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Abstract：In this study, the impact behavior of ten types of high performance self-compacting 8 

concrete (HPSCC) was explored using the drop-weight method. The HPSCC specimens were 9 

reinforced with steel rebars and different fibers for comparison with plain concrete. The 10 

reinforcement mechanism of the influences of steel rebars and different fibers on failure impact 11 

energy was explained. The composite effects of hybrid use of steel rebars with different fibers on the 12 

failure impact energy were also compared. The penetration depth for each mixture was analyzed. 13 

Test results showed that the macro fibers could greatly improve the failure impact energy both in 14 

plain and reinforcement concrete. Moreover, the toughness, penetration depth, stress redistribution 15 

could be improved obviously due to the positive hybrid effect of rebars and macro fibers in 16 

reinforced concrete. The statistical analysis technique was introduced to evaluate the experimental 17 

data, and the goodness of fit tests showed that the distribution of the blow numbers to the first crack 18 

and up to the final failure followed the two-parameter Weibull distribution.  19 
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Nomenclature 

HPSCC 
high performance self-compacting 

concrete 

 
FRC 

fiber reinforced concrete 

NC plain HPSCC for C60  RC steel rebar reinforced HPSCC 

PP macro PP fiber reinforced HPSCC  

RC+PP4 
hybrid steel rebar and 4 kg/m3 macro PP 

fiber reinforced HPSCC PP4 
macro PP fiber reinforced HPSCC with 

fiber content of 4 kg/m3 

 

PP6 
macro PP fiber reinforced HPSCC with 

fiber content of 6 kg/m3 

 
RC+PP6 

hybrid steel rebar and 6 kg/m3 macro PP 

fiber reinforced HPSCC 

SF macro steel fiber reinforced HPSCC  

RC+SF20 
hybrid steel rebar and 20 kg/m3 macro 

steel fiber reinforced HPSCC SF20 
macro steel fiber reinforced HPSCC with 

fiber content of 20 kg/m3 

 

SF35 
macro steel fiber reinforced HPSCC with 

fiber content of 35 kg/m3 

 

RC+SF35 

hybrid steel rebar and 35 kg/m3 macro 

steel fiber reinforced HPSCC 

 

N1 
number of repeated impact to the first 

crack 

 
W1 first crack impact energy 

N2 number of repeated impact to the failure 
 

W2 failure impact energy 

f1 first-peak strength 
 

L span length of the beam 

fp peak strength 
 

f150 residual strength at deflection of L/150 

f600 residual strength at deflection of L/600 
 

T150 
area under the load vs. deflection curve 

0 to L/150 

 1 

1. Introduction 2 

Many concrete elements of infrastructure may experience impact loads such as bridge planks, 3 

road pavements and precast concrete piles. For bridge planks and road pavements, due to passing 4 

vehicles, they often endure repetitive impact loads produced by surface irregularities [1]; for precast 5 

concrete piles, during the driving process, the most obvious cause of damage is spalling of the head 6 

of the pile (see Fig.1). Certain impact events are characterized by low impact velocity and high 7 

projectile mass which can cause significant damages [2]. According to investigation of Düring et al 8 

[3], the actual impact velocity can reach up to multiple 10 m/s for low-velocity impact, therefore, the 9 

impact events occurred in the bridge planks, road pavements and precast concrete piles usually come 10 
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under the low-velocity impact.  1 

 2 

Fig.1 Impact failure at the head of the pile 3 

The impact resistance is considered to be one of the significant properties of concrete for 4 

applications in civil engineering [4]. Some investigations indicated that the randomly distributed 5 

steel fibers can enhance the mechanical properties of concrete, such as toughness, post crack 6 

behavior, impact resistance and fatigue properties noticeably [5-14]. Apart from steel fibers, 7 

synthetic macro fibers such as macro polypropylene (PP) fibers have been widely used in civil 8 

engineering, and considerable improvements can also be obtained regarding the post-cracking 9 

residual strength, toughness, cracking control of the concrete [15-21]. Additionally, compared to steel 10 

fibers, the macro PP fibers may show advantages in density and corrosion resistance. Although some 11 

investigations have been conducted to study the fiber effect on the impact properties of concrete, the 12 

focus was on the different concrete matrixes [2, 10, 18, 22-24], or on the reinforcement effects of 13 

various fibers [9, 25-32]. Nowadays, the structures are usually constructed by conventionally 14 

reinforced concrete, and the studies on the composite effect of rebars and different macro fibers on 15 

the impact properties of high performance self-compacting concrete (HPSCC) are still limited. 16 

