulus of Elasticity and the tensile strength, dog-bone 96 

specimens have been cast and tested at 1, 2 (for UHPFRC-1 only), 3, 7 and 28 days. These testing ages 97 

have been selected in order to obtain a wide range of experimental results which will be able to be 98 

used for the regression analyses and for the development of empirical models. Three specimens have 99 

been tested for each mix and for all the examined ages. Geometry of dog-bone specimens is illustrated 100 

in Fig. 1a and cube and dog-bone samples after casting are presented in Fig. 1b. 101 

2.2 Mechanical and Non-Destructive Testing 102 

The compressive strength tests were carried out using an Avery Denison compressive testing 103 

machine and the tests were conducted in accordance with BS EN 12390-3:2009 [49] with a 104 

loading rate of 0.6 MPa/sec (Fig. 2a). For the tensile testing of the dog-bone shaped 105 

specimens, tests under displacement rate of 0.007 mm/s were conducted using an Instron 106 
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universal testing machine. Linear Variable Differential Transformer (LVDT) and a special 107 

setup designed in order to measure the average of the extensions of the two sides of the 108 

specimens (Fig. 2b) [8]. The accuracy of the strain measurements has been validated using 109 

Digital Image Correlation (DIC) system and these values together with the load recordings 110 

have been used for the evaluation of the modulus of Elasticity values. 111 

For the rebound hammer testing, nine impacts were conducted at each specimen and the median value 112 

was calculated as proposed by IS 13311 [18] and BS EN 12504-2 [50]. SilverSchmidt concrete 113 

rebound hammer was used in the current study. Tests were conducted on the moulded surfaces and all 114 

readings were taken at a distance not nearer on edge than 20 mm and not less than 20 mm from each 115 

other [17, 18] and the square of the coefficient of restitution values (Q-values) have been recorded. For 116 

the UPV measurements, Pundit Lab was used and the two transducers were placed on opposite sides 117 

of the cubes using a thin layer of couplant at the interface between the transducers and the specimens 118 

as proposed by BS 1881-203 [19] for the determination of pulse velocity by direct transmission. Three 119 

specimens have been examined for each mix for all the examined ages and these results have been 120 

used to correlate NDT characteristics to the respective compressive strength values.   121 

2.2.1 Mechanical testing results 122 

The development of compressive and tensile strength with the age of the specimens for the mixes with 123 

and without steel fibres, are presented in Fig. 3 and 4.  124 

Results of Fig.3 indicate that, as expected, addition of 3% of steel fibres leads to an increment of 125 

compressive strength values which is clear after 7 days of curing and is almost 5%. 126 

From the results of Fig.4 it is obvious that modulus of Elasticity and tensile strength are increased with 127 

the age of the specimens in all three mixes while the modulus of Elasticity values are not considerably 128 

affected by the addition of steel fibres. It is also evident that addition of 3% of steel fibres leads to a 129 

significant improvement of the post-cracking performance of the material. The slope of the initial 130 

linear part of the stress strain distributions (Fig. 4) have been used for the calculation of the modulus 131 

of Elasticity of the various mixes at all the examined ages. From the experimental results for the mix 132 

design without steel fibres (UHPC), seven modulus of Elasticity values have been calculated since in 133 

some of the examined specimens the failure occurred near the grips of the testing machine and these 134 

results have been eliminated from the calculations. For UHPFRC-1, thirteen modulus of Elasticity 135 

values have been calculated since two tests has been eliminated for the same reason. In case of 136 

UHPFRC-3 where high percentage of fibres has been used, all 12 tests have been successfully tested 137 

and all the results have been used for the calculation of modulus of Elasticity values. 138 

2.2.2 Application of theoretical model for homogeneous elastic medium  139 

The application of elastodynamic theory has been investigated and the reliability of the examined 140 

models has been validated using the experimental data. Based on previous studies [12, 13] the 141 
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application of the established relationships for the correlation of the dynamic modulus of Elasticity 142 

