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Abstract 23 
High pulse discharge breakage is a novel crushing method that relies on high electric pulse 24 

energy to damage to concrete, the potential of the technology to improve the comminuting 25 

effect, but the breaking effect is not fully understand. In this study based on orthogonal design, 26 

27 indoor experiments of high voltage pulse discharge breaking concrete and measurement of 27 

crack depth loss of concrete on three factors such as applied voltage, pulse number and 28 

discharge electrodes gap were carried out at three levels. The results show that the effects of 29 

these three factors on the crack depth loss of concrete are applied voltage, pulse number and 30 

discharge electrodes gap in order from large to small. These results can provide some references 31 

for engineering technology and defense engineering design to improve the efficiency of 32 

concrete target breaking.  33 

Keywords: High voltage pulse discharge cracking, crack depth loss, orthogonal 34 

test, regression analysis, concrete, defense works 35 

     36 

1. Introduction 37 
Concrete is the most widely used material in civil construction facilities, defense 38 

engineering, and etc. At present, the main breaking modes of concrete were mechanical 39 

breaking, ejection shock wave breaking, high pressure water jet breaking etc. (Ulsen et al. 2019; 40 

Moradloo et al. 2019; Rooholamini et al. 2019; Fu et al. 2006). However, with the rapid 41 

development of science and technology, as well as the pursuit of breakage controllable and 42 

environmentally friendly breakage technology, a new concrete breakage technology is urgently 43 

needed to meet these needs. The technology of concrete broken by high voltage pulse discharge 44 

was developed a new technology in the past 20 years. Unlike the previous breaking methods, 45 

the technology of concrete broken by high voltage pulse discharge uses the mechanical effects 46 

of shock wave, jet or plasma channel produced by pulse discharge to break concrete (Shi et al. 47 

2014; Bluhm 2006; Cho et al. 2016). Due to the process of concrete broken by high voltage 48 

pulse discharge is complex and there are many factors affecting its breakage effect, the 49 

mechanism of concrete broken by high voltage pulse discharge is not clear. 50 

In order to improve the research on the mechanism of concrete breakage by high voltage 51 

pulse discharge, many scholars at home and abroad have studied the technology of high voltage 52 

pulse discharge breakage. Zhang et al. (2012) obtained the relationship between electrical 53 

breakdown strength of rock and rock type and thickness through the electrical breakdown 54 

experiments of rock in water under high voltage short pulse condition. At the same time, it was 55 

found that the electrical breakdown strength of rock was related to its porosity and mechanical 56 

properties, and then it was found that the effect of the porosity was the most significant for 57 

these factors, and the electrical breakdown strength of rock was inversely proportional to its 58 

porosity (Zhang et al. 2012). Yan et al. (2016) studied the experimental of anthracite coal 59 

fragmentation by high voltage electrical pulses with breakdown voltage in the air condition. It 60 

was found that the degree of coal fragmentation increased with the increase of breakdown 61 

voltage, and the higher breakdown voltage attributed to the generation of more pores and 62 

fractures in coal samples, and then effect of high voltage on macropores was more remarkable 63 

than other types of pores (Yan et al. 2016). 64 

 Diao et al. (2013) used high voltage pulse technology to crush the circuit board. Compared 65 

with the traditional mechanical method, the results showed that the crushing product produced 66 

by this method had higher yield of coarse particles and lower yield of fine particles, and the 67 

phenomenon of "over-crushing" of the circuit board could be effectively avoided. And then it 68 

was found that the relationship between energy consumption and Walker equation in breaking 69 

process of high voltage electric pulse had a good correlation (Diao et al. 2013). Boev et al. 70 

(1999) carried out optimizing experiments on concrete and granite breakage by high voltage 71 
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pulse discharge in water. It was found that the breakage effect of concrete and granite could be 72 

adjusted by changing the rising edge of pulse discharge (Boev et al. 1999). The results showed 73 

that the discharge voltage and the discharge times of the equipment were the two main factors 74 

affecting the breaking effect, and it was found that large-sized rocks were more likely to break 75 

(van der Wielen et al. 2013). 76 

Wang et al. (2012a) studied the factors affecting the breakage of high voltage pulse 77 

discharge by experiment and numerical simulation methods. The results showed that the 78 

breakage effect of high voltage pulse discharge strongly depends on the rock properties. 79 

Moreover, the simulation results showed that there was high electric field strength at the 80 

interface of two kinds of rocks, and the conductive substances in rocks could change the failure 81 

path and effect of rocks (Wang et al. 2012a). Li et al. (2018) studied the effect of breakdown 82 

voltage on the breaking of anthracite coal fragmentation by high voltage electrical pulse. The 83 

results showed that the fragmentation degree of anthracite coal increased with the increase of 84 

the breakdown voltage, and it was found that the increase of breakdown voltage would increase 85 

the volume of voids, cracks and micropores in anthracite coal by using scanning electron 86 

microscopy (SEM), low-pressure nitrogen gas adsorption (LP-N2G) and mercury intrusion 87 

porosimetry (MIP) (Li et al. 2018). 88 

Lin et al. (2001) studied the ultrasonic detection method of concrete crack depth by theory 89 

and experiment. It was found that the time domain analysis method of impact echo with double 90 

receiving transducers could effectively detect concrete crack depth (Lin et al. 2001). Kim et al. 91 

carried out the research of characterization of the crack depth in concrete using self-92 

compensating frequency response function. The results showed that using self-compensation 93 

frequency response function to improve the isolation of Rayleigh wave component and 94 

associated noise, and could effectively determine the crack depth. At the same time, the 95 

effectiveness of this method was verified by experiments of structural crack and artificial notch 96 

(Kim et al. 2010). Ogura et al. (1997) used low frequency ultra-sound to measure the crack 97 

depth of on the surface of concrete members. The corresponding relationship between the crack 98 

depth and the ultrasonic propagation time/receiving frequency was obtained by changing the 99 

ultrasonic mode, frequency and probe spacing and other basic experiments. The result showed 100 

that there was a correlation between the crack depth and the acoustic propagation time/receiving 101 

frequency by choosing appropriate ultrasonic mode (Ogura et al. 1997).  102 

In conclusion, although some progress has been made in the research on the mechanism of 103 

concrete broken by high voltage pulse discharge, there are still many basic scientific issues to 104 

be studied, and the crack depth loss is an important index to examine the non-destructive of 105 

concrete material. Therefore, this paper aims to clarify some of these aspects of the technology 106 

and analysis and optimization of effect result. This is done by investigating the influence of 107 

applied voltage, pulse number and discharge electrodes gap on the crack depth loss after high 108 

voltage pulse discharge treatment. The focus of this paper is based on orthogonal design, the 109 

effects of different applied voltage, pulse number and discharge electrodes gap on the crack 110 

depth loss of concrete broken by high voltage pulse discharge are analyzed by indoor 111 

experiments. The significant effects of different factors on the crack depth loss of crushing 112 

concrete are obtained through the examine method of mathematical modeling. In order to 113 

improve the breaking mechanism of rock breakage by high voltage pulse discharge and it can 114 

provide some references for engineering technology and defense engineering design to improve 115 

the efficiency of concrete target breaking. 116 
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2. Methods and Materials 117 

2.1. Experiment system 118 

The schematic diagram of the experimental system of breaking concrete generator by high 119 

voltage pulse discharge used in this paper is shown in Figure 1. The experimental system is 120 

mainly composed of high voltage power supply, capacitors, discharge switches, breakdown 121 

chamber, discharge electrodes, water, concrete target and oscilloscope (Tektronix). The 122 

discharge electrodes adopt the needle-needle structure and are installed in the breakdown 123 

chamber of high voltage pulse discharge crushing device. One electrode is used as the positive 124 

electrode and the other is grounded. The capacity of the capacitor is 5uF. The maximum output 125 

voltage of the high voltage pulse discharge generator system is up to 300kV, and the maximum 126 

energy output of a single electric pulse is 100J. The breakdown chamber is made of 127 

polyethylene material, and the water in the chamber can completely submerge the concrete 128 

target.  129 

 130 

 131 
Figure 1. Schematic diagram of experiment system for high voltage pulse discharge crushing 132 

concrete generator: C - generator capacitor, S - switch, L - inductor, R - resistance, Cs - stray 133 

capacitance. (Output pulse parameters: - output voltage: 180~420kV (adjustable), - output 134 

energy: 13-70.56J, - rise time: <40ns, - duration time: about 240ns, - fall time: about 160ns) 135 

 136 

The schematic diagram of the experimental system for crack depth loss detection of 137 

concrete is shown in Figure 2. The experimental system is mainly made up two parts: crack 138 

depth detector of concrete and concrete target. The crack depth detector is composed of detector 139 

host, plane transducer, signal connecting line, digital display screen and crack sounder scale, 140 

etc. Concrete target is the experimental target before and after each high voltage pulse discharge 141 

breakage. The crack depth loss of concrete crushed by high voltage pulse discharge is the 142 

difference between the value of the crack depth measured before crushing and that measured 143 

after crushing 144 

 145 

 146 
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Figure 2. Diagrammatic sketch of experiment system of crack depth detection of concrete 147 

 148 

2.2. Experiment preparation 149 

In this experiment, concrete target is self-made square C45 concrete samples with the size 150 

is 15cm * 15cm * 15cm, and the mix proportions of cement, fly ash, sand, spall, water and 151 

water-reducing admixture are 1:0.43: 2.12:3.93:0.62:0.01 respectively. There are 27 square 152 

samples in total in the experiment, and the individual sample is shown in Figure 3. These square 153 

concrete samples from self-made were analyzed. Strength analysis of this square concrete 154 

sample was conducted according to the Chinese National Standard GB/T50081-2002 guidelines 155 

(Ministry of Construction, the State Administration of Quality Supervision, Inspection and 156 