Several experimental methods have been suggested to investigate the impact properties of fiber 17 

reinforced concrete [33]. Charpy impact test and drop-weight test have been used for low velocity 18 
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impact experiments; split Hopkinson pressure bar (SHPB) test, explosive and projectile impact test 1 

were used for middle and high velocity impact experiments. Among them, the drop-weight impact 2 

test method [34] has been widely adopted by researchers as it is regarded as proper, simple and 3 

economical to simulate the real impact loading behavior of concrete. But, some investigations 4 

showed that the testing results can be remarkably scattered [28, 35-36]. The large scatter in test 5 

results may be induced by the manual procedure since it is hard to control the height and loading 6 

point of the drop hammer precisely. In view of the characteristics of the impact resistance, some 7 

statistical methods have been suggested to analyze the test results and the fiber effects on concrete 8 

[22-23, 27-29, 37].   9 

In order to reduce the errors caused by human factors, a modified device is presented, see Fig.3 10 

(b). With the aid of this device, [36] compared the number of blows to the first crack and to the 11 

failure of concrete specimens reinforced with steel fibers or/and steel rebars. Based on the 12 

investigations of [36], besides a series of drop-weight impact experiments, we further studied the 13 

reinforcement mechanism of the influence of different fibers (macro PP fiber, and macro steel fiber) 14 

and steel rebars on failure impact energy, compared the composite effects of hybrid use of steel 15 

rebars with different fibers on the failure impact energy, analyzed the penetration depth for each 16 

mixture. At the end, the statistical analysis technique was introduced to evaluate the experimental 17 

results. The results may offer an effective way to improve the impact behavior of conventionally 18 

reinforced concrete. 19 

2. Experiments 20 

2.1 Materials  21 

The designed compression strength of the HPSCC without fiber addition was 60 MPa. The 22 
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basic mix proportion was illustrated in Table 1. The binder was made of Portland cement (P•O 52.5R) 1 

and fly ash. The coarse aggregates were crushed gravel with particle size 5-10 mm. The fine 2 

aggregates were natural river sand with the particle size 0-5 mm. For investigating of the composite 3 

effect of rebars and different macro fibers on the impact properties of HPSCC, macro PP fibers, 4 

macro steel fibers and A 12 steel rebars have been added into the HPSCC. Fig.2 demonstrated the 5 

different macro fibers and steel rebar applied in this program. The properties of macro PP fibers and 6 

macro steel fibers were presented in Table 2. 7 

Table1 Basic mix proportion of HPSCC 8 

Cement 

(kg/m3) 

Fly ash 

(kg/m3) 

Water 

(kg/m3) 

Coarse 

aggregates 

(kg/m3) 

Fine 

aggregates 

(kg/m3) 

SP.a 

(kg/m3) 
W/Bb 

424 106 180 1028 619 5.82 0.34 

a Super plasticizer; b Water to binder ratio (binder=cement + fly ash). 9 

 10 

(a)                     (b)                    (c) 11 

Fig.2 Macro fibers and steel rebar: (a) macro PP fibers; (b) macro steel fibers; (c) A 12 steel rebar 12 

Table 2 Properties of macro PP fibers and macro steel fibers 13 

Types 
Length 

/mm 

Diameter 

/mm 

Aspect 

ratio 

Tensile 

strength/MPa 

Number 

(pieces /kg) 

Macro PP fibers 30 0.67 45 490 96000 

Steel fibers 35 0.54 65 1345 14500 

Table 3 showed the arrangement of steel rebars and different macro fibers with different dosages 14 

added into the HPSCC specimens. 15 
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Table 3 Summary of ten types of specimens 1 

Specimen 
Macro PP fiber Steel fiber Steel rebar 

(kg/m3) (kg/m3)  

NC 0 0 0 

PP4 4 0 0 

PP6 6 0 0 

SF20 0 20 0 

SF35 0 35 0 

RC 0 0 A 12@50 

RC+PP4 4 0 A 12@50 

RC+PP6 6 0 A 12@50 

RC+SF20 0 20 A 12@50 

RC+SF35 0 
35 

 
A 12@50 

2.2. Samples preparation 2 

For each mixture, three cubes (150 x 150 x 150 mm) were casted for the compressive strength 3 

test, three beams (100 x 100 x 400 mm) were prepared for the flexural performance test, and six 4 

cylinders (150 mm in diameter and 75 mm in thickness) were poured for the impact test. All the 5 

specimens were demoulded after 24 h, and then they were placed in the moist curing room with the 6 

temperature of 20oC± 2oC and relative humidity (RH) of 95% until testing. 7 

2.3. Testing method 8 

The flexural performance test and the impact test were performed according to ASTM C1609 9 

and ACI 544, respectively [34, 38]. Fig.3 (a) presented the drop-weight test, detailed description of 10 