(      and the UPV for homogeneous isotropic elastic medium are appropriate for the estimation of 143 

the elastic properties of UHPFRC since the material exhibits isotropic elastic behaviour [12, 13]. 144 

The theory of an ultrasonic pulse travelling in a homogenous isotropic elastic medium has been 145 

adopted in this study in order to correlate compressive wave velocity (Vp,s) with dynamic modulus of 146 

Elasticity (Ed,u), density ( ), and Poisson’s ratio (vu) (Eq. 1) [51]. The model proposed by BSI CP110: 147 

[52] has been used to calculate the static modulus of Elasticity (Ecm) from the dynamic modulus of 148 

Elasticity (Ed,u) (Eq. 2). The compressive strength (fc) has also been calculated from the values of the 149 

static modulus of Elasticity (Ecm) using the model proposed by Eurocode 2 (Eq. 3) [53]. 150 

 151 
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Eq. 1-3 have been used to calculate static modulus of Elasticity (   ) and compressive strength using 153 

the ultrasonic wave velocity values (Vp,s). In the current study average Poisson’s ratio value of vu=0.2 154 

has been used [13] while the density values which are based on experimental measurements have been 155 

taken equal to 2187 kg/m
3
 for UHPC, 2244 kg/m

3
 for UHPFRC-1, and 2357 kg/m

3
 for UHPFRC-3. 156 

Using these parameters, the static modulus of Elasticity has been calculated using Eq. 1-2and the 157 

results are compared with the respective experimental values (Fig. 5). 158 

The results of Fig. 5 have been used for the calculation of the error (%) in the modulus of Elasticity 159 

values (Ecm) calculated for UHPC, UHPFRC-1 and UHPFRC-3. The distribution of the error (%) with 160 

the different values of the modulus of Elasticity is presented in Fig. 6.  161 

The results of Fig. 6 indicate that overall the error is reduced as the modulus of Elasticity values are 162 

increased. This can be attributed to the fact that Eq. 2 have been derived for conventional concrete and 163 

calibration of this model is required for the calculation of the early-age characteristics. 164 

The theoretical results for the modulus of Elasticity and Eq.3 have been used for the calculation of the 165 

compressive strength values and these results are compared with the respective experimental results 166 

(Fig. 7). 167 

The results presented in Fig. 7 indicate that application of elastodynamic theory together with Eq. 3 168 

cannot accurately predict the actual compressive strength values of UHPFRC. This is attributed to 169 

limitation of Eq. 2 and Eq. 3 which have been empirically calculated based on data for conventional 170 

concrete. Also based on the results of Fig. 7, it is evident that the theoretical equations lead the 171 

considerably lower values compared to the experimental results. The theoretical values are lower than 172 

half of the respective experimental values and the deviation between the experimental and the 173 
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theoretical values is not considerably affected by the percentage of the steel fibres since it is almost the 174 

same for UHPC, UHPFRC-1 and UHPFRC-3. In the following sections, the development of 175 

appropriate empirical relationships for the calculation of the compressive strength and the modulus of 176 

Elasticity based on the NDT results will be presented. 177 

2.2.3 Non-destructive results versus mechanical testing: Empirical models 178 

In this section, empirical relationships between the results of mechanical and non-destructive tests, 179 

have been developed. Empirical models for conventional concrete have been proposed in previous 180 

studies for the calculation of the compressive strength using RH and UPV measurements where 181 

experimental results have been used and best fit lines have been calculated [26, 38]. Also, the strong 182 

correlation between the modulus of Elasticity (Ecm) and the UPV has been highlighted in a previous 183 

study where the use of empirical models for the calculation of Ecm of conventional and sub-standard 184 

concretes has been proposed as a simplified method [39]. Linear and exponential regression models 185 

have been examined in the current study for the evaluation of the compressive strength and modulus of 186 

Elasticity.  187 

2.2.3.1 RH and UPV versus compressive strength results-Linear and Exponential models 188 

The relationship between Q and compressive strength values together with the linear and exponential 189 

regression models and the coefficient of determination (R
2
) for UHPC (without steel fibres), 190 