Quarantine People’s Republic of China 2003). The results from strength analysis of this 157 

concrete sample are presented in Table 1. 158 

 159 

 160 
Figure 3. Individual square concrete samples in the experiment 161 

Table 1. Relevant parameters of concrete sample 162 

Concrete  

sample 

grade 

Density 

Ρ 

（kg/m3） 

Weight 

m 

（kg） 

Compressive 

strength 

f 

N/mm2 

Elastic 

modulus 

E 

N/mm2 

C45 2.41*103 7.9 21.1 3.25*104 

 163 

2.3. Experiment scheme 164 

In this experiment, the factors that affect the crack depth loss of concrete broken by high 165 

voltage pulse discharge and the selected working conditions are as follows. 166 

(1) The applied voltage is 324kV, 360kV and 415kV respectively. 167 

(2) The pulse number is 1, 5 and 9 respectively. 168 

(3) The discharge electrodes gap is 3cm, 5cm and 7cm respectively. 169 

According to the above experimental scheme, the main factors considered in the 170 

experiment are applied voltage, pulse number and discharge electrodes gap. There are three 171 

corresponding levels of these three factors. The level table of these experimental factors for the 172 

crack depth loss of concrete broken by high voltage pulse discharge is listed in Table 2. 173 

nkencanawati
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Table 2. Level table of experimental factors for crack depth loss of concrete broken by high 174 

voltage pulse discharge 175 

Factor 

 

Level  

Applied voltage 

（kV） 

Pulse number 

(times) 

Discharge 

electrodes gap

（cm） 

1 324 1 3 

2 360 5 5 

3 415 9 7 

 176 

In this paper, L9(3
3) orthogonal table is selected for experimental analysis of the crack 177 

depth loss of concrete broken by high voltage pulse discharge. Because three factors were 178 

considered in the experiment, A, B and C were used to represent the orthogonal experiments of 179 

three factors respectively, and the experiment was repeated for three times at different levels of 180 

each factor. 181 

In all experiments,presented energy levels refer to the spark switch energy input. When 182 

assessing the efficiency of high voltage pulse discharge breakage technology it is advised that 183 

the Marx generator energy input is relied upon, but for the research is preferred as it leaves out 184 

of the equation device-specific influence and discharge inefficiencies.  185 

3. Results 186 
According to the combination modes of table 3, experiment of concrete broken by high 187 

voltage pulse discharge and measurement experiment of the crack depth are carried out. The 188 

results of the crack depth loss of breaking concrete are shown in Table 3. 189 

Table 3. Orthogonal experiment table and experiment results of crack depth loss of L9(3
3) 190 

crushing concrete. 191 

Experiment 

number 

Level of each factor 

Crack depth 

loss（mm） 

Mean value of 

crack depth 

loss 

（mm） 

A 

Applied 

voltage 

(kV) 

B 

Pulse 

number 

(times) 

C 

Discharge 

electrodes gap 

 (cm) 

1 324 1 3 11.013 

11.250 2 324 1 3 11.476 

3 324 1 3 11.261 

4 324 5 5 49.879 

50.583 5 324 5 5 50.314 

6 324 5 5 51.556 

7 324 9 7 26.724 

26.583 8 324 9 7 26.362 

9 324 9 7 26.663 

10 360 1 5 1.624 

1.500 11 360 1 5 1.478 

12 360 1 5 1.398 

13 360 5 7 4.967 

5.083 14 360 5 7 5.145 

15 360 5 7 5.137 

16 360 9 3 33.217 
33.333 

17 360 9 3 33.104 
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18 360 9 3 33.678 

19 415 1 7 32.574 

32.917 20 415 1 7 32.758 

21 415 1 7 33.419 

22 415 5 3 23.940 

24.168 23 415 5 3 24.112 

24 415 5 3 24.452 

25 415 9 5 3.137 

3.167 26 415 9 5 2.912 

27 415 9 5 3.452 

 192 

3.1. Range analysis 193 

The range analysis of the experimental results of the crack depth loss of concrete broken 194 

by high voltage pulse discharge in Table 3 is carried out. Firstly, the sum of the crack depth 195 

loss of concrete of each factor at each level is calculated, and the results are shown in Table 4. 196 

Then, the average value of the crack depth loss of concrete of each factor at each level is 197 

calculated, and the results are shown in Table 5. 198 

From the definition of range, the range is the difference between the maximum value and 199 

the minimum value of the average value of the crack depth loss of concrete of each factor. This 200 

index indicates the change of the crack depth loss of concrete under the action of a certain 201 

factor, that is, That is, the influence of this factor on the crack depth loss. From the range value 202 

of Table 5, it can be seen that the range value of the applied voltage is the largest, followed by 203 

the pulse number, and finally the discharge electrodes gap. Therefore, among the three factors, 204 

the impact of the applied voltage on the crack depth loss of concrete broken by high voltage 205 

pulse discharge is the greatest, followed by the pulse number, and finally the gap between 206 

positive and negative electrodes. 207 

Table 4. Sum of crack depth loss of concrete at different levels 208 

Factor 
Sum of the crack depth loss at different levels (mm) 

1 2 3 

A(Applied voltage) 88.416 39.916 60.252 

B (Pulse number) 45.667 79.834 63.083 

C(Discharge 

electrodes gap) 
68.751 55.250 64.583 

 209 

Table 5. Average and range of crack depth loss of concrete at different levels 210 

Factor 

Average value of the crack depth loss at 

different levels (mm) Range (mm) 

1 2 3 

A(Applied voltage) 29.472 13.305 20.084 16.167 

B (Pulse number) 15.222 26.614 21.028 11.392 

C(Discharge 

electrodes gap) 
22.917 18.417 21.528 4.500 

 211 
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In order to make a more intuitive comparison, the crack depth loss of concrete crushed by 212 

high voltage pulse discharge under different levels of each factor drawn from Table 5 is shown 213 

in Figure 4. From Figure 4, it can be concluded that:  214 

(1) For the applied voltage factor, the crack depth loss of concrete crushed by high voltage 215 

pulse discharge is the greatest at 324kV (A1). 216 

(2) For the pulse number factor, the crack depth loss of concrete crushed by high voltage 217 

pulse discharge is the greatest at five times (B2). 218 

(3) For the discharge electrodes gap, the crack depth loss of concrete crushed by high 219 

voltage pulse discharge is the greatest at 3cm (C1). 220 

Combining the above conclusions, the crack depth loss of crushing concrete under the 221 

combination of factors A1B2C1 will be the largest. 222 

In order to determine the crack depth loss of concrete crushed by high voltage pulse 223 

discharge under condition of combination A1B2C1, the experiment is carried out under the 224 

condition separately. The experiment result shows that the crack depth loss of concrete broken 225 

by high voltage pulse discharge under the combination condition is 37.07mm, which is 25.78% 226 

higher than the maximum of the crack depth loss of concrete broken by high voltage pulse 227 

discharge in the orthogonal experiment. 228 

From Figure 4, it can be easily seen that the primary and secondary effects of various 229 

factors are about the crack depth loss of concrete broken by high voltage pulse discharge. In the 230 

figure, if a factor has a great influence on the crack depth loss of crushing concrete, the 231 

difference of the crack depth loss of crushing concrete under different levels of this factor will 232 

be very large, that is, this factor is the main factor affecting the crack depth loss of crushing 233 

concrete. On the contrary, if the difference of the crack depth loss of crushing concrete is very 234 

small at different levels of this factor, that is, this factor is the secondary factor affecting the 235 

crack depth loss of crushing concrete. The difference of the crack depth loss of concrete crushed 236 

by high voltage pulse discharge is reflected in Figure 4 as the distribution of the corresponding 237 

points of the crack depth loss. 238 

 239 

 240 
Figure 4. Crack depth loss of concrete under different levels of each factor 241 

 242 

According to the above rules, it can be seen from Figure 4 that the point of applied voltage 243 

is the most dispersed among all the factors affecting the crack depth loss of concrete crushed 244 

by high voltage pulse discharge, so the applied voltage is the main factor affecting the crack 245 

depth loss of concrete broken. Secondly, the point of pulse number is more dispersed, so the 246 

pulse number is the secondary factor affecting the crack depth loss of concrete broken. 247 

Ultimately, it is the distance between discharge electrodes. That is to say, the influence order 248 

of these three factors on the crack depth loss of concrete broken by high voltage pulse discharge 249 

is the applied voltage, the pulse number and the discharge electrodes gap. Through the previous 250 

analysis, it is found that the change of the crack depth loss of concrete crushed by high voltage 251 

pulse discharge is different with different factors. In view of this, the crack depth loss of 252 

concrete can be increased by adjusting sensitive factors, and the damage of defense works 253 

(concrete) can be further improved. 254 
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In the experimental system of concrete crushed by high voltage pulse discharge, if the 255 

discharge electrodes gap is fixed, the distance between of discharge electrodes can be regarded 256 

as a fixed value. Therefore, in the design of demolition of defense works (concrete), the crack 257 

depth loss of broken concrete by high voltage pulse discharge can be controlled by adjusting 258 

the applied voltage and the pulse number. Under the action of two factors, the maximum of the 259 

crack depth loss of concrete is A1B2. 260 

Figure 5 shows the change curve of the crack depth loss of concrete broken by high voltage 261 

pulse discharge with different applied voltage under the condition that of discharge electrodes 262 

gap is 3cm, 5cm and 7cm and pulse number is 5. As can be seen from Figure 5, the crack depth 263 

loss of concrete broken decreases firstly and then increases with the increase of the applied 264 

voltage. When the applied voltage is 324kV, the crack depth loss is the largest. When applied 265 

voltage is 324kV, the crack depth loss of concrete broken increases by 121.5% compared with 266 

the smallest crack depth loss of concrete. 267 

 268 

 269 
Figure 5. Variation curves of the crack depth loss of concrete under different applied voltages 270 

 271 

Figure 6 shows the variation curve of the crack depth loss of concrete broken by high 272 

voltage pulse discharge with different pulse number under the condition that of discharge 273 

electrodes gap is 3cm, 5cm and 7cm and applied voltage is 360kV. Figure 6 shows that the 274 

crack depth loss of concrete broken increases firstly and then decreases with the increase of 275 

pulse number. When the pulse number is 5, the crack depth loss of concrete is the largest. When 276 

the pulse number is 5, the crack depth loss of broken concrete increases by 74.8%, compared 277 

with the minimum crack depth loss. 278 

 279 

 280 
Figure 6. Variation curves of the crack depth loss under different pulse number 281 

 282 
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3.2. Significance analysis  283 

In order to accurately evaluate the magnitude of the error of experimental results of the 284 

crack depth loss of concrete broken by high voltage pulse discharge, and correctly distinguish 285 

the data fluctuation caused by experimental errors and the change of experimental conditions. 286 

The significance analysis of the influence of these three factors considered in the experiments 287 

on the crack depth loss of concrete crushed by high voltage pulse discharge is carried out. 288 

