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Abstract. Concrete has been the most widespread construction material in civil engineering and 
architecture in modern times. Its remarkable compression strength, and the reduced tensile 
strength and ductility lead to the use of steel bars in the zones where tensile stresses appear. 
Another option when needing to improve the tensile and bending properties of concrete is 
achieved through the use of structural fibres such as steel fibres or polymer ones. These fibres 
added in the correct dosages may be considered as a structural element of the material and 
consequently the reduction or elimination of steel bars might be enabled. Although literature 
provides numerous research with respect to the tensile or bending behaviour of fibre reinforced 
concrete, there are certain aspects that need to be studied regarding the shear behaviour of the 
material. In this contribution, fibre reinforced concrete (FRC) with steel or polyolefin fibres 
added in various dosages were tested under a pure shear stress state. Through a digital image 
correlation system, the cracking patterns of the mixes tested were obtained and the influence of 
the type and dosage of fibres analysed. In addition, the shear-friction theory when applied to 
FRC has been discussed. 

1.  Introduction 
Concrete has been the most employed construction material both in civil engineering and architecture. 
[1]. Among all its advantages, the capability of adopting complicated shapes and its outstanding 
compressive strength are the most remarkable. However, it must be reinforced in order to increase its 
tensile strength and ductility. Reinforced concrete which is performed by the inclusion of steel bars in 
plain concrete elements. Another technique of reinforcement is the addition of fibres randomly 
distributed in the mass of the concrete. Numerous investigations have shown that structural fibres 
contribute to concrete strength enabling, if certain conditions are fulfilled, to reduce the amount of steel 
bars which help to bear bending efforts. In the case of shear stresses the presence of fibres might even 
allow to avoid the use of steel stirrups [2, 3]. 

This reinforcement technique was initially developed through the employment of steel fibres (SFRC). 
Subsequently other materials were used in fibre manufacturing: aramid, carbon, glass and polyethylene 
among others. Recently, another fibres applied as concrete reinforcement have been polymer ones 
supplied by the chemical industry. It should be noted that they have features that improve the behaviour 



 
 
 
 
 
 

of the steel fibres. For example, absence of corrosion, reduction of the weight of the structure, lower 
cost of maintenance of the machinery used for pouring are some the previously mentioned advantages. 
Polyolefin fibre reinforced concrete boasts all these characteristics. 

Both types of fibres when used as reinforcement in concrete prevent cracking at early age [4] which 
is a non-structural feature. Besides, if SFRC or PFRC meet the conditions required by certain regulations 
[5-8] the contribution of fibres might be considered as structural. Most regulations set the previously 
mentioned conditions based on the residual strength values obtained on three or four-point bending tests. 
EN-14651 is one of the most used recommendations [9]. This test only assesses the behaviour of 
concrete when subjected to bending stresses and neglects the situations where shear or torsion might be 
involved. However, the data obtained in EN-14651 tests is also mentioned in the recommendations as 
the reference for considering structural contribution of the FRC when subjected to shear stresses. Several 
studies have pointed out that such approach might not be the optimum one [10]. 

The knowledge of the FRC behaviour when subjected to shear stresses has been obtained using two 
perspectives: some authors have analysed the case of beams under bending and shear efforts [10] and 
other researchers have tried to study specimens subjected to direct shear [11-13]. Currently, although 
the behaviour of FRC under shear stresses is fairly known, the matter of the mechanisms that govern 
such behaviour (shear-friction theory [14], aggregate interlock and dowel action [15] by fibres sewing 
the crack) deserves further study.  

It should be noted that, the fibres sew both sides of the cracks preventing the collapse of the material 
by generating a network of smaller cracks improving the behaviour of the material against bending and 
shear stresses [16, 17]. This phenomenon creates a defined pattern that might provide information 
regarding the different modes of cracking of the FRC and might also be characteristic of the type and 
dosage of fibres used. Consequently, the main objective of this study was to analyse the different crack 
patterns that occur at the FRC subjected to pure shear and to obtain the relative displacements that occur 
between the crack sides. To achieve these objectives push-off specimens were tested under shear 
stresses. Such specimens were machined from the remaining halves prismatic specimens which had 
been previously tested in a three point bending test. Load, displacement, time and crack opening 
displacement using traditional measuring devices. Complimentary, a digital image correlation system 
[18] was used which permitted to obtain data on the onset and development of the cracking patterns. In 
addition it enabled to assess the relative displacement of the cracks sides.  

2.  Experimental campaign 
Four concrete mixes were used in this study. The first, a conventional vibrated concrete with 6kg/m³ of 
polyolefin fibres termed PFRC6, the second a self-compacting concrete with 10 kg/ m³ of polyolefin 
fibres, named PFRC10 and other two self-compacting concretes with 50 (SFRC50) and 70 kg/m³ of 
steel fibres (SFRC70) respectively. The composition of these mixes is shown in Table 1. The most 
important mechanical properties had been analysed in previous research [19, 20]. The material 
properties obtained can be seen in Table 2. In this table it can be observed that all the analysed FRCs 
comply with the conditions, according with expressions (1) and (2) set for considering it as structural 
concrete according to regulations [7, 8]. 

 
fR1 > 40% fLOP         (1) 
 
fR3 > 20% fLOP         (2) 
 
 
 
 
 
 
 



 
 
 
 
 
 

Table 1. Concrete mix dosage 
     

 SFRC 50 SFRC 70 PFRC 6 PFRC 10 
Cement (kg/m3) 425 425 312 375 
w/c 0.47 0.47 0.69 0.50 
Water (kg/m3) 199 199 216 188 
Gravel (kg/m3) 492 486 519 245 
Grit (kg/m3) --- --- 198 367 
Sand (kg/m3) 947 947 875 918 
Superplasticizer (% cement) 1.39 1.39 --- --- 
Limestone (kg/m3) 210 210 --- --- 
Compaction Self-weight Self-weight Vibrated Self-weight 
Fibres SF35 (%) 0.64 0.45 --- --- 
Fibres SF50 (%) --- 0.45 --- --- 
Fibres PF48 (%) --- --- 0.66 --- 
Fibres PF60 (%) --- --- --- 1.10 

 
Table 2. Compression strength and residual tensile flexural strength [9, 19, 20].  