this impact method has been given elsewhere [34]. In order to reduce the man-made scatter, a 11 

modified drop-weight test device was developed, as shown in Fig.3 (b). Compared with the 12 

drop-weight test suggested by ACI [34], a steel frame and a magnetic positioning switch were 13 
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introduced in the improved device [36]. This way, the HPSCC samples could be impacted uniformly 1 

from the same height onto the same point by the free falling hammer, such that the boundary 2 

conditions could be maintained constant during the experimental procedures. 3 

 4 

(a) 5 

 6 

1. Positioning magnetic switch. 2. Drop hammer 3. Impact frame 4.Guidance. 5. Steel ball. 6. Positioning lug 7. Base plate 7 

(b) 8 

Fig.3 Drop-weight test device: (a) recommended by ACI [34]; (b) Modified by researchers [36] 9 

 10 

Because the steel rebar was added into the specimen, the specimen thickness was up to around 11 

75 mm, and the hammer was elevated to 600 mm. The experiment was performed simply, and the 12 
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test was repeatedly performed by elevating a 4.5kg steel ball to the 600mm height, then let it fall 1 

freely on the top of the specimen. Recorded the number of repeated impact, as first crack resistance 2 

factor (N1), when the first visible crack was observed. Then continued the same process until the 3 

pieces of specimen were touching three of the four steel lugs. We recorded these numbers of impact 4 

as the failure resistance factor (N2) [34]. 5 

3. Results and discussion 6 

3.1 Workability, compressive strength and flexural properties  7 

For the workability experiment, the average diameter of the slump flow (d) and the time when 8 

the concrete spread to 500 mm circle (T500) were recorded, the results of different fiber reinforced 9 

HPSCC are shown in Table 4. According to the European guidelines [39], the parameters of each 10 

mixture satisfy the requirements. The uniaxial compression tests were carried out after 28 d, and the 11 

mean values of compressive strength for each mix proportion are also presented in Table 4. As 12 

expected, for a given mix proportion, fibers have relatively little effect on the compressive strength 13 

of concrete [6, 8, 20, 33].  14 

Table 4 Results of workability and compressive strength  15 

Specimen 
Slump flow test Compressive 

strength (MPa) d (mm) T500 (s) 

NC 600 8.0 67.7 

PP4 590 8.2 65.4 

PP6 570 9.1 66.5 

SF20 580 9.0 66.2 

SF35 550 9.5 66.7 

 16 

The flexural properties of concrete mixtures with different fiber types and fiber contents are 17 

shown in Table 5.  18 

 19 
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Table 5 Flexural properties of the different concrete mixtures 1 

Specimen 
Peak strength(MPa)  Residual strength(MPa)  Toughness(J) 

f1 fp  f600 f150  T150 

NC 7.98 7.98  - -  - 

PP4 8.73 8.73  1.87 1.36  12.91 

PP6 8.13 8.13  1.95 1.74  14.96 

SF20 8.91 8.91  4.99 4.11  34.03 

SF35 8.97 8.97  8.07 6.18  46.88 

From Table 5, it can be seen that: 2 

i) The NC beams without any reinforcement do not demonstrate any residual strength and 3 

toughness. Compared to the NC beams, the macro fiber reinforced beams show more 4 

attractive post-crack behavior, the residual strength and the toughness are enhanced 5 

obviously. 6 

ii) Compared to PP4, the residual strength f600 and f150 of PP6 increased by about 4% and 28%, 7 

respectively, and the toughness T150 increased by about 16%. 8 

iii) Compared to PP6, the residual strength f600 and f150 of SF20 increased by about 156% and 9 

136%, respectively, and the toughness T150 increased by about 127%. 10 

iv) Compared to SF20, the residual strength f600 and f150 of SF35 increased by about 62% and 11 

50%, respectively, and the toughness T150 increased by about 38%. 12 

3.2 Impact test results 13 

The comparisons of the number of repeated impact to the first crack (N1) and to the failure (N2) 14 

of all test samples are illustrated in Table 6. It can be observed that both the values of N1 and N2 15 

exhibit a relatively large variation.  16 

 17 

 18 
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Table 6 Comparison of drop-weight results of different specimens 1 