According to the method of mathematical statistics, the degree of freedom in Table 6 is equal 289 

to the factor level number minus 1; f0.1 is the critical value of F test when the significant level 290 

is 0.1; f0.1 can be obtained by querying the upper sub-table of F distribution. In Table 6, F is the 291 

ratio of inter-group variance to intra-group variance, which is called test statistics. 292 

Inter-group variance is 293 

 
2

1

=
a

iInter group i

i

S n y y


                                         (1) 294 

Where a is the number of factors considered; ni is the number of experimental data under the 295 

factor i; yi is the experimental value under the factor i; iy is the average of experimental data 296 

under the factor i; and y is the average of the whole experimental results. 297 

Intra-group variance is 298 

 
2

1 1

=
ina

i ij

i j

Intra groupS n y y

 

                                    (2) 299 

Where yij is the experimental value of each experiment. 300 

The test statistic F is 301 

Inter group

Intra group

S
F

S





                                                    (3) 302 

After calculating the test statistic F, the significance of each factor can be judged by 303 

comparing it with the test critical value. When the F value is greater than f0.1, it means that this 304 

factor has a significant effect on the experimental results; on the contrary, it means that the 305 

influence is not significant. The results of the crack depth loss of concrete broken by high 306 

voltage pulse discharge through F test are shown in Table 6. 307 

Table 6. Significance analysis table 308 

Factor Freedom f0.1 F value Significance 

A(Applied voltage) 2 9 10.8 Notable 

B (Pulse number) 2 9 5.4  

C(Discharge 

electrodes gap) 
2 9 0.9  

 309 
From Table 6, it can be seen that the impact of the applied voltage on the crack depth loss 310 

of concrete crushed by high voltage pulse discharge is obvious and it has a certain decisive role, 311 

and then followed by the pulse number, while the effect of the discharge electrodes gap on the 312 

crack depth loss of concrete crushed is weak. 313 
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4. Discussions  314 
As initially expected, the results of this research demonstrated that the effect of high 315 

voltage pulse discharge on concrete crushing can be studied from the angle of crack depth loss. 316 

This is unlike previous research where analysis of crushing effect was from breakage mass 317 

change (Wang et al. 2012b), breakage probability (Zuo et al. 2015a), breakage crack width 318 

(Wang et al. 2011), breakage volume (Vazhov et al. 2011; Boev et al. 2000), breakage size 319 

(Lastra et al. 2003; Shi et al. 2013, 2015;  Zuo  et al. 2015b; Andres et al. 2001), crack number 320 

(Sun et al. 2014), breakage hardness change (Wang et al. 2011) and etc. 321 

It was also noticed that the applied voltage, the pulse number and the discharge electrodes 322 

gap all had a certain extent effect on the crack depth loss of concrete broken by high voltage 323 

pulse discharge, and the order of these three factors was the applied voltage, the pulse number 324 

and the discharge electrodes gap. This is logical because some previous researches have been 325 

conducted on voltage, pulse number or discharge spacing. The research results  of Shi et al. 326 

(2013) showed when the voltage was 180kV, the pre weakening degree of ore could be 80.9% 327 

by one discharge, and the pre-weakening degree decreases first and then increased with the 328 

increase of pulse number, which was not a linear relationship (Shi et al. 2013). Sun et al. (2014) 329 

demonstrated for proportion of cement to sand is 1:1, the height and number of cracks hardly 330 

changed with the increase of applied voltage under one dischrge (Sun et al. 2014). Kovalchuk 331 

et al. (2013) found that under the same conditions, increasing the pulse number could 332 

effectively crush concrete and granite, but no specific relationship was given (Kovalchuk et al. 333 

2013). Vazhov et al. (2012) only discovered the effect of high voltage pulse discharge on the 334 

crushing of granite and concrete was affected to some extent by applying volitage and different 335 

electrodes (Vazhov et al. 2012). Inoue et al. (1999) obtained destructive characteristics of 336 

granite were influenced by pulse (energy) effectiveness, applied voltage and electrode spacing 337 

(Inoue et al. 1999). Zuo et al. (2015c) proposed all kinds of operation conditions had influence 338 

on ore crushing behavior. However, the ore properties had a significant impact on the high 339 

voltage pulse crushing performance (Zuo et al. 2015c). Based on the above discussion, the 340 

research is suggested that the parameters of apply voltage, pulse number and electrode spacing 341 

should be optimized.   342 

It was noted that the distance of discharge electrodes was fixed in the process of breaking 343 

concrete by high voltage pulse discharge, therefore, it was only necessary to analyze the 344 

influence of applied voltage and pulse number on concrete crushing by high voltage pulse.  345 

Through the significance analysis, i.e. F test, we found that the impact of the applied voltage 346 

on the crack depth loss of concrete crushed by high voltage pulse discharge was very significant.  347 

5. Conclusions 348 
The purpose of this research was to analyze the effects of different applied voltage, pulse 349 

number and spacing of discharge electrodes on the crack depth loss of concrete broken by high 350 

voltage pulse discharge.  351 

Orthogonal experiments show that the applied voltage and the pulse number have an 352 

obvious effect on the crack depth loss of concrete broken by high voltage pulse discharge. The 353 

order of these three factors is the applied voltage, the pulse number and the discharge electrodes 354 

gap. 355 

Because the distance of discharge electrodes is fixed in the process of breaking concrete 356 

by high voltage pulse discharge, the crack depth loss of concrete broken can be controlled by 357 

changing the applied voltage and the pulse number value. Under the action of these two factors, 358 

the combination of A1B2 is the largest. Adjusting the applied voltage and pulse number value 359 

can increase by about 121.5% and 74.8% of the crack depth loss of concrete broken 360 

respectively. 361 

nkencanawati
Comment on Text
Please add more discussion of the fracture mechanism inside the concrete (in this case the depth of fracture) due to voltage discharge and how this parameter becomes more dominant affects the fracture compared to other parameter.
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Significance analysis based on F test shows that the impact of the applied voltage on the 362 

crack depth loss of concrete crushed by high voltage pulse discharge is very significant. 363 

Results of this research will provide a theoretical basis for the effect of high voltage pulse 364 

discharge on concrete crushing and the optimization of circuit parameters. The next step work 365 

is to study the crack change concrete breakage of by high-voltage pulse discharge from the 366 

microscopic point of view.  367 
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SJR

The SJR is a size-independent prestige indicator that
ranks journals by their 'average prestige per article'. It is

based on the idea that 'all citations are not created
equal'. SJR is a measure of scienti�c in�uence of
journals that accounts for both the number of citations
received by a journal and the importance or prestige of

the journals where such citations come from It
measures the scienti�c in�uence of the average article
in a journal it expresses how central to the global

Total Documents

Evolution of the number of published documents. All
types of documents are considered, including citable

and non citable documents.

Year Documents
2003 2
2004 35
2005 36
2006 36

Citations per document

This indicator counts the number of citations received by
documents from a journal and divides them by the total

number of documents published in that journal. The
chart shows the evolution of the average number of
times documents published in a journal in the past two,
three and four years have been cited in the current year.

The two years line is equivalent to journal impact factor
™ (Thomson Reuters) metric.

Cites per document Year Value
Cites / Doc. (4 years) 2003 0.000
Cites / Doc. (4 years) 2004 0.000
Cites / Doc. (4 years) 2005 0.324
Cites / Doc. (4 years) 2006 0.507
Cites / Doc. (4 years) 2007 0.651
Cites / Doc. (4 years) 2008 0.807
Cites / Doc. (4 years) 2009 1.359
Cites / Doc. (4 years) 2010 1.472
Cites / Doc. (4 years) 2011 1.052
Cites / Doc. (4 years) 2012 1.260

Total Cites Self-Cites

Evolution of the total number of citations and journal's
self-citations received by a journal's published

documents during the three previous years.
Journal Self-citation is de�ned as the number of citation
from a journal citing article to articles published by the
same journal.

Cites Year Value
f

External Cites per Doc Cites per Doc

Evolution of the number of total citation per document
and external citation per document (i.e. journal self-

citations removed) received by a journal's published
documents during the three previous years. External
citations are calculated by subtracting the number of
self-citations from the total number of citations received

by the journal’s documents.
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Gunung 1 year ago

is this journal still Q1?

reply

International Collaboration accounts for the articles that
have been produced by researchers from several

countries. The chart shows the ratio of a journal's
documents signed by researchers from more than one
country; that is including more than one country address.

Year International Collaboration
2003 0 00

Not every article in a journal is considered primary
research and therefore "citable", this chart shows the

ratio of a journal's articles including substantial research
(research articles, conference papers and reviews) in
three year windows vs. those documents other than
research articles, reviews and conference papers.

Documents Year Value

Cited documents Uncited documents

Ratio of a journal's items, grouped in three years
windows, that have been cited at least once vs. those

not cited during the following year.

Documents Year Value
Uncited documents 2003 0
Uncited documents 2004 2
Uncited documents 2005 29
Uncited documents 2006 54
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A Novel Intelligent Rebound Hammer System Based on
Internet of Things
Zongqiang Pang * , Qing Wang, Yong Wang and Zhiyin Gong
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Nanjing 210003, China
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Abstract: In order to improve the test efficiency of concrete strength and ensure measured data
reliability, we present a novel intelligent rebound hammer system which is based on the Internet of
Things (IoT) and speech recognition technology. The system uses a STM32F103C8T6 microcontroller
as the Main Control Unit (MCU), and one BC26 module as the communication unit, combined with
a LD3320 voice recognition module and TOF050H laser ranging sensor to achieve the function of
phonetic transcription and laser ranging. Without the need for traditional multi-person collaboration
and burdensome data transfer, the system can collect the data of rebound value and location informa-
tion and send them to the remote cloud information management system automatically in real time.
The test results show that the system has high measuring accuracy, good data transmission stability
and convenient operation, which could provide guidance for other types of non-destructive testing
equipment designs.

Keywords: rebound hammer; internet of things; laser ranging; phonetic transcription; cloud platform

1. Introduction

The strength of concrete is related to the safety of the main structure of a building; it is
the most important part of quality control of a cast-in-place concrete structure. However,
during the actual construction process, construction safety accidents often occur due to
misoperation by front-line staff or inadequate supervision from managers, both of which
have caused huge economic losses. The testing methods of concrete strength can be divided
into destructive and nondestructive testing. The destructive testing method, which involves
drilling a cylindrical sample from the main structure and testing it inside the laboratory,
has higher measurement accuracy but comes with high costs and is time-consuming. Most
importantly, the method may cause irreparable damage to the concrete structure, which
makes it unusable for some important concrete structures or other important projects with
special requirements.