UHPFRC-1 and UHPFRC-3 are presented in Fig. 8a, Fig. 8b and Fig. 8c respectively.  191 

According to the results of Fig. 8, high coefficient of determination values for both linear and 192 

exponential regression models have been found for all the examined cases. In both linear and 193 

exponential regression models, the coefficient of determination has been found to be in the range 0.94-194 

0.98. In case of the mix without steel fibres (UHPC), similar values of the coefficient of determination 195 

for linear and exponential models have been obtained (0.94 and 0.95). For specimens with 1 % steel 196 

fibres (UHPFRC-1), higher coefficient of determination have been observed for linear regression 197 

model while for specimens with 3% steel fibres (UHPFRC-3), higher value of the coefficient has been 198 

observed for exponential regression. 199 

The compressive strength results versus UPV are presented in Fig. 9 together with respective linear 200 

and exponential regression models for UHPC, UHPFRC-1 and UHPFRC-3. The results indicate that in 201 

all the examined cases, exponential regression models have been found to have very high values 202 

almost equal to unity (0.99-1.00). In case of linear regression models, the coefficients of determination 203 

were found to be in the range 0.90-0.97 (Fig. 9).  204 

In the following section, NDT results are compared to the modulus of Elasticity values and respective 205 

empirical linear and exponential models have been calculated. 206 

 207 
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2.2.3.2 RH and UPV versus modulus of Elasticity results-Linear and Exponential models 208 

Similar investigation to the one presented in section 2.2.3.2 has been conducted for the modulus of 209 

Elasticity with the UPV and RH results. Linear and exponential regression models have been 210 

calculated for Q and UPV values for UHPC, UHPFRC-1 and UHPFRC-3 and the results are presented 211 

in Fig. 10. 212 

The results of the modulus of Elasticity with the respective Q-values indicate that the coefficient of 213 

determination (R
2
) values are lower compared to the values calculated for compressive strength and in 214 

the range of 0.78-0.94. Higher R
2
values have been observed for exponential regression models for 215 

UHPC and UHPFRC-3, while for UHPFRC-2 R
2 

value is higher for the linear model. The highest R
2 216 

value (0.94) has been obtained for the mix without steel fibres (UHPC) and for exponential model.  217 

Modulus of Elasticity versus UPV results and linear and exponential regression lines for all the three 218 

mixes are presented in Fig. 11. The results indicate that the exponential regression models have been 219 

found to lead to higher coefficient of determination values for all the examined specimens apart from 220 

UHPFRC-1 where R
2 

value for linear model (0.97) is slightly higher compared to the respective value 221 

for the exponential model (0.95). It is also worth mentioning that in this case (Fig. 11) very high R
2 222 

values (0.82-0.95) have been observed for all the examined specimens for exponential models. 223 

2.2.4 Combined SonReb method 224 

All the experimental results presented in section 2.2.1 (Q-values, UPV values, compressive strength 225 

and Modulus of Elasticity test results) have been used to determine SonReb curve coefficients for both 226 

mixes with and without steel fibres (UHPFRC and UHPC). Eq. 4 is the general equation which has 227 

been used to correlate compressive strength and modulus of Elasticity with UPV and Q-values. 228 

F = a V
b
 S

c
 (4) 

where: 229 

F is the mechanical characteristic (compressive strength or Modulus of Elasticity, 

V is the ultra-sonic pulse velocity, 

S is the Q-value from the rebound hammer tests, and 

a,b,c are constants depended on the material. 