Specimen No. 
 N1/N2 

NC PP4 PP6 SF20 SF35 RC RC+PP4 RC+PP6 RC+SF20 RC+SF35 

1 6/6 10/22 20/35 14/31 9/25 11/195 10/512 10/515 10/690 11/890 

2 9/9 15/32 21/39 16/29 14/38 15/249 16/435 15/778 12/1015 14/930 

3 13/13 16/30 22/34 20/49 20/54 19/289 18/334 19/489 16/1164 23/1218 

4 17/17 19/35 22/44 23/36 24/57 22/373 19/386 19/924 21/1296 27/1347 

5 18/18 20/39 24/41 42/67 39/59 27/481 25/595 20/894 27/1387 32/1401 

6 25/25 20/42 26/46 60/99 79/97 31/512 40/673 33/859 31/1623 39/1608 

Note: for each mix proportion, six specimens were tested. The specimen No. was arranged according to the 2 

ascending order of N1. 3 

The statistical analyses of experimental results are shown in Table 7. The impact energy 4 

absorbed by the specimens can be calculated as follows [9]: 5 

W Nmgh                              (1) 6 

where W, N, m, g denote impact energy, number of repeated impact, mass of the drop hammer, 7 

acceleration due to gravity and height of fall, respectively. 8 

Table 7 Analyses of drop-weight test results 9 

Specimen 

Average 

number  

of blows 

 
Standard 

deviation (σ) 

 
Coefficient of 

variation (CV, %) 
Average first crack  

impact energy(W1/J) 

Average failure  

impact 

energy(W2/J) 
N1 N2  σN1 σN2  CVN1 CVN2 

NC 15 15  7 7  47 47 400.4 400.4 

PP4 17 33  4 7  23 21 453.8 880.9 

PP6 23 40  2 5  10 12 614.0 1067.8 

SF20 29 52  18 27  62 52 774.3 1388.4 

SF35 31 55  26 24  83 44 827.7 1468.5 

RC 21 350  7 128  36 37 560.6 9343.3 

RC+PP4 21 489  10 129  49 26 560.6 13054.0 

RC+PP6 19 743  8 193  40 26 507.2 19834.5 

RC+SF20 20 1196  8 322  43 27 533.9 31927.5 

RC+SF35 24 1232  11 280  44 23 640.7 32888.5 

Based on the impact results in Table 7, the following points can be observed in terms of the first 10 

crack impact energy (W1) and the failure impact energy (W2): 11 

1) For the specimens of NC:  12 
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The first crack impact energy (W1) equals to the failure impact energy (W2), that is to say the 1 

appearance of the crack and the failure of the specimen took place simultaneously, and the specimens 2 

without fiber reinforcement show clearly brittle behavior. 3 

2) For specimens reinforced with different macro PP fiber contents :  4 

i) For PP4, the first crack impact energy (W1) and the failure impact energy (W2) were 453.8 J 5 

and 880.9 J, respectively. Compared to NC, the absorbed impact energy increased by about 6 

13% and 120%, respectively.  7 

ii) For PP6, the first crack impact energy (W1) and the failure impact energy (W2) were 614.0 J 8 

and 1067.8 J, respectively. Compared to NC, the absorbed impact energy increased by 9 

about 53% and 167%, respectively; compared to PP4, the absorbed impact energy increased 10 

by about 35% and 21%, respectively. 11 

It can be seen that the addition of macro PP fibers can improve the ability of energy absorption 12 

under impact load, and the energy absorption capacity increases with the increasing of fiber content. 13 

This behavior could be attributed to the enforcement of toughness due to randomly distributed macro 14 

PP fibers. During the impact process, the macro PP fibers spanning across the cracks can transmit 15 

loads from one side to the other side of the cracks (see Fig.4), and a large amount of energy can be 16 

absorbed in the process of de-bonding, slipping, breaking down and pulling out of macro PP fibers. 17 

These mechanisms can not only limit cracks propagation, but also improve the ductility of the 18 

concrete. This can be clearly observed from the failure pattern of specimen as depicted in Fig.4.  19 
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 1 

Fig.4 Failure pattern of PP4 specimen  2 

3) For specimens reinforced with different macro steel fiber contents:  3 

i) For SF20, the first crack impact energy (W1) and the failure impact energy (W2) were 774.3 4 

J and 1388.4 J, respectively. Compared to NC, the absorbed impact energy increased by 5 

about 93.4% and 247%, respectively;  6 

ii) For SF35, the first crack impact energy (W1) and the failure impact energy (W2) were 827.7 7 

J and 1468.5 J, respectively. Compared to NC, the absorbed impact energy increased by 8 

about 107% and 267%, respectively; compared to SF20, the absorbed impact energy 9 

increased by about 7% and 6%, respectively. Even so the steel fiber content increased 75%. 10 

It means that SF35 may be cost inefficient. Therefore, for possible industrial application 11 