The nondestructive testing method does not impair the building structure and allows
for re-testing at the same location to compare the changes in concrete quality. As the
concrete is susceptible to a variety of environmental degrading factors which tend to limit
its service life, concrete strength should be tested in situ periodically for quality assurance
and the evaluation of existing conditions [1]. Among the many nondestructive testing
methods, such as ultrasonic pulse velocity [2], ray absorption and scattering, the rebound
hammer and the ultrasonic-rebound combined method, the rebound hammer is deemed
as the most popular method for concrete quality testing, which is popular for its simple
structure, ease of use and low cost [3,4]. The basic principle of the rebound hammer is to
use the spring-driven heavy hammer to make the heavy hammer hit the impact bar that is
in vertical contact with the concrete surface with constant kinetic energy in order that the
local concrete deforms and absorbs part of the energy. The other part of the energy will
be converted into the rebound kinetic energy of the heavy hammer. When all the rebound
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kinetic energy is converted into potential energy, the heavy hammer will rebound to a
maximum distance. The rebound number is the ratio of the maximum springback distance
to the initial spring length. According to the JGJ/T 23-2011, the rebound hammer uses the
rebound number which is related to the surface hardness of the concrete to evaluate the
strength of the concrete [5].

Most early rebound hammers involve contact measuring and require manual reading
and recording of its rebound value. Due to the friction of the pointer during application,
some metal powder may attach to the resistors, which will affect the sensitivity of the sensor,
so this type of rebound hammer has lower efficiency and a short lifespan [6]. In order
to settle the friction problem, Shejiao’s team developed one intelligent rebound hammer
system which uses linear CCD imaging as the non-contact rangefinder sensor to measure
the displacement of the hammer; the MCU is used for circuit driving and image processing
back in the office after the test and transfers all the measured data to the computer through
a USB port [7]. In 2007, they developed another intelligent rebound hammer system which
was based on PSD and Zigbee technology and which achieved non-contact range-finding
and wireless data transmission [8]. However, for the location information of the test area,
it still requires another surveyor to record synchronously. Moreover, limited by weak
diffraction, weak signal penetration and the requirement of an ad hoc network for Zigbee
technology, it is not convenient for use in actual construction sites [9].

In this paper, we present one novel intelligent rebound system which is based on
IoT and speech recognition technology [10]. Using laser ranging sensor to measure the
hammer displacement and a voice recognition module to record the location information
under testing, the MCU collects the data and sends them to the remote cloud information
management system by the IoT module in real time [11]. There is no need for traditional
multi-person collaboration and burdensome data transfer. Most importantly, it avoids the
risks of artificial modification and entry error of the test date, which seriously affect the
quality and safety of the constructions.

2. System Design

The intelligent rebound system should have the functions of hammer displacement
measuring, phonetic transcription, real-time data remote transmission, data storage and
analysis, etc [12]. Among those elements, the phonetic transcription unit is required to
complete the operator’s voice recognition and transcription of location information, such as
“101 East Wall Area 1” and “203 North Wall Area 4”. The real-time data remote transmission
unit is responsible for sending the hammer rebound value and phonetic transcription data
to the cloud server in real time through the IoT module. The cloud information management
unit is responsible for storing the data information transmitted by IoT and responding to
the web request to render the data to the front-end page [13]. The schematic diagram of the
system structure is shown in Figure 1.
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2.1. Circuit Design

With consideration for the number of communication interfaces, the size of the hard-
ware circuit board and the expansion space for subsequent system upgrading [14], the
STM32F103C8T6 microcontroller is selected as the system MCU, which has up to 37 digital
input/output ports, two 12-bit synchronized ADCs, two IICs, three UARTs, two SPIs, one
CAN, three 16-bit timers, and 64 KB of program memory. The whole system is powered by
a 5 V rechargeable lithium-ion battery pack with a capacity of 8400 mAh, which can work
stably for longer than 8 h without interruption.

For non-contact range-finding, we chose a TOF050H module as the ranging sensor to
measure the hammer rebound value, which works under 3.3 V and supports serial-mode,
modbus-mode and IIC-mode data transfer [15]. In view of the range of rebound value [16],
the high precision ranging mode is selected, the module range is 200 mm, accuracy is ±5%,
resolution is 1 mm, and the ranging period is set to 200 ms.

For phonetic transcription, we chose a widely used LD3320 module to recognize and
transcript the voice information of different locations, which has high-precision A/D and
D/A interfaces and can achieve phonetic transcription without additional external auxiliary
Flash and RAM [17]. During voice signal processing, the environment noise will firstly
be removed from the recognized voice signal. The SPI clock, chip select and input and
output pins are connected to the external MCU by SPI protocol to achieve serial interface
communication. In view of the limited number of offline entries, the method of word
combination is adopted to expand the recognition capability of LD3320, which uses the
external MCU to sort and integrate recognized entries according to the time series.

In order to improve the recognition rate, an RC circuit is added to the microphone
bias pin (MBS) to ensure a floating voltage is applied on the microphone. The schematic
diagram of phonetic transcription unit is shown in in Figure 2.
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For data remote transmission, we chose a Quectel BC26 communication module to
send the hammer rebound value and phonetic transcription data to the cloud server in real
time, which has low power consumption and high performance [18]. The BC26 module
communicates with MCU through a UART serial port and builds a connection with the
cloud server by TCP protocol [19].

In order to check the phonetic transcription results and the working status of the
intelligent rebound hammer in real time, a 2.4-inch touchscreen display was selected as the
user interface (TJC3224T124_011R, Taojingchi, Shenzhen, China); it works under 5 V and
communicates with MCU through a serial port. The measured rebound value, recognized
location information, communication signal strength and sending status are displayed
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on the display screen. If any errors in phonetic transcription are found, the operator can
modify the speech text by the screen keyboard and send the revised text to the external
MCU through serial port interrupt, as shown in Figure 3.
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2.2. Structure Design

In view of the ranging characteristics of the TOF050H module, the white reflector
board is fixed on the slider, which can slide along the sliding rail. The nominal kinetic
energy of the hammer is 2.207 J, and the measuring strength range of 10~60 MPa is related
to the rebound displacement range of 20~60 mm. In view of the location and field angle
of the ranging sensor, the width of the reflector board is set to 17 mm, which ensures the
ranging sensor can cover the full field. The touchscreen is fixed on the top of the circuit
box, and a 5.0 V rechargeable polymer lithium battery, which provides a power source for
the rebound hammer, is fixed inside the circuit box. The schematic view of the intelligent
rebound hammer is shown in Figure 4.
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2.3. MCU Program Design

In order to distinguish the rebound value and phonetic transcription data from differ-
ent intelligent rebound hammers, an 8-bit array is set to store the rebound value in which
the front two bits are the data category, the middle four bits are the equipment number,
and the last two bits are the rebound value. For example, if rebound hammer #1 is used to
measure the concrete strength and the rebound value is 40 mm, the uploaded array will be
“00000140”. Furthermore, another 12-bit array is set to store the phonetic transcription data
in which the front two bits are the data category, the middle four bits are the equipment
number, and the last six bits are the phonetic transcription.

When the system is turned on, the system starts initializing, the BC26 module connects
to the network. After network attaching, when the BC26 module closes the previous TCP
connection and creates a new TCP connection, the system enters the main loop, which
includes phonetic transcription, range-finding and data remote transmission. If the voice
recognition button is held down, the system enters the process of voice recognition until
the release of the button. The MCU sorts and integrates all recognized entries according to
the time series, and the final result of phonetic transcription is sent to the cloud server as a
12-bit array. The MCU sends the rebound value and phonetic transcription to the server by
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calling the AT instruction and checks the returned value to judge the sending status. The
program flow chart is shown in Figure 5.
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2.4. Web Program Design

After establishing the connection with the server, the rebound hammer sends the
collected data to a specified port. The server listens to the port via Python scripts, then
analyzes, classifies and stores the received data into the Mysql database. The received
12-bit array will be translated into a text of location information according to the hash table,
whereas the received 8-bit array of rebound values will be bound to the location according
to the category and equipment number.

The front end of the cloud information management platform is developed by Vue.js,
and the back end is developed by Python language. In view of the development cycle and
extensibility, the web server is built with a Flask framework and interacts with the database via
a PyMySQL module [20]. If the web server receives any requests from the front-end interface,
it will render the response results to the browser. The workflow chart is shown in Figure 6.
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As shown in Figure 7, on the webpage of the cloud information management platform,
the manager can check the received test data, modify related parameters and export them
to a text or excel file. After the parameter modification, such as the modification of impact
angles, pouring surface and carbonization depth, the back end of the platform will modify
the rebound value according to the technical regulations and convert the rebound value to
the strength of the concrete automatically according to “Conversion Table of Compressive
Strength of Concrete for Test Area”.
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3. Experimental Results

In order to check the performance of our home-made intelligent rebound hammer
system, we chose one state grid substation construction in Nanjing to test the concrete
strength. As shown in Figure 8, we chose four test areas on one load-bearing wall arbitrarily
and divided them into 4 × 4 small grids, respectively. According to the JGJ/T 23-2011,
before the test, the calibrated steel anvil of 60 ± 2 Rockwell hardness was used to calibrate
the two rebound hammers, and the calibration results were within 80 ± 2. With the home-
made intelligent rebound hammer, we tested the concrete strength for each small grid. The
platform receives 16 rebound values for each test area, deletes 3 maxima and 3 minima,
and finally calculates an average rebound value for each test area. In order to compare the
performance, we chose another four close test areas in the same load-bearing wall and one
commercial digital rebound hammer (YD225P, Daolong Technology Co., Ltd., Shenzhen,
China). The test value of YD225P is deemed as the standard value, and the impact angle is
set to 0. The test results of four test areas are shown in Table 1.
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Table 1. Test Results of Four Test Areas.