 230 

The natural logarithms of the data of Fig. 8 and Fig. 9 have been initially calculated, and then 231 

‘LINEST’ function in Microsoft Excel has been used to calculate straight lines to best fit the data 232 

using the ‘least squares’ following the procedure proposed by Proceq [54]. Based on these analyses, 233 

appropriate values for coefficients a, b, c for the compressive strength of UHPC and UHPFRC 1 and 234 

UHPFRC 3 have been determined (Table 2). Also, the respective values proposed by RILEM 43-CND 235 

[45] for standard concretes are presented in the same table.  236 
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The same analyses have been conducted for the modulus of Elasticity using the results presented in 237 

Fig. 9 and Fig. 10 and SonReb coefficients for the modulus of Elasticity are presented in Table 3. 238 

The SonReb models with the coefficients calculated in this study (Tables 2 and 3) have been applied 239 

for various UPV and Q values and the results of the compressive strength and modulus of Elasticity 240 

are presented in Fig. 12a and Fig. 12b respectively. 241 

From the results of Fig. 12 it is obvious that as expected, compressive strength and modulus of 242 

Elasticity are both increased as UPV and Q values are increased. The results show that the trend of the 243 

models is almost the same for all the examined mixes but the exact values are highly affected by the 244 

various mix designs that have been examined (UHPC, UHPFRC-1, and UHPFRC-2), so appropriate 245 

calibration is required for different mixes. Only in case of compressive strength values (Fig. 12a) the 246 

results have been found to be quite similar for UHPFRC-1 and UHPFRC-3 mixes. 247 

In order to evaluate the empirical models of Table 2, isoresistance curves for all the examined mixes 248 

(UHPC, UHPFRC-1 and UHPFRC-3) have been generated and these results have been compared with 249 

the respective curves for conventional concrete using the model proposed by RILEM 43-CND [45] 250 

(table 2). The isoresistance curves for all the examined models are presented in Fig. 13. 251 

From the results of Fig. 13 it is evident that the mix design is considerably affecting the shape of the 252 

isothermal curves. For high performance mix design without steel fibres (UHPC) an abrupt drop of the 253 

Q-Value is observed as UPV is increased, while as the fibre percentage is increased (UHPFRC-1 and 254 

UHPFRC-3), this drop becomes more gradual. The shapes of the models for UHPFRC-1 and 255 

UHPFRC-3 are similar to the shape of RILEM 43-CND [45] model for the examined range of values 256 

(Fig. 13). However it is clear that RILEM 43-CND [45] model for conventional concrete leads to 257 

considerably lower compressive strength values. This is attributed to the special mixture composition 258 

in case of UHPC and UHPFRC and mainly in the high cement content, in the aggregates type (silica 259 

sand) and in the addition of admixtures (slag and silica fume used in UHPFRC). These factors are 260 

crucial for the parameters of the empirical SonReb models [45]. According to RILEM 43-CND [45] 261 

correction factors (coefficients of influence) should be applied in order to calibrate the model for 262 

different mix designs. In the examined mixes with UHPFRC-1 and UHPFRC-3 coefficients of 263 

influence in the range of 1.5-2 should be used in order to take into account the effect of the special 264 

composition of the examined mixes. 265 

In the following section (Section 2.3), the accuracy of the calculated SonReb empirical models is 266 

compared with the accuracy of the linear and exponential models presented in 2.2.3.1 and 2.2.3.2. 267 

2.3 Evaluation of the accuracy of linear, exponential and combined SonReb models for the 268 

calculation of compressive strength and modulus of Elasticity values 269 

In order to evaluate the accuracy of all the examined models, the results of the linear, the exponential 270 

and the combined SonReb empirical models have been compared with the actual mechanical tests 271 

results. The mean values of the calculated results for the various mixes (UHPC, UHPFRC 1, UHPFRC 272 

3) at all the examined ages are compared with the respective compressive strength and modulus of 273 
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Elasticity results obtained from the mechanical testing, and the comparisons are presented in Fig. 14 274 

and Fig. 15 together with the diagonal line (line of equality) which represents absolute equality. 275 

The results of Fig. 14 and Fig. 15 indicate that in all the examined cases the values calculated with the 276 

combined SonReb method are very close to the line of equality for the whole range of the examined 277 

values and for both compressive strength and modulus of Elasticity values. In order to quantify the 278 

level of accuracy of each method, the % difference (error) between the predicted value using each of 279 

the methods and the respective actual value obtained from mechanical tests, has been calculated. In 280 