SF20 could be more attractive than SF35. 12 

iii) Compared to PP4, the absorbed impact energy of SF20 increased by about 71% and 58%, 13 

respectively, and the absorbed impact energy of SF35 increased by about 82% and 67%, 14 

respectively. 15 

iv) Compared to PP6, the absorbed impact energy of SF20 increased by about 26% and 30%, 16 

respectively, and the absorbed impact energy of SF35 increased by about 35% and 38%, 17 

respectively. 18 
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Based on the analysis above, we can see that the addition of macro steel fibers can both improve 1 

the first impact energy (W1) and the failure impact energy (W2). The energy absorption capacity 2 

increased with the increasing of macro steel fiber dosage. It may trace back to the macro steel fibers, 3 

as they are distributed randomly in the matrix, each fiber acts as a small-scale energy-absorbing 4 

element, and can share a certain portion of the load during repeated impact. Thus, the FRC 5 

specimens can absorb more impact energy compared to the NC counterparts. After cracking the 6 

macro steel fibers continue to transmit tensile stresses across the crack in the concrete and prevent 7 

the further spread of cracks and this may lead to a great improvement in the failure impact energy 8 

(W2) and ductility of concrete [20]. The failure patterns are very different between macro steel fibers 9 

and macro PP-fibers. As the macro PP-fibers are partly broken down and partly pulled out (Fig.4), 10 

the most steel fibers are gradually pulled out (Fig.5) after the concrete cracking subjected to impact 11 

loads. This mechanism can not only absorb and diffuse the impact energy by de-bonding, slipping 12 

and pulling out of fibers in the matrix, but also delay the cracks extension, hence improve the failure 13 

impact energy (W2). 14 

 15 

Fig.5 Failure pattern of SF20 specimen  16 

4) For specimens reinforced with rebars: 17 

The reinforcement ratio of steel rebar reinforced specimens was 1.9%, and these specimens 18 
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were used to simulate the impact property of precast pile tip. The mass of the steel rebars of each 1 

specimen is 0.209 kg, just as the macro steel fiber weight in the FRC with fiber content of 148 kg/m3. 2 

The first crack impact energy (W1) and failure impact energy (W2) were 540.6 J and 9343.3 J. 3 

Compared to NC specimens without any reinforcement, the absorbed impact energy of RC increased 4 

by about 40% and 2233%, respectively. It shows that the addition of steel rebars can significantly 5 

improve the failure impact energy (W2). It is due mainly to the bond effect on the interface between 6 

concrete and steel rebars: after cracking the force transfer is mainly governed by bearing of the ribs 7 

against the concrete(Fig.6 (a)), with the dropping operation continuing, the slipping between the 8 

concrete and the rebars can significantly diffuse the impact energy, therefore, the failure impact 9 

energy can be greatly improved, and the final failure can mainly be attributed to the longitudinal and 10 

circumferential cracks (Fig.6 (b)) [40].  11 

 12 

(a) 13 
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 1 

(b) 2 

Fig.6 Failure pattern: (a) pressure in front of ribs; (b) cracks of RC specimen  3 

5) For specimens reinforced with macro PP fibers and steel rebars: 4 

i) For RC+PP4, the first crack impact energy (W1) and failure impact energy (W2) were 560.6J 5 

and 13054.0 J. Compared to NC, the absorbed impact energy increased by about 40% and 6 

3180%, respectively.  7 

ii) For RC+PP6, the first crack impact energy (W1) and failure impact energy (W2) were 507.2J 8 

and 19834.5 J. Compared to NC, the absorbed impact energy increased by about 27% and 9 

4820%, respectively.  10 

iii) Compared to PP4, the absorbed impact energy of RC+PP4 increased by about 24% and 11 

1382%, respectively. 12 

iv) Compared to PP6, the first crack impact energy (W1) of RC+PP6 decreased by about 17%, 13 

and failure impact energy (W2) increased by about 1758%. 14 

v) Compared to RC, the first crack impact energy (W1) of RC+PP4 is no change, while the 15 

failure impact energy (W2) of RC+PP4 increased by about 40%; the first crack impact 16 

energy (W1) of RC+PP6 decreased by about 10%, and failure impact energy (W2) increased 17 

by about 112%. 18 
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It demonstrates that composite use of macro PP fibers and steel rebars can greatly improve the 1 

failure impact energy (W2). This enormous enhancement could be traced back to the possible energy 2 

dissipation as followings: 3 

 The arresting of the cracks by macro PP fibers and steel rebars across the longitudinal 4 

cracks; 5 

 Bridging the circumferential cracks by macro PP fibers;  6 

 Slipping of steel rebars and macro PP fibers in the matrix. 7 

6) For specimens reinforced with macro steel fibers and steel rebars: 8 

i) For RC+SF20, the first crack impact energy (W1) and failure impact energy (W2) were 533.9 9 