Table 225.
YD225C Home-Made

Relative Error
Test Value Mean Value Test Value Mean Value

1

40 39 38 25

38.7

39 39 38 36

38.7 0%
38 23 53 41 38 39 39 39
38 39 53 34 39 39 39 40
39 39 39 38 37 37 38 39

2

24 39 39 40

39.4

41 39 39 40

39.7 0.70%
40 40 40 39 40 39 24 40
39 39 42 38 40 39 54 54
39 40 40 39 40 26 42 35

3

39 39 38 37

37.7

37 25 40 38

37.7 0%
36 35 37 36 37 36 29 38
38 37 41 39 37 39 35 40
40 38 23 38 37 40 38 41

4

27 38 26 39

39.1

40 38 39 39

38.5 1.50%
26 39 39 40 38 38 38 39
41 39 38 40 37 40 33 37
44 46 42 38 39 39 39 38

From Table 1, the relative error between two rebound hammer test results for four test
areas is 0%, 0.70%, 0%, and 1.50%, respectively, which proves the good performance of our
home-made intelligent rebound hammer system. After hundreds of tests and comparative
analyses on different concrete structures in several engineering sites, we have confirmed
the working performance and stability of our intelligent rebound hammer system. Most
importantly, it can send the data of rebound value and location information to a remote
cloud information management system without traditional multi-person collaboration,
which avoids the risks of artificial modification or data transfer errors.

4. Conclusions

We have presented one novel intelligent rebound hammer based on IoT and speech
recognition technology, which use a TOF050H laser ranging sensor to measure the hammer
displacement and a LD3320 voice recognition module to record the location information.
All the test data will be sent to a remote cloud information management system by the
IoT module in real time, which can solve the problems of multi-person collaboration and
burdensome data transfer and consequently avoid the risks of artificial modification and
data transfer errors.
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SJR

The SJR is a size-independent prestige indicator that
ranks journals by their 'average prestige per article'. It is

based on the idea that 'all citations are not created
equal'. SJR is a measure of scienti�c in�uence of
journals that accounts for both the number of citations
received by a journal and the importance or prestige of

the journals where such citations come from It
measures the scienti�c in�uence of the average article
in a journal it expresses how central to the global

Total Documents

Evolution of the number of published documents. All
types of documents are considered, including citable

and non citable documents.

Year Documents
2010 9
2011 24
2012 46
2013 32

Citations per document

This indicator counts the number of citations received by
documents from a journal and divides them by the total

number of documents published in that journal. The
chart shows the evolution of the average number of
times documents published in a journal in the past two,
three and four years have been cited in the current year.

The two years line is equivalent to journal impact factor
™ (Thomson Reuters) metric.

Cites per document Year Value
Cites / Doc. (4 years) 2010 0.000
Cites / Doc. (4 years) 2011 0.556
Cites / Doc. (4 years) 2012 2.061
Cites / Doc. (4 years) 2013 1.975
Cites / Doc. (4 years) 2014 2.261
Cites / Doc. (4 years) 2015 2.330
Cites / Doc. (4 years) 2016 2.124
Cites / Doc. (4 years) 2017 2.421
Cites / Doc. (4 years) 2018 2.712
Cites / Doc. (4 years) 2019 2.812

Total Cites Self-Cites

Evolution of the total number of citations and journal's
self-citations received by a journal's published

documents during the three previous years.
Journal Self-citation is de�ned as the number of citation
from a journal citing article to articles published by the
same journal.

Cites Year Value
f

External Cites per Doc Cites per Doc

Evolution of the number of total citation per document
and external citation per document (i.e. journal self-

citations removed) received by a journal's published
documents during the three previous years. External
citations are calculated by subtracting the number of
self-citations from the total number of citations received

by the journal’s documents.

% International Collaboration

International Collaboration accounts for the articles that

Citable documents Non-citable documents

Not every article in a journal is considered primary
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Abstract:
Over the last few decades, the interest in using advanced high performance materials in the construction
industry has been shooting up and developing. Recently, very high strength cement based composite with
high ductility called Reactive Powder Concrete (RPC) has been developed. The RPC concept is based on the
principle that a material with a minimum of defects such as micro-cracks and voids will be able to achieve a
greater load – carrying capacity and greater durability. In the present paper, an experimental program of
sixteen reinforced concrete one way slabs was conducted to investigate their behavior under flexural loading.
Four of these slab with normal concrete (NC) and the others of Modified Reactive Powder Concrete (MRPC).
All slabs identical in dimension of its length and width (1000×500) mm, respectively, and its thickness was
varied as one of the variable which used in the present work. Also, other parameters one way slab, reactive
were varied; concrete type, steel fibers content and flexural steel reinforcement ratio. The results showed the
MRPC slabs with steel fibers were failed in ductile manner and had ultimate load capacity more than of that
non-fibrous MRPC with improvement percentage reach to (66) %, while this percentage was became (212) %,
comparisons with normal concrete slabs. Also, the results showed that slabs, for both concrete types,
reinforced with lower steel ratio failed by tension mode, otherwise, the slabs of higher reinforcement steel ratio
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Flexural Strength of Modified Reactive Powder Concrete One Way Slabs
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Abstract:

Background:

Over the last three decades, the interest in using advanced high-performance materials in the construction industry has been increasing worldwide.
Recently, a very high strength cement-based composite with high ductility called Reactive Powder Concrete (RPC) has been developed. The RPC
concept is based on the principle that a material with a minimum of defects such as micro-cracks and voids will be able to achieve greater load-
carrying capacity and durability.

Methods:

In the present paper, an experimental program of sixteen reinforced concrete one-way slabs was conducted to investigate their behavior under
flexural loading. Four of these slabs were with Normal Concrete (NC) and the others of Modified Reactive Powder Concrete (MRPC). All slabs
were identical in the dimension of its length and width (1000×500) mm, respectively, and its thickness was varied as one of the variables used in
the present work. Other parameters for a one-way slab are concrete type, steel fibers content and flexural steel reinforcement ratio (0.33 and
0.66)%.

Results:

The results showed that the MRPC slabs with steel fibers failed in a ductile manner and had ultimate load capacity more than that of non-fibrous
MRPC with an improvement percentage that reaches up to (66) %. This percentage became (212) % in comparison with normal concrete slabs.

Conclusions:

Moreover, the results showed that slabs, for both concrete types, reinforced with lower steel ratio failed by tension mode, otherwise, the slabs of
higher reinforcement steel ratio failed by combined tension-shear mode. However, an improvement was observed in the ultimate load capacity up
to (53 and 98) % when the ratio of steel reinforcement and slab thickness increased, respectively.

Keywords: Powder concrete, Structural behavior, Steel fiber, Way slabs, Concretes, Quartz sand.
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1. INTRODUCTION

Reinforced concrete is a construction material that is most
commonly used in developing countries. The ease with which
reinforced concrete is used for construction is due to generally
well-established properties, which are some of the reasons for
its  popular  choice.  There  is  a  need  to  ensure  detailed
information  on  the  strength  and  deformational  properties  of
reinforced concrete to technical specifications of the required
code of practice, particularly when a new constituent material
is substituted in it.

Recently,  a  very  high  strength  cement-based  composite

* Address correspondence to this author at the Department of Civil Engineering,
College  of  Engineering,  Rasafa,  Iraq;  Tel:  009647705852807;  E-mail:
hassanfala@gmail.com

with high ductility called Reactive Powder Concrete (RPC) has
been  developed  in  Bouygues,  France  [1].  Reactive  Powder
Concrete provides many enhancements in properties compared
to conventional and high strength concrete of all particles in the
mix  to  yield  maximum  density.  The  term  Reactive  Powder
Concrete (RPC) has been used to describe a fiber-reinforced,
super plasticized, silica fume-cement mixture with a very low
water-cement ratio (w/c) characterized by the presence of very
fine Quartz sand (0.15-0.40 mm) instead of ordinary aggregate.
In fact, it is not concrete because there is no coarse aggregate
in  the  cement  mixture.  The absence of  coarse  aggregate  was
considered  by  the  inventors  to  be  a  key  aspect  for  the
microstructure  and  the  performance  of  the  RPC  in  order  to
reduce  the  heterogeneity  between  the  cement  matrix  and  the
aggregate.  RPC  represents  a  new  class  of  Portland  cement-
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based  material  with  compressive  strength’s  in  excess  of
200MPa.  By  introducing  fine  steel  fibers,  RPC  can  achieve
remarkable  flexural  strength  up  to  50MPa.  The  material
exhibits high ductility with typical values for energy absorption
approaching those reserved for metals.

Many researches over the past decades have developed and
investigated  this  type  of  concrete  (RPC),  now  labeled  and
classified as Ultra High Strength Concrete (UHSC), which is
one  of  the  latest  advances  in  concrete  technology  and  it
addresses  the  shortcoming  of  many  concrete  today  [2  -  4].
Another search was conducted to modify RPC by replacing a
fraction of quartz sand by graded natural aggregate (max size 8
mm) and to study the influence of the graded aggregate on the
properties  of  cement  mixtures  in  terms  of  required  water-
cement ratio, compressive and flexural strength. Though RPC
is economical as compared to steel structures by itself and is
replacement in such cases, it can be made still economical and
feasible by modifying it by replacing Quartz powder by natural
graded aggregate [5 - 8].

The first production of MRPC belonged to Collepardi et al
[5] when they published their first paper in 1997.

According  to  this  paper,  MRPC  can  be  produced  by  the
following four ways:

Replacing  part  of  fine  sand  by  8  mm  crushed[1]
aggregate.
Replacing all fine sand by 8 mm crushed aggregate.[2]
Replacing  part  of  the  cementitious  binder  (cement  +[3]
silica fume) by 8 mm crushed aggregate.
Replacing  all  fine  sand  and  part  of  the  cementitious[4]
materials by 8 mm crushed aggregate.

Results  showed  that  the  compressive  strength  of  MRPC
was 155 MPa (at 28 days) by using normal curing at 20°C , 160
MPa (at 7 days) by using heat curing at 90°C and more than
200 MPa (at 3 days) by using a heat curing at 160°C. Flexural
strength was 35.5 MPa (at 28 days and T=20°C), 38.9 MPa (at
7 days and T =90°C) and 40.1 MPa (at 3 days and T =160°C).

The fiber reinforcement can extend the technical benefits
of  MRPC  by  also  providing  crack  bridging  ability,  higher
toughness  and  long-term  durability.