Fig. 16 and Fig. 17, errors (%) versus actual mechanical characteristics obtained from the mechanical 281 

tests are presented for each mix design.  282 

From the compressive strength results presented in Fig. 16, it is obvious that the lowest error values 283 

for UHPC and UHPFRC-1 have been achieved for the combined SonReb. For UHPFRC-3 the lowest 284 

error values for compressive strength values up to 75 MPa have been calculated using Exponential-Q 285 

while for higher strength values SonReb and Exponential-V models have been found to be the most 286 

accurate ones. For all the examined cases the error (%) values of SonReb method have been found to 287 

be below 10%. Overall the highest error values have been observed for the Exponential-Q and Linear-288 

V models for UHPC and UHPFRC-1, while for UHPFRC-3, Linear-V and Linear-Q have been found 289 

to give the highest error values. Exponential-V model has been found to give very low error values 290 

and below 10% in case of UHPFRC-1 and UHPFRC-3. However, the error value was quite high and 291 

exceeded 10% in case of mix design without steel fibres (UHPC). 292 

Regarding the modulus of Elasticity results (Fig. 17), overall the most accurate values have been 293 

calculated with the combined SonReb method. All the error values of SonReb method have been 294 

found to be below 1.2% for UHPC, below 5.7% for UHPFRC-1, and below 8.6% for UHPFRC-3 for 295 

modulus of Elasticity values lower than 30 MPa while for higher values the error has not exceeded 296 

1%. Exponential-Q models have been found to lead to very low error values and below 5.7% for 297 

UHPC and UHPFRC-3 mixes, but high error values in the range of 5.9-19.0% have been observed for 298 

UHPFRC-1. The highest error values overall have been observed for Linear-Q models.  299 

From the observations described above it is evident that the only model which provides accurate 300 

results with low error values (below 10%) in all the examined cases is SonReb. For all the other 301 

models, there are variations in the degree of accuracy depending on the mix design and the special 302 

characteristics of each specimen. This is attributed to the random distribution of the various 303 

components of the mix and especially to the dispersion of the steel fibres which leads to a variation in 304 

the properties of the materials and especially at the surface of the material. Parameters such as the 305 

mixing procedure and the vibration of the material can considerably affect the characteristics of the 306 

outer surface and subsequently its hardness. In this case, Rebound Hammer (RH) measurements which 307 

are mainly affected by the hardness of the surface are not sufficient for the accurate evaluation of the 308 

mechanical characteristics of the material, and combination with UPV measurements (i.e. SonReb) is 309 
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essential in order to obtain accurate models for both compressive strength and the modulus of 310 

Elasticity of UHPFRC mixes. This is evidenced by all the results presented in the current study. 311 

3 Conclusions 312 

In the current study, the reliability of NDT methods for the evaluation of the compressive strength and 313 

the modulus of Elasticity of UHPC and UHPFRC has been investigated. Ultrasonic Pulse Velocity 314 

(UPV), Rebound Hammer (RH) and combined SonReb techniques have been examined and various 315 

models have been developed and evaluated using actual mechanical characteristics obtained from the 316 

mechanical tests. Also, the reliability of theoretical models for homogenous elastic medium for the 317 

calculation of the modulus of Elasticity of UHPC and UHPFRC using UPV measurements has been 318 

evaluated.  319 

Based on the findings of this investigation, the following conclusions have been drawn. 320 