J and 31927.5 J. Compared with NC, the absorbed impact energy increased by about 33% 10 

and 7873%, respectively.  11 

ii) For RC+SF35, the first crack impact energy (W1) and failure impact energy (W2) were 640.7 12 

J and 32888.5 J. Compared with NC, the absorbed impact energy increased by about 60% 13 

and 8113%, respectively.  14 

iii) Compared to SF20 specimens, the first crack impact energy (W1) of RC+SF20 decreased by 15 

about 30%, and failure impact energy (W2) increased by about 2200%. 16 

iv) Compared to SF35 specimens, the first crack impact energy (W1) of RC+SF35 decreased by 17 

about 20%, and failure impact energy (W2) increased by about 2140%. 18 

v) Compared to RC specimens, the first crack impact energy (W1) of RC+SF20 decreased by 19 

about 5%, and failure impact energy (W2) increased by about 242%; the absorbed impact 20 

energy of RC+SF35 increased by about 14% and 252%, respectively. 21 

It can be seen that the combined use of steel rebars and macro steel fibers can greatly increase 22 
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the failure impact energy (W2) and indicates enormous positive hybrid effect on the impact property.  1 

3.3 Composite effect of steel rebars and different fibers on failure impact energy 2 

The aim for the hybrid use of various reinforcements (such as rebars and fibers) was to achieve 3 

a possible positive composite effect on the impact properties of concrete: namely a positive 4 

composite effect of 1 + 1 ˃ 2. The composite effects of different mixture in this test were compared, 5 

which can be seen clearly from Table 8. 6 

Table 8 Comparison of composite effect on W2 with different macro fibers and fiber contents 7 

No.  Failure impact energy (W2/J) Observation 

Group 1 
RC PP4 RC+PP4 

W2(RC)+W2(PP4)＜W2(RC+PP4) 
9343.3 880.9 13054.0 

Group 2 
RC PP6 RC+PP6 

W2(RC)+W2(PP6)＜W2(RC+PP6) 
9343.3 1067.8 19834.5 

Group 3 
RC SF20 RC+SF20 

W2(RC)+W2(SF20)＜W2(RC+SF20) 
9343.3 1388.4 31927.5 

Group 4 
RC SF35 RC+SF35 

W2(RC)+W2(SF35)＜W2(RC+SF35) 
9343.3 1468.5 32888.5 

From Table 8, we can see that no matter RC with PP fibers or RC with steel fibers, the positive 8 

hybrid effect was shown clearly, however, the level of increase was rather different and influenced by 9 

the fiber types and dosages, the percentage of increment can be found in Fig.7. 10 

 11 

Fig.7 Comparison of composite effect on W2 with different macro fibers and fiber contents 12 
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In order to compare the composite effects among specimens of hybrid use of steel rebar and 1 

macro PP fibers with different fiber contents and specimens of hybrid use of steel rebar and macro 2 

steel fibers with different fiber contents, the factor for composite effect (η) is introduced and can be 3 

calculated by Eq. (2). 4 

2-C

2-F 2-R

1
W

W W
  


                                (2)

 5 

where η denotes the composite effect on the failure impact energy (W2), η＞0 means positive 6 

composite effect, η＜0 means negative composite effect, η=0 means no composite effect; W2-C 7 

denotes the failure impact energy of composite use of macro fibers and steel rebars reinforced 8 

concrete specimens; W2-F denotes the failure impact energy of FRC specimens; W2-R denotes the 9 

failure impact energy of RC specimens. 10 

From Fig.7 and Eq.(2), some interesting points as follows can be observed: 11 

i) The values of η of RC+PP4, RC+PP6, RC+SF20, RC+SF35 are 28%, 94%, 198%, 204%, 12 

respectively. All of the values of η＞0, so the combination of steel rebars and macro fibers 13 

shows positive composite effect on W2.  14 

ii) The η value of RC+PP6 is 94%. Compared to RC+PP4, the η value of RC+PP6 increases by 15 

236%, even though the macro PP fiber contents increased 50% only. It means that RC+PP6 16 

shows both superior impact property and cost efficient for possible industrial application. 17 

iii) The η value of RC+SF35 is 204%. Compared to RC+SF20, the η value of RC+SF35 18 

increases slightly (only 3%), even so the steel fiber content increased 75%. It means that 19 

RC+SF35 may be cost inefficient. Hence, for possible industrial application the 20 

combination of RC+SF20 could be more attractive than that of RC+SF35. 21 

iv) Compared to RC+PP6, the value of η of RC+SF20 increases by 111%. Therefore, the hybrid 22 
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use of steel rebars and macro steel fibers presents much greater positive composite effect on 1 

W2 than that of the combination of steel rebars and macro PP fibers. 2 

3.4 Failure patterns of specimens 3 

The failure patterns of the specimens for NC, PP, SF, RC, RC+PP, RC+SF are illustrated in 4 