2. ADVANTAGES AND APPLICATIONS OF RPC

The  reactive  powder  concrete  has  many  advantages,
summarized  as  follow  [1]:

Better alternative to HPC.
High Tension Ductile failure mechanism eliminates the
need for reinforcing steel.
Improved  seismic  performance  by  reducing  inertia
loads with lighter members.
Low and non-inter connected porosity diminishes mass
transfer.
The  main  advantage  that  RPC  has  over  standard
concrete is its high compressive strength.
RPC construction requires low maintenance costs in its
service life.

Also, this type of concrete can be used in many types of
structural elements [1]:

RPC  has  found  application  in  the  storage  of  nuclear
waste, bridges, roofs, piers, seismic-resistant structures
and structures designed to resist Impact/blast loading.
Owing  to  its  high  compression  resistance,  precast
structural  elements  can  be  fabricated  in  the  slender
form to enhance aesthetics.
Durability  issues  of  traditional  concrete  have  been
acknowledged  for  many  years  and  significant  funds
have been necessary to repair aging infrastructure.
Reactive  Powder  Concrete  possesses  good durability
properties.
RPC usually incorporates larger quantities of steel or
synthetic fibers and has enhanced ductility and high-
temperature performance.

3. LITERATURE REVIEW

One-way slabs transfer the imposed loads in one direction
only.  They  may be  supported  on  two opposite  sides  only,  in
which  the  structural  action  is  essentially  one-way,  the  loads
being  carried  in  a  direction  perpendicular  to  the  supporting
beams or walls. Several research projects have been carried out
to  investigate  the  behavior  of  one-way  reinforced  concrete
slabs. Some of these have characterized conventional concrete
and steel reinforcement characteristics, whilst others have also
characterized  non-ferrous  reinforcement  bars  for  use  in
concrete.  The  effect  of  concrete  type  by  using  normal,  self-
compacted, and lightweight concrete was investigated by many
researchers [9, 10] on the flexural and shear characteristics of
one-way slabs. The effect of reinforcement type, conventional,
steel bars milled from scrap metals and modern reinforcement
(GFRP), was conducted to show the flexural behavior of one-
way  concrete  slabs  subjected  to  monotonic  and  variable-
amplitude  repeated  loading  [11  -  21].  However,  some of  the
researches deal with the effect of lacing reinforcement on the
shear strength of the performance of one way concrete slabs in
the large-deflection region.

Therefore,  from the  previous  work,  it  can  be  noted,  that
little or no investigations have been carried out on the flexural
behavior  of  one  way  concrete  slabs  cast  with  steel  fiber
reinforced  Modified  Reactive  Powder  Concrete  (MRPC).
Conventional  Reinforced  Concrete  (RC)  is  known  to  have
limited  ductility  and  concrete  confinement  capabilities.  The
structural properties of RC can be improved by modifying the
concrete matrix and by suitably detailing the reinforcements.
Therefore, the present study deals mainly with the behavior of
(MRPC)  one-way  slabs  reinforced  internally  with  steel
reinforcements  under  constant  loading  conditions,  where  the
physical and mechanical properties of MRPC are very different
from that  conventional  concrete.  Such  differences  arise  both
from materials properties and interaction mechanisms between
the MRPC reinforcement and the concrete [7, 8].

4. OBJECTIVE AND SCOPE

Strength  and  deflection  prediction  for  steel-reinforced
concrete  elements  are  dependent  on  empirical  performance
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constants.  The  empirical  components  reflect  the  material-
specific  composite  behavior  of  steel  and  concrete.  The
objective of this study is to investigate the flexural strength and
deflection  behavior  of  one  way  reinforced  slab  casted  by
MRPC. The research describes the various limit state behavior
including  modes  of  failure  due  to  variation  of  the  slab
thickness, the steel fiber content and the reinforcement ratio.
The behavior of concrete slabs made by MRPC is compared to
slabs casted by normal concrete NC. This study clearly shows
that the behavior of MRPC slabs is different from that casted
by using conventional concrete. This paper should also provide
engineers  and  researchers  with  a  better  understanding  of  the
performance  of  these  new  composite  materials  in  concrete
structures.  The  information  gathered  throughout  this
investigation is valuable for the future development of design
guidelines for one-way MRPC slabs.

5. MATERIALS AND METHODS

5.1. Experimental Methodology

In  the  present  study,  an  experimental  program  will  be
prepared  to  provide  a  much  needed  understanding  of  the
behavior  of  MRPC  one-way  slabs  under  line  loading.  The
experimental  program  was  conducted  a  series  of  reinforced
one-way  slabs  of  normal  and  modified  reactive  powder
concrete which were casted to illustrate the effect of concrete
type,  steel  fiber  content,  slab  thickness  and  flexural
reinforcement  ratio.  Initially,  the  mechanical  description  of
constitute  materials  was  given.  As  well  as  the  mechanical
properties  of  normal  and  modified  reactive  powder  concrete
were  investigated  by  using  control  specimens  were  casted
which  were  three  cylinders  for  compressive  strength,  three
cylinders  for  splitting  tensile  strength  and  three  prisms  for
modulus of rupture.

Four variables were investigated in this study to show their
effects  on  the  flexural  strength  of  the  NC  and  MRPC  slabs.

These variables are:

Percentage of steel fibers volumetric ratio (0, 0.4, and[1]
0.8) %.
Flexural  steel  reinforcement  ratio  (ρ1=0.0033  and[2]
ρ2=0.0066).
Thickness of slab (T=50 and T=70) mm.[3]
Type  of  concrete  [Normal  Concrete  (NC)  and[4]
Modified Reactive Powder Concrete (MRPC)].

Table 1 illustrates the details of all the test slabs.

Slabs designations were as following:

NCS is Normal Concrete Slab,

MRPCS is Modified Reactive Powder Concrete Slab,

the symbol (1 and 2) from (ρ1=0.0033 or ρ2=0.0066),

the symbol (0, 0.4 and 0.8) from steel fibers content (Vf=0,
0.4 or 0.8%),

and the symbol (50 and 70) from slab thickness (T=50 or
T=70) mm.
5.2. Material Characteristics

Ordinary  Portland  cement  (Type  Ι)  produced  in  Iraq
(TASLUJA-BAZIAN)  was  used  in  this  study.  The  chemical
and  physical  properties  indicated  that  the  adopted  cement
conforms  to  the  specification.

Al-Ekhaider  natural  sand of  4.75mm maximum size  was
used as fine aggregate in normal concrete. However, for RPC,
very  fine  sand  with  a  maximum  size  of  600µm  was  used.
Crushed  gravel  from  the  AL-Nibaey  region  was  used  for
MRPC and reference concrete specimens with a maximum size
of (8 and 10mm), respectively. Results indicate the grading of
these  materials  (aggregates)  within  the  requirements  of  the
specification.

Table 1. Details of tested slabs.

Group
No.

Slab
Designation

Steel Reinforcement
Ratio (ρ)

Steel Fibers
% by Volume

Slab Thickness
(mm)

Group
One

(normal concrete slabs as references)
(NC)

NCS1-0-50 0.0033 0 50
NCS1-0-70 0.0033 0 70
NCS2-0-50 0.0066 0 50
NCS2-0-70 0.0066 0 70

Group
Two

(MRPC0)

MRPCS1-0-50 0.0033 0 50
MRPCS1-0-70 0.0033 0 70
MRPCS2-0-50 0.0066 0 50
MRPCS2-0-70 0.0066 0 70

Group
Three

(MRPC-0.4)

MRPCS1-0.4-50 0.0033 0.4 50
MRPCS1-0.4-70 0.0033 0.4 70
MRPCS2-0.4-50 0.0066 0.4 50
MRPCS2-0.4-70 0.0066 0.4 70

Group
Four

(MRPC-0.8)

MRPCS1-0.8-50 0.0033 0.8 50
MRPCS1-0.8-70 0.0033 0.8 70
MRPCS2-0.8-50 0.0066 0.8 50
MRPCS2-0.8-70 0.0066 0.8 70
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Table 2. Properties of the different types of (MRPC and NC) mixes.

Mix
Type

Cement
kg/m3

Sand
kg/m3

Gravel
kg/m3

Silca
Fume*

%

Silica
Fume
kg/m3

w/c
Viscocrete

PC20*
%

Steel Fiber Content** %

Steel
Fiber

Content
kg/m3

MRPC0 900 495 495 25 225 0.18 5 0 0
MRPC0.4 900 495 495 25 225 0.18 5 0.4 31.4
MRPC0.8 900 495 495 25 225 0.18 5 0.8 62.8

NC 400 600 1200 0 0 0.5 0 0 0
*Percent of cement weight. **Percent of mix volume.

Fig. (1). A-Schematic sketch of typical experimental set-up. B-Specimen and loading instrumentation.

To improve the workability and strength of concrete, high
range  water  reducing  admixture  used  in  this  study  is  known
commercially  as  Viscocrete-PC20.  This  type  of
superplasticizer is imported from Sika Company. In the present
investigation, silica fume was used, which imported from Sika
Company. Tap water was used in all mixes and the curing of
the specimens.

Micro  straight  steel  fibers  with  a  diameter  of  0.25  mm,
length of 13.1mm, aspect ratio (L/d) of 52 and yield strength of
1130 MPa were used in MRPC mixes.

Deformed steel bar of nominal diameter (6) mm was used
as slab reinforcement. Two reinforcement ratios (ρ) were used
in each group of the tested slabs. The yield strength of the used
bar  was  435  MPa.  The  result  of  testing  this  bar  meets  the
ASTM A615 requirements for Grade 60 steel.

5.3. Mixes and Mixing Procedure

Three types of modified reactive powder concrete MRPC
mixes were used in the present research, as listed in Table 2.
The variables adopted in these mixes were the volume ratio of
steel  fibers  (three-volume  ratios  were  considered  0,  0.4  and

0.8) %. The mixed type of normal concrete NC was adopted as
a reference mix, (Table 2).

In the present work, mixing was performed by using a 0.19
m3  capacity  horizontal  rotary  mixer.  Firstly,  the  silica  fume
powder was mixed in a dry state with the required quantity of
sand  for  5  minutes.  Then,  cement  and  crushed  gravel  were
loaded  into  the  mixer  and  mixed  for  another  5  minutes.  The
required amount of tap water was mixed with superplasticizers
and then added to the rotary mixer within 5 minutes. Finally,
when  steel  fibers  were  used,  they  were  introduced,  and
dispersed  uniformly  and  mixed  for  an  additional  2  minutes.
This procedure is similar to the method used by Wille et al [2,
8]  which  was  used  successfully  to  produce  RPC  with
compressive  strength  exceeding  150MPa  without  using  heat
curing; this is a major factor in the process of production.