Effect of steel fibres on mechanical characteristics of UHPFRC: 321 

 Based on the mechanical testing, the compressive strength of UHPFRC with 3% steel fibres is 322 

slightly higher (almost 5%) compared to the respective values obtained for UHPC (without 323 

steel fibres). 324 

 Modulus of Elasticity is not considerably affected by the addition of steel fibres, while the 325 

post-cracking response of the material is significantly enhanced as the steel fibres percentage 326 

is increased.  327 

Evaluation of the examined NDT techniques: 328 

 From the application of the theoretical models for homogenous elastic medium it has been 329 

observed that the static modulus of Elasticity cannot be accurately predicted especially for 330 

relatively low values, due to the fact that Eq. 2 has been empirically calculated based on data 331 

for conventional concrete. Also, the application of the theoretical model (Eq. 1) together with 332 

the empirical relationships (Eq. 2 and Eq. 3) lead to considerably lower compressive strength 333 

values compared to the respective experimental results. 334 

 From the correlation of compressive strength with NDT values, high coefficient of 335 

determination values (0.94-0.98) for both linear and exponential regression models have been 336 

found for Q-values versus compressive strength. From the distribution of UPV with 337 

compressive strength results, coefficient of determination values in the range of 0.90-0.94 338 

have been found for linear regression models, while significantly higher are the respective 339 

values (0.98-0.99) for exponential regression models. 340 

 Regarding the Q versus modulus of Elasticity values, lower regression values compared to the 341 

respective results for the compressive strength have been calculated for both linear and 342 

exponential models (0.81-0.88 for linear regression models and 0.78-0.94 for exponential 343 

models). From the correlation of UPV with the modulus of Elasticity, coefficients of 344 
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determination in the range of 0.71-0.97 have been calculated for linear regression values, 345 

while overall higher values (0.82-0.95) have been achieved for exponential models.  346 

 Isoresistance curves for the proposed models for UHPC, UHPFRC-1, UHPFRC-3 have been 347 

compared with the proposed model by RILEM 43-CND [45] for conventional concrete. From 348 

these results it has been found that the shape of the isothermal curves is considerably affected 349 

by the mixes. The trend of the results of the models for UHPFRC-1 and UHPFRC-3 is similar 350 

to the trend of RILEM 43-CND [45] model but it is evident that the RILEM 43-CND [45] 351 

model leads to considerably lower compressive strength values. Correction factors 352 

(coefficients of influence) should be applied in order to take into account the differences in the 353 

mixtures’ composition. In case of UHPFRC-1 and UHPFRC-3 appropriate values for the 354 

coefficients of influence have been found to be in the range of 1.5-2. 355 

 From the evaluation of all the models presented for the compressive strength, it has been 356 

found that overall the lowest error values have been achieved for the combined SonReb and in 357 

all the examined cases error below 10% has been achieved. 358 

 Regarding the modulus of Elasticity, overall SonReb method has been found to be the most 359 

accurate method. In case of UHPC, error values below 1.2% have been obtained. Based on the 360 

results of UHPFRC-1, the error has not exceeded 5.7%. The respective maximum error value 361 

for UHPFRC-3 has been found to be equal to 8.6% for modulus of Elasticity values lower 362 

than 30MPa, while for higher values the error has not exceeded 1%.  363 

The main conclusion of this study is that the combined SonReb method can offer high level of 364 

accuracy since in all the examined cases error below 10% has been achieved. Hence, SonReb method 365 

is highly recommended for the reliable prediction of the compressive strength and modulus of 366 

Elasticity of UHPC and UHPFRC. The models that have been proposed in the current study have been 367 

calculated for plain (without steel fibres) UHPC and for UHPFRC with 1% and 3% steel fibres. 368 

Similar procedure is proposed for the development of appropriate models for UHPFRC with different 369 

mix design and other steel fibres content. 370 
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 Mix proportions (kg/m
3
) 

Material UHPC UHPFRC-1 UHPFRC-3 

Cement 657 657 657 

GGBS 418 418 418 

Silica fume 119 119 119 

Silica Sand 1051 1051 1051 

Superplasticizers 59 59 59 

Water 185 185 185 

Steel fibres 0 75.2 235.5 

Coefficient 
Values calculated 

for UHPC 

Values calculated for 

UHPFRC-1 

Values calculated 

for UHPFRC-3 

Values proposed by  

RILEM 43-CND [45] 

a 
2.36E-20 2.78E-11 1.61E-08 2.756E-10 

b 
5.80 3.00 2.28 2.487 

c 
0.23 0.92 0.87 1.311 

Coefficient  
Values calculated 

for UHPC  

Values calculated for 

UHPFRC 1 

Values calculated for 

UHPFRC 3 

a 
1.12E32 4.05E-11 1.11E16 

b 
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c 
5.72 -0.37 3.84 

List of tables
Click here to download Table: List of tables.docx

http://ees.elsevier.com/conbuildmat/download.aspx?id=738259&guid=08573558-aa73-4db3-9a7c-9b03df726c3f&scheme=1