Fig.8. The comparison of the number of the cracks (c) and penetration depth (hpt) of the specimens 5 

are shown in Table 8.  6 

 7 

(a)                         (b)                        (c) 8 

 9 
(d)                         (e)                       (f) 10 

Fig.8 Failure patterns of the specimens of (a) NC, (b) PP, (c) SF, (d) RC, (e) RC+PP, (f) RC+SF 11 

Table 9 Average number of cracks (c) and penetration depth (hpt) of the failure specimens 12 

Specimen c hpt(mm) 

NC 1 2.8 

PP4 2 5.2 

PP6 2 6.8 

SF20 2 7.2 

SF35 3 7.4 

RC 4 10.5 

RC+PP4 5 13.8 
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RC+PP6 5 15.6 

RC+SF20 6 13.5 

RC+SF35 6 18.6 

 1 

From Fig.8 and Table 9, some phenomena as follows can be observed: 2 

i) For the specimens of NC, when the first crack appears, the specimens broke down 3 

immediately into two pieces (see Fig.8 (a)), and show an obviously brittle failure behavior.  4 

ii) For the macro fiber reinforced specimens with different fiber dosage (PP, SF), when the first 5 

crack appears, the specimen can continue to bear the impact loads and to absorb the impact 6 

energy; the new cracks will occur gradually, most part of the specimens fail when 2-3 cracks 7 

appear, and break into three or more pieces (see Fig.8 (b) and (c)). It shows well distributed 8 

tensile stress and significantly ductile failure properties under impact. Compared to the NC 9 

specimens, the values of hpt of PP4, PP6, SF20 and SF35 increase by 86%, 143%, 157% and 10 

164%, respectively.  11 

iii) For the steel rebar reinforced specimens, the failure process is similar to that of the PP and 12 

SF, in most case, the specimens fail with 4 cracks, and break into four or more pieces (see 13 

Fig.8 (d)). Compared to NC, the value of hpt of RC increases by 275%. 14 

iv) For the composite use of macro fibers and steel rebars reinforced specimens (RC+PP, 15 

RC+SF), the failure patterns improve from some large cracks to a number of small cracks 16 

(see Fig.8 (e) and (f)). This phenomenon indicates that the stress redistribution in the 17 

concrete matrix is achieved more evenly with the composite use of different fibers and steel 18 

rebars. Compared to NC, the values of hpt of RC+PP4, RC+PP6, RC+SF increase by 393%, 19 

457%, 382%, and 564%, respectively.  20 

3.5 Distribution of impact property factors  21 
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Series of statistical models have been developed for analysis of fatigue and impact test results of 1 

concrete over the last few decades [23,27-29,32,36-37,41-43]. Among them, the normal distribution 2 

model is frequently introduced,, however, the goodness of fit test indicated that the impact test 3 

results were poor fit to normal distribution at 95% level of confidence, as reported by the researchers 4 

[27]. While, the two-parameter Weibull distribution has been proved by some investigations that it is 5 

it is suitable to evaluate the fatigue performance of concrete [41-43]. Due to the similar failure 6 

mechanism of the impact process and fatigue process [22, 37], the two-parameter Weibull 7 

distribution is adopted in this study. In addition, we use graphical method to describe the impact 8 

property factors of ten types of samples. 9 

The cumulative distribution function  F n of two-parameter Weibull probability law can be 10 

expressed as [40-42]: 11 

( ) 1 exp ( )
n

F n
u

 
   

                         
(3) 12 

where n is the impact life of the concrete; α is the Weibull slop; u is the scale parameter. 13 

The function  F n  corresponds to the failure probability. So the survivorship function may be 14 

defined in Eq. (4): 15 

( ) 1 ( ) exp
n

L n F n
u

  
     

                          

(4) 16 

Taking twice natural logarithm for both sides of Eq. (4) gives Eq.(5): 17 

 
1

ln ln ln( ) ln( )n u
L n

  

                       

(5) 18 

Setting 
 
1

ln lnY
L n

 , ln( )X n , ln( )u  , then 19 

Y X                               (6) 20 
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Therefore, the statistical distribution of N1 and N2 of ten types of specimens can be verified by 1 

Eq. (6). Two steps are adopted: first, the impact property data N1 and N2 are put in an increased order, 2 

and then the survivorship probability L may be expressed by Eq.(7) [22,37,41-43]: 3 

1
1

i
L

k
 

                            
(7) 4 

where i denotes the sequence number of the failure specimen, and k represents the total number of 5 

the impact samples for a certain group. A graph is plotted between Y and X, and if the experimental 6 

data follow approximately linear relationship, then we may consider the two-parameter Weibull 7 

distribution as an appropriate method to describe the impact property factors (N1, N2) statistically. 8 