5.4. Details and Designation of Slabs

Sixteen  slabs  of  dimensions  (1000×450×50  or  70)  mm
were cast and tested in flexure in this study. Four of these slabs
were made with NC and twelve with MRPC. The slabs were
simply supported at their ends with a clear span of (900) mm.
The  central  deflection  of  the  slabs  had  been  measured  by

A- All dimensions in mm

B
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means  of  (0.01mm/div.)  sensitivity  dial  gauge  of  (30)mm
capacity  placed  at  their  center  of  the  tension  face.  Two-line
loads were applied at the third points of the slab by means of a
hydraulic  jack  (Fig.  1).  The  test  procedure  included  crack
monitoring  and  central  deflection  measurements  for  load
increments  of  5  kN.

6. RESULTS AND DISCUSSION

6.1. Hardened mrpc Mechanical Properties Results

Table  3  shows  the  test  results  of  mechanical  properties
obtained  for  the  four  mixes.  These  properties  are  concrete
compressive  strength  (fʹc),  splitting  tensile  strength  (ft)  and
modulus  of  rupture  (fr).  Each  value  presented  in  this  table
represents the average value of the three specimens.

The effect of steel fibers on concrete compressive strength
seems to be small  for  MRPC and about  (20) % as compared
with  control  specimens  without  steel  fibers.  However,  the
splitting  tensile  strength  and  modulus  of  rupture  are  more
affected by using steel fibers and about (50) % compared with

control specimens without steel fibers.

6.2. Test Results of One-Way Slabs

Table 4  summarizes the results  of  the first  cracking load
(Pcr), ultimate load (Pu) and mode of failure for all tested slabs
together with their deflection.

6.3. Deflections

The  load-  central  deflection  relationships  for  the  tested
slabs  are  shown  in  Figs.  (2-4).  From  this  relation,  it  can  be
observed  that  at  initial  loading,  the  relationship  is
approximately  linear  elastic  characteristics  with  no  crack
occurrence.  However,  when  the  cracking  load  (Pcr)  was
exceeded and the first crack developed at the bottom of the slab
within the middle third where maximum bending occurred, the
gradient of the initial load-central deflection curve was reduced
and continued to reduce gradually until the steel yielded. At the
post-yield  stage  of  the  slab's  reinforcement,  where  strain
hardening occurred, such that a slight increase in the subjected
load was lead a large increase in the central deflection until the
slab failure was occurred.

Table 3. Tests results of mechanical properties for hardened NC and MRPC.

fr (MPa) ft (MPa) fʹc (MPa) Mix Name
4.41 3.12 33 NC
8.1 6.4 84 MRPC
10.2 7.3 93 MRPC-0.4
12 9.1 100 MRPC-0.8

Table 4. Tests results of one-way slabs specimens.

Slab
Designation Compressive strength (fʹc) (MPa) Pcr

(kN)
Pu

(kN)
Pcr/ Pu

Δu

(mm) Mode of Failure

NCS1-0-50

33

9 29 0.31 2.38 T.F.
NCS1-0-70 12 41 0.29 3.79 T.F.
NCS2-0-50 12 42 0.28 2.93 S.F
NCS2-0-70 15 56 0.28 6.5 T.F.+S.F.

MRPCS1-0-50

84

21 73 0.29 4.65 T.F.
MRPCS 1-0-70 35 128 0.27 6.67 T.F.
MRPCS 2-0-50 30 97 0.31 7.1 T.F.+ S.F.
MRPCS 2-0-70 39 146 0.27 7.6 T.F.+ S.F.

MRPCS 1-0.4-50

93

26 106 0.25 7.14 T.F.
MRPCS 1-0.4-70 43 189 0.23 17.5 T.F.
MRPCS 2-0.4-50 33 112 0.29 7.4 T.F.+ S.F.
MRPCS 2-0.4-70 43 152 0.28 12.1 S.F.
MRPCS 1-0.8-50

100

32 119 0.27 5.75 T.F.
MRPCS 1-0.8-70 43 158 0.27 12.65 T.F.
MRPCS 2-0.8-50 36 122 0.29 7.0 T.F.+ S.F.
MRPCS 2-0.8-70 58 242 0.24 19.96 T.F.
- T.F.: Tension Failure.
- S.F.: Shear Failure.
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Fig. (2). Load-deflection curve of slabs with variable steel fiber.

Fig. (3). Load-deflection curve of slabs with variable steel reinforcement.

Fig. (4). Load-deflection curve of slabs with variable thickness.

6.4. First Cracking and Ultimate Failure Load

Generally,  at  a  low  level  of  load,  concrete  resists  the
stresses  at  the  tension face of  the  slab and it's  free  from any
cracks. When the load level was increased, the extreme fiber
concrete stress reaches its limiting concrete tensile stress and
hair-fine  flexure  cracks  occurred.  The  load  at  this  stage  is
called the first cracking load. As the load was increased above
this stage of loading, the cracks seem to be widened and start to

propagate, then, generally, extend (to be initiated) and deviate
towards the slab free sides up to failure.

The  first  crack  was  observed  visually  and  the  recorded
loads at this stage for all the tested slabs were to be at (23 to
31) % of the slab failure load. In general, the first cracking load
for all the tested slabs appeared under the loading point. The
cracking load and ultimate load for all tested slabs are listed in
Table 4.

0 1 2 3 4 5 6 7 8
Central Deflection (mm)

0

10

20

30

40

50

60

70

80

90

100

110

120
L

oa
d

 (
k

N
)

MRPCS-1-0-50

MRPCS-1-0.4-50

MRPCS-1-0.8-50

0 1 2 3 4 5 6 7 8
Central Deflection (mm)

0

10

20

30

40

50

60

70

80

90

100

110

120

L
oa

d 
(k

N
)

MRPCS2-0-50

MRPCS2-0.4-50

MRPCS2-0.8-50

0 1 2 3 4 5 6 7 8
Central Deflection (mm)

0

10

20

30

40

50

60

70

80

90

100

L
oa

d
 (

k
N

)

MRPCS1-0-50

MRPCS2-0-50

0 1 2 3 4 5 6 7 8
Central Deflection (mm)

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

L
oa

d
 (

k
N

)

MRPCS1-0-70

MRPCS2-0-70

0 1 2 3 4 5 6 7
Central Deflection (mm)

0

10

20

30

40

50

60

70

80

90

100

110

120

130

L
oa

d 
(k

N
)

MRPCS1-0-50

MRPCS1-0-70

0 1 2 3 4 5 6 7 8
Central Deflection (mm)

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

L
oa

d 
(k

N
)

MRPCS2-0-50

MRPCS2-0-70



266   The Open Civil Engineering Journal, 2019, Volume 13 Abtan and Hassan

6.5. Modes of Failure

For  a  simply  supported  one-way  slab  subjected  to  equal
transverse loads at the third point, the middle third of the span
is subjected to pure bending (such that it  is  under zero shear
and maximum bending moment); whilst the remaining sections
experience  maximum  shear  force  and  varying  bending
moment. The middle third experienced the largest strains and
therefore, concrete beneath undergoes cracking first. However,
many of the slabs were failed by flexural tension mode and the
others  by  combined  modes  of  flexural  tension  and  flexural
shear. One of these slabs was failed by shear mode. Each of the
slabs  developed  at  least  one  shear  crack.  The  shear  cracks
developed after several flexural cracks had developed. Typical

crack configurations have been illustrated in Fig. (5).

6.6. Effect of Concrete Type

Effect  of  concrete  type  (NC  and  MRPC)  and  the
compressive  strength  of  their  concrete  (fʹc)  on  cracking  and
ultimate  loads  and  the  increasing  ratio  between  them  for  all
tested  slabs  are  detailed  in  Table  5.  The improvement  in  the
first  cracking  and  ultimate  loads  due  to  increasing  the  (fʹc)
value, for modified reactive powder concrete, reached to (190
and  212)  %,  respectively.  However,  increasing  (fʹc)  value,
approximately, reduced the deflection for all load stages. The
increase in  (fʹc)  value results  in  higher  modulus of  elasticity,
which  ultimately  results  in  higher  flexural  rigidity  (EI);
therefore,  the  deflection  is  smaller.

Fig. (5). Crack pattern of tested slabs.

     MRPCS1-0-70                  MRPCS1-0.4-70                  MRPCS1-0.8-70  

     MRPCS2-0-50                  MRPCS2-0.4-50                  MRPCS2-0.8-50  

     MRPCS2-0-70                  MRPCS2-0.4-70                  MRPCS2-0.8-70  

     NCS1-0-50                NCS1-0-70                     NCS2-0-50               NCS2-0-70      
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Table 5. Effect of (fʹc) on cracking and ultimate loads.

Slab
Designation f′c (MPa) Pcr

(kN)
Pu

(kN)
Pcr/ Pu ΔPcr % ΔPu %

NCS1-0-50 33 9 29 0.43
130 151

MRPCS1-0-50 84 21 73 0.42
NCS1-0-70 33 12 41 0.36

190 212
MRPCS1-0-70 84 35 128 0.46

NCS2-0-50 33 12 42 0.26
150 130

MRPCS2-0-50 84 30 97 0.44
NCS2-0-70 33 15 56 0.22

160 160
MRPCS2-0-70 84 39 146 0.48

Table 6. Effect of using 0.4% steel fibers on cracking and ultimate loads.

Slab
Designation Vf%

Pcr

(kN)
Pu

(kN)
Pcr/ Pu ΔPcr % ΔPu %

MRPCS1-0-50 0 21 73 0.29
24 45

MRPCS1-0.4-50 0.4 26 106 0.25
MRPCS1-0-70 0 35 128 0.27

23 47
MRPCS1-0.4-70 0.4 43 189 0.23
MRPCS2-0-50 0 30 97 0.31

11 16
MRPCS2-0.4-50 0.4 33 112 0.29
MRPCS2-0-70 0 39 146 0.27

8 5
MRPCS2-0.4-70 0.4 42 152 0.28

Table 7. Effect of using 0.8% steel fibers on cracking and ultimate loads.