List of figures’ captions 

 

Fig. 1.   a) Geometry of dog-bone specimens and b) dog-bone and cube samples. 

Fig. 2.  Experimental setup for a) compressive and b) tensile testing of the examined specimens. 

Fig. 3. Compressive strength for specimens with and without steel fibres at various ages. 

Fig. 4. Tensile strength vs strain at different ages for a) UHPC, b) UHPFRC-1 and c) UHPFRC-3.  

Fig. 5. Comparisons between experimental and theoretical values of Ecm  

Fig. 6.  Distribution of error values (%) with the modulus of Elasticity values for UHPC, UHPFRC-1 

and UHPFRC-3. 

Fig. 7.  Comparisons between the theoretical and the experimental results of the compressive strength. 

Fig. 8. Correlation of compressive strength with Q-values and respective linear and exponential 

regression models for a) UHPC, b) UHPFRC-1 and c) UHPFRC-3. 

Fig. 9.  Correlation of compressive strength with UPV results and respective linear and exponential 

regression lines for a) UHPC, b) UHPFRC-1 and c) UHPFRC-3. 

Fig. 10.  Correlation of modulus of Elasticity with Q-values and respective linear and exponential 

regression lines for a) UHPC, b) UHPFRC-1 and c) UHPFRC-3. 

Fig. 11.  Correlation of modulus of Elasticity with UPV results and respective linear and exponential 

regression lines for a) UHPC, b) UHPFRC-1 and c) UHPFRC-3. 

Fig. 12.  SonReb models a) for compressive strength and b) for modulus of Elasticity for all the 

examined mixes. 

Fig. 13.  Isoresistance curves for the proposed models for UHPC, UHPFRC-1, UHPFRC-3 and 

comparison with RILEM 43-CND [45] model for conventional concrete.  

Fig. 14.  Correlation between compressive strength values calculated using different models and 

actual compressive strength values for a) UHPC (without steel fibres), b) UHPFRC-1 and c) 

UHPFRC-3. 

Fig. 15.  Correlation between modulus of Elasticity values calculated using different models and 

actual compressive strength values for a) UHPC (without steel fibres), b) UHPFRC-1 and c) 

UHPFRC-3. 

Fig. 16.  Error (%) for all the examined compressive strength models for a) UHPC, b) UHPFRC-1 

and c) UHPFRC-3. 

Fig. 17.  Error (%) for all the examined modulus of Elasticity models for a) UHPC, b) UHPFRC-1 

and c) UHPFRC-3. 

 

 

List of figures' captions
Click here to download Figure: List of figures captions.docx

http://ees.elsevier.com/conbuildmat/download.aspx?id=738260&guid=176a4439-6843-4cf9-b736-3542a89602d3&scheme=1


Fig. 1a
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738184&guid=c06bb4dc-eac7-41f1-b88b-34f26e9cfd92&scheme=1


Fig. 1b
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738186&guid=e58057b9-6529-4ab4-885a-36ef51090073&scheme=1


Fig. 2a
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738187&guid=94746ee5-d6c2-4053-8ddb-5b93888eb452&scheme=1


Fig. 2b
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738189&guid=e2c70004-6577-415e-8876-cb903b8f86ef&scheme=1


Fig. 3
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738190&guid=7b3e7742-f6d1-4c09-8017-c4fdc24aa772&scheme=1


Fig. 4a
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738191&guid=135f3289-19ae-494f-ad83-d555509a3be4&scheme=1