Afterwards, the coefficients α, β, R2 can be obtained from the regression analysis, respectively. 9 

For the experimental data regarding the number of blows to the first crack (N1) of NC, PP4, PP6, 10 

SF20, SF35, RC, RC+PP4, RC+PP6, RC+SF20 and RC+SF35, the distribution of the data and the 11 

corresponding fitted curves are illustrated in Fig.9. The same method has been adopted by using test 12 

results regarding the number of repeated impact to the failure (N2), the distribution of the data and 13 

the corresponding fitted curves are illustrated in Fig.10. The value of coefficients about α, β,R2 14 

corresponding to ten types of specimens are shown in Table 9. 15 

 16 

Fig. 9 Linear regression of N1 in Weibull distribution 17 

The approximate straight-line plot in Fig.9 indicates that the two-parameter Weibull distribution 18 
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may be an appropriate method for the statistical description of the number of blows to the first crack 1 

(N1). The large difference of the various slopes may be caused by the scatter of the concrete matrix of 2 

the elastic pre-cracking behavior. 3 

 4 

Fig. 10 Linear regression of N2 in Weibull distribution 5 

The approximate straight-line plot in Fig.10 indicates that the two-parameter Weibull 6 

distribution is a suitable approach for the statistical description of the number of blows to the failure 7 

(N2). The small difference of the various slopes can be traced back to the fiber or rebar effect on the 8 

ductile behavior of specimens during the post crack period.  9 

Table 10 Linear regression of impact resistance in Weibull distribution 10 

Impact resistance 

factor 
Concrete type 

Regression 

coefficient α 

Regression 

coefficient β 

Correlation 

coefficient R2 

N1 

NC 1.766 5.030 0.987 

PP4 3.282 9.615 0.901 

PP6 9.240 29.203 0.903 

SF20 1.162 4.158 0.941 

SF35 1.501 5.316 0.869 

RC 2.398 7.613 0.998 

RC+PP4 1.913 6.150 0.928 

RC+PP6 2.239 6.960 0.905 

RC+SF20 2.018 6.300 0.972 

RC+SF35 1.854 6.216 0.974 

N2 

NC 1.766 5.030 0.988 

PP4 3.943 14.213 0.970 

PP6 7.425 27.782 0.960 

SF20 1.952 8.128 0.943 
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SF35 1.784 7.328 0.874 

RC 2.382 14.282 0.973 

RC+PP4 3.465 21.852 0.987 

RC+PP6 3.059 20.142 0.869 

RC+SF20 3.033 21.864 0.970 

RC+SF35 3.784 27.315 0.941 

From Table 10, it can be seen that the R2 values of ten groups are larger than 0.950; the R2values 1 

of seven groups are between 0.900 and 0.950; and the values of R2 of only three groups are between 2 

0.85 and 0.900, The R2 values of all kinds of specimens are greater than 0.850, which substantiated 3 

the existence of linear relationship between Y and X. This validates that the distribution of the 4 

number of repeated impact to the first crack (N1) and to the failure (N2) of all tested specimens follow 5 

the two-parameter Weibull distribution. 6 

4. Conclusions 7 

Based on the experimental and analytical investigation, the main conclusions could be drawn as 8 

follows: 9 

1. The improvement of impact properties (number of blows, impact energy, cracking property, 10 

penetration depth) of NC can be achieved by addition of mono macro PP fibers or mono 11 

macro steel fibers. The failure patterns of FRC specimens transform from obvious 12 

brittleness to well ductility. 13 

2. The hybrid use of steel rebars and macro fibers provides positive composite effect on 14 

improvement of the failure impact energy (W2). 15 

3. The combined use of steel rebars and macro steel fibers demonstrates more obvious 16 

composite effect on the failure impact energy (W2) than that of the combined use of macro 17 

PP fibers and steel rebars. 18 

4. The energy absorption capacity and the positive composite effect increase with the 19 
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increasing of macro fiber dosage.  1 

5. The hybrid use of steel rebars and macro fibers can be an effective way for enhancing of the 2 

impact properties of the concrete; RC+PP6 and RC+SF25 show both good impact properties 3 

and cost efficient for possible industrial application. 4 

6. Penetration depth can reflect the ability of impact energy absorption, and maybe used as an 5 

index to evaluate the impact properties of the concrete.  6 

7. The statistical method based on two-parameter Weibull theory can be adopted to analyze the 7 

distribution of the number of repeated impact to the first crack (N1) and to the failure (N2) of 8 

each group of specimens. 9 
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