Slab
Designation Vf%

Pcr

(kN)
Pu

(kN)
Pcr/ Pu ΔPcr % ΔPu %

MRPCS 1-0-50 0 21 73 0.29
50 63

MRPCS 1-0.8-50 0.8 32 119 0.27
MRPCS1-0-70 0 35 128 0.27

23 23
MRPCS1-0.8-70 0.8 43 158 0.27
MRPCS2-0-50 0 30 97 0.31

20 26
MRPCS2-0.8-50 0.8 36 122 0.29
MRPCS2-0-70 0 39 146 0.27

48 66
MRPCS2-0.8-70 0.8 58 242 0.24

6.7. Effect of Volumetric Steel Fiber Ratio (Vf)

Effect of volumetric steel fiber ratio (Vf) on cracking and
ultimate  loads  and  the  ratio  of  them  for  all  tested  slabs  are
listed  in  the  Tables  6,  7  and  8  for  Vf=  0.4%  and  0.8%,
respectively.  Comparison  with  MRPC  slabs  without  steel
fibers,  the  improvement  in  the  ultimate  load  value  of  slabs
inclusion (Vf) 0.4% and 0.8% was reached up to (47 and 66) %,
respectively. This means that this percentage of improvement
of the ultimate load was increased as increased the content of
steel fibers in the MRPC slabs.

Therefore,  it  can  be  observed  from  these  tables  that  the
improvement in cracking a load of slabs due to inclusion (Vf)
percentages of 0.4% and 0.8%, comparison with MRPC slabs
without  steel  fibers,  was  reached  up  to  (24  and  50)  %,
respectively. It is clear that the improvement became higher as
the steel fiber content increased.

The  presence  of  steel  fibers  results  in  a  delay  in  crack
initiation and propagation where they hold concrete particles
and prevent  them from initial  separation.  Therefore,  the  first
crack  in  fibrous  concrete  slabs  appears  at  a  load  level
appreciably higher than the load, which causes crack initiation
in non-fibrous concrete slabs. After cracking, the steel fibers
prevent  the  crack  widening  and  delay  its  growth  by  the
absorption of a portion of tension stresses carried by concrete
i.e.,  this  action  reduces  the  tension  stresses  applied  to  the
concrete. Therefore, the failure takes place in fibrous concrete
slabs at  a  load level  higher than that  of  non-fibrous concrete
slabs.  Moreover,  this  is  observed  from  that  the  effect  of
including the steel fibers on the enhancement of the mechanical
properties (compressive strength (fʹc), splitting tensile strength
(ft) and modulus of rupture (fr)) of MRPC as present in Table 2.

However,  it  can  be  seen  from  the  Table  4  that  when
increasing the steel fiber content in the MRPC slab up to 0.8%,
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slab of MRPCS2-0.8-70, the mode of failure was changed from
shear to tension. This may be due to the effects of steel fiber,

which  delay  the  propagation  of  a  crack  in  the  shear  zone,
thereby, transform the failure to flexural mode.

Table 8. Effect of flexural steel reinforcement ratio on the ultimate failure load.

Slab
Designation ρ Pcr

(kN)
Pu

(kN)
Pcr/ Pu ΔPcr % ΔPu %

NCS1-0-50 0.0033 9 29 0.31
33 45

NCS2-0-50 0.0066 12 42 0.28
NCS1-0-70 0.0033 12 41 0.29

25 37
NCS2-0-70 0.0066 15 56 0.28

MRPCS1-0-50 0.0033 21 73 0.29
43 33

MRPCS2-0-50 0.0066 30 97 0.31
MRPCS1-0-70 0.0033 35 128 0.27

12 14
MRPCS2-0-70 0.0066 39 146 0.27

MRPCS1-0.4-50 0.0033 26 106 0.25
27 7

MRPCS2-0.4-50 0.0066 33 112 0.29
MRPCS1-0.4-70 0.0033 43 189 0.23

0 -20
MRPCS2-0.4-70 0.0066 43 152 0.28
MRPCS1-0.8-50 0.0033 32 119 0.27

12.5 3
MRPCS2-0.8-50 0.0066 36 122 0.29
MRPCS1-0.8-70 0.0033 43 158 0.27

35 53
MRPCS2-0.8-70 0.0066 58 242 0.24

Table 9. Effect of slab thickness on the ultimate failure load.

Slab
Designation

Slab
Thickness (mm)

Pcr

(kN)
Pu

(kN)
Pcr/ Pu ΔPcr % ΔPu %

NCS1-0-50 50 9 29 0.31
20 49

NCS1-0-70 70 12 41 0.29
NCS2-0-50 50 12 42 0.28

26 33
NCS2-0-70 70 15 56 0.28

MRPCS1-0-50 50 21 73 0.29
50 75

MRPCS1-0-70 70 35 128 0.27
MRPCS2-0-50 50 30 97 0.31

40.6 50
MRPCS2-0-70 70 39 146 0.27

MRPCS1-0.4-50 50 26 106 0.25
48.6 78

MRPCS1-0.4-70 70 43 189 0.23
MRPCS2-0.4-50 50 33 112 0.29

68.9 38
MRPCS2-0.4-70 70 43 152 0.28
MRPCS1-0.8-50 50 32 119 0.27

36.7 33
MRPCS1-0.8-70 70 43 158 0.27
MRPCS2-0.8-50 50 36 122 0.29

17.2 98
MRPCS2-0.8-70 70 58 242 0.24

6.8. Effect of Flexural Steel Reinforcement (ρ)

Table  8  shows  the  effect  of  flexural  steel  reinforcement
ratio on the behavior of normal and modified reactive powder
concrete slabs in terms of load characteristics. Generally, for
both  types  of  concrete,  the  ultimate  flexural  capacity  was
enhanced  by  increasing  the  ratio  of  steel  reinforcement.

For  normal  concrete,  increasing  flexural  steel
reinforcement ratio from (0.0033 to 0.0066) was improved with
the ultimate failure load up to (45 and 37) % for slabs with (50
and  70)  mm  thicknesses,  respectively.  However,  for  MRPC

slabs with thickness of 50mm and with steel fiber contents of
0,0.4 and 0.8, this percentage of increase was reached to (33,7
and  3)  %,  respectively.  The  enhancement  of  ultimate  load
capacity for MRPC slabs of the thickness (70) with steel fibers
of 0, 0.4 and 0.8 was reached to 14,-20 and 53, respectively.
Except  for  the  specimen  of  MRPCS2-0.8-70,  it  is  clear  that
when  increasing  the  ratio  of  steel  reinforcement,  the
enhancement in the ultimate load capacity was decreased, this
may  be  due  to  that  the  failure  mode  was  converted  from
tension failure to shear. The maximum increasing percentage
of ultimate load was reached for the slab of thickness 70mm
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and had a higher content of steel fiber, MRPCS2-0.8-70, which
delay propagation the cracks in shear zone, thereby, that permit
to yield the flexural reinforcement and failed by tension mode,
(Table 4).

6.9. Effect of Slab Thickness

From the results shown in Table 9, it can be seen that the
ultimate  flexural  capacity  was  increased  with  increasing  the
slab thickness.

For normal concrete specimens, increasing slab thickness
from (50) to (70) mm has increased the ultimate failure load by
(49 and 33%) for slabs with flexural steel reinforcement ratio
of (0.0033 and 0.0066), respectively. This is the percentage for
slabs  with  0.0033  flexural  steel  reinforcement  (75,  78  and
33%)  for  MRPC  slabs  with  steel  fibers  content  (0,  0.4  and
0.8%), respectively. The improving percentage of the ultimate
failure load for slabs with (0.0066) flexural steel reinforcement
was (50, 38 and 98%) for MRPC slabs with steel fibers content
(0, 0.4 and 0.8%), respectively. From Table 5, it can be noted
that the thickness of slabs had no effect on the mode of failure,
excepted slab of MRPCS2-0.8-70, where the failure mode was
transformed from tension-shear to pure tension failure due to
high content of steel fiber in this slab.

From the  results  in  Table  9,  for  both  normal  and MRPC
slabs, it is clear that the percentages of increasing the ultimate
failure load for slabs with (0.0033) flexural steel reinforcement
ratio were higher than of slabs with flexural steel reinforcement
ratio  (0.0066).  This  may  be  due  to  the  slabs  with  (0.0033)
flexural steel reinforcement ratio failed in tension mode, while
the  mode  of  failure  in  slabs  with  (0.0066)  flexural  steel
reinforcement ratio was already shear mode. An excepted slab
of MRPCS2-0.8-70 was failed by tension mode due to the high
content of steel fiber in this slab.

CONCLUSION

From  the  results  of  the  present  experimental  work,  the
following conclusion can be summarized:

The  mechanical  properties  of  modified  reactive[1]
powder  concrete,  in  terms  of  compressive  strength,
splitting tensile strength and modulus of rupture, were
better  than  that  of  normal  concrete,  especially  when
added the steel fibers to the concrete mixture.
As  compared  with  the  normal  concrete  slabs,  the[2]
percentage of increasing the ultimate load strength for
MRPC  slabs  (without  steel  fibers)  was  reached  to
212%.
The slabs of steel reinforcement ratio (ρ) of (0.0033)[3]
were  failed  in  tension  mode,  while  the  slabs  of  steel
ratio (ρ) of (0.0066) were failed in a combined mode
of  tension  and  shear,  highlighting  that  the  slab  of
MRPCS2-0.8-70  was  failed  by  tension  mode  due  to
inclusion higher steel fibers content.
Adding the steel fibers to the concrete mixture of the[4]
MRPC slabs improved the ultimate load capacity up to
(45 and 66) %, for slabs with steel fibers of (0.4 and
0.8)  %,  respectively,  as  compared  to  non-  fibrous
slabs.

For both normal and MRPC slabs, an enhancement of[5]
the ultimate load was gained, when increasing the slab
thickness, up to (49 and 98%), respectively, while this
percentage has become (45 and 53%) when increasing
the steel reinforcement ratio.
The  ductility  of  fibrous  MRPC  slabs  was  more  than[6]
both  slabs  of  non-fibrous  MRP  and  normal  concrete
and failed gradually.
Inclusion  of  the  steel  fiber  in  MRPC slabs  enhanced[7]
their  stiffness,  reduced  crack  width  and  its  numbers,
reduced  the  rate  of  crack  propagation  as  well  as
preserved the whole section together after reaching the
failure. Most of the steel fibers were observed to pull
out the cement matrix rather than snap.
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