Fig. 4b
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738192&guid=35e9750e-c0c4-4f34-a80b-2b1b1c10ef80&scheme=1


Fig. 4c
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738194&guid=2d0f95f5-3b26-4b89-83ff-dd65c1ebf7da&scheme=1


Fig. 5
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738195&guid=c6351763-5396-4644-9aae-cd3f7cfacd76&scheme=1


Fig. 6
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738197&guid=4ba3eb37-09a1-474f-af0b-75fb233117b2&scheme=1


Fig. 7
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738198&guid=08a23473-e8d4-4cfd-a8bc-7f3ebab10ca2&scheme=1


Fig. 8a
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738199&guid=3837ca83-5001-47a7-877c-e197a3caa1c6&scheme=1


Fig. 8b
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738200&guid=0dd9a3ea-1494-4271-918e-601087076014&scheme=1


Fig. 8c
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738202&guid=c8c4f9d2-5d79-4c8b-b2f7-2413ed46e103&scheme=1


Fig. 9a
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738203&guid=c13401a7-52f0-41b2-85f1-606e461585df&scheme=1


Fig. 9b
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738204&guid=8ea7021b-7e2b-4c1e-8e1d-13145f57e8b3&scheme=1


Fig. 9c
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738205&guid=5daba670-cc4f-4796-8118-42563afa1e7f&scheme=1


Fig. 10a
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738206&guid=6fe901db-eca0-4df2-957c-02d13e8f13c4&scheme=1


Fig. 10b
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738207&guid=90462b24-8c85-4ac4-96c4-613648983afd&scheme=1


Fig. 10c
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738208&guid=d949089f-2404-44c3-9de8-77619d67a94a&scheme=1


Fig. 11a
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738209&guid=bcbddf81-aedb-4fe9-81f9-b8ea2a964a53&scheme=1


Fig. 11b
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738210&guid=373784e0-b8b3-4852-9a67-67cc141377e5&scheme=1


Fig. 11c
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738211&guid=520b2c50-bf75-42ca-933e-f61797e6f2ec&scheme=1


Fig. 12a
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738212&guid=b13fea1b-0ff6-4529-b7e7-faa25d6eec35&scheme=1


Fig. 12b
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738213&guid=5f422e67-1272-4e39-b533-3e93645b1fe7&scheme=1


Fig. 13
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738214&guid=06c2e5cc-758c-4389-94dd-9d79847bd37f&scheme=1


Fig. 14a
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738215&guid=eb7df197-eb40-4bfc-b036-2416a2dfd72e&scheme=1


Fig. 14b
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738216&guid=f9dae9c7-3222-4f69-8968-1c1478f11002&scheme=1


Fig. 14c
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738217&guid=0c33537a-9203-4e6b-84f8-ea932406df55&scheme=1


Fig. 15a
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738218&guid=61ec298b-3c06-40b7-830a-b6e4f183397c&scheme=1


Fig. 15b
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738219&guid=3346421a-1230-4ce8-8921-e4b638e838dd&scheme=1


Fig. 15c
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738220&guid=61afce7e-7d47-484a-b20d-74ad2f35516b&scheme=1


Fig. 16a
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738221&guid=fc6a6708-1ccc-46c5-a63e-6277719cb069&scheme=1


Fig. 16b
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738222&guid=e52a4404-0ce9-4186-b1bf-515c092bcfa2&scheme=1


Fig. 16c
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738223&guid=07bf4651-4d79-4ffd-a9a9-74bb0fd61e2f&scheme=1


Fig. 17a
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738224&guid=2a1702b8-8ecf-42cf-8d8d-ccc43d1a0324&scheme=1


Fig. 17b
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738225&guid=c6ff784f-6dbe-48e8-8011-8bf5c66ba828&scheme=1


Fig. 17c
Click here to download high resolution image

http://ees.elsevier.com/conbuildmat/download.aspx?id=738243&guid=54358823-332d-40cb-9e42-efa141cf3223&scheme=1