     

 SFRC 50 SFRC 70 PFRC 6 PFRC 10 
fcm (MPa) 62.2 65.4 21.7 51.5 
fLOP (MPa) 8.0 11.5 2.8 5.2 
fR1 (MPa) 7.0 (87.5%) 10.3 (89.6%) 1.4 (50.0%) 2.4 (46.2%) 
fR3 (MPa) 6.8 (85.0%) 10.3 (89.6%) 1.8 (64.3%) 3.9 (75.0%) 

 
The experimental campaign was based on push-off tests. Specimens for these tests can be defined as 

a “Z” shaped prism on which a vertical load is applied. Such load produces a shear stress on the ligament 
section [21], as shown in Figure 1. These specimens were obtained from the resultant halves of 
previously performed tensile bending specimens. The zones of the halves that might have been harmed 
during the bending test were discarded, obtaining a prism of 270x150x150 mm3 approximately. Two 
notches 75 mm depth and 9 mm height were made at different height of the specimens, leaving a 
ligament section of 150x75 mm2. The upper and bottom cantilevers of the specimens were reinforced by 
using carbon fibre laminates bonded with epoxy resin to the base material in order to avoid bending 
failure. 

 



 
 
 
 
 
 

 
Figure 1. Push-off test 

 
The specimens were carefully placed in order to align perfectly the load applied and the ligament 

plane. The load was applied through two 200x10x10 mm3 steel bars stacked at the top and bottom of the 
specimens. A laser device was employed to assure the best alignment possible of all the previously 
commented elements as it can be seen in Figure 1. 

The specimens were also painted with a random monochrome dotted pattern on the front and rear 
face. This pattern serves as a basis to apply the digital image correlation. In addition, as there is no 
physical contact between the system and the test specimen [22] this technique does not modify any 
condition of the test. This system has been successfully used in other experimental campaigns [11, 18, 
23]. 

The tests were conducted in a universal testing machine, which boasts a maximum load capacity of 
500 kN. The test was controlled by setting the displacement speed of the actuator at one micron per 
second. In order to measure the opening or closing of the notches during the tests two LVDT were placed 
at the specimen sides, allowing to detect any rotation of the test piece. The recording of the test needed 
for the DIC was captured using two 5 Mpx high-definition cameras at a frame rate of one second. 

The digital image correlation calculate the relative distance between two points on the surface of the 
test piece in different moments of the test as can be seen in Figure 2. As the data is obtained in pixels, 
the distance must be transformed into length [17] calibrating each test recorded. 
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Figure 2. Speckle pattern image for digital image correlation 

3.  Results 
In the tests, the applied load, the crack sliding shear and the crack opening were obtained. In addition, 
DIC could correlate the load and displacement with the image of the specimen at every moment of the 
test. Due to the differences in the specimens dimensions a direct comparison between the load obtained 
in the test could not be performed. Consequently expression (3) was applied to perform such comparison 
in terms of stress. 

 
tmed = Load / Section        (3) 
 
Table 3 shows residual strength values obtained in the test for the four concretes studied at certain 

shear displacement. The values shown are at least the average of two specimen of each type of concrete. 
The values show the residual strength for shear displacement of 2.5 and 3.5 mm and the maximum 
strength obtained. It should be highlighted that the specimens maintained their shear bearing capacity 
up to 7 mm of shear slide. This is highly important due to the reliability safety factor that FRC provide 
to structures. 

 
Table 3. Residual strength at 2.5 mm and 3.5 mm shear displacement and average maximum shear 

stress (MPa) 
     

 SFRC 50 SFRC 70 PFRC 6 PFRC 10 

t at 2.5 mm S.D. 0.89 1.61 1.04 1.15 

t at 3.5 mm S.D. 0.69 1.32 0.90 0.83 

tMAX 12.16 17.37 5.19 9.70 

4.  Digital image correlation analysis 

4.1.  Crack pattern 
The use of DIC together with a commercial software has enabled to analyse the shear mechanisms of 
cracking and complimentary to obtain the evolution of the appearance and development of cracks 
generated in the specimens. Two high-definition video cameras, that recorded the front and rear faces 
of the specimens, were used. The frames were obtained with a frame per second rate. This frame rate 
allowed to relate each of the images with the load and displacement recorded.  



 
 
 
 
 
 

The damaging evolution observed in SFRC50 and SFRC70 was similar. The appearance of the first 
crack, occurred during the initial loading phase. The appearance of cracks initiated the reduction of 
stiffness of the specimens and consequently the variation on the slope of the load-displacement curve 
was noticed. However, the total load bearing capacity was not reached yet. Load increased until an 
important development of the cracks was noticeable. Figure 3 shows a SFRC50 specimen at the initial 
loading branch. As the tests continued this crack was able to grow and finally to connect the tips of both 
notches. It is also noteworthy the generation of cracks by bending in the central area of the notches. 
These cracks, in the majority of cases, were only visible through digital image correlation. Moreover, a 
finite element model performed in previous research predicted the appearance of such cracks [13]. 

Regarding PFRC6 specimens, it turned out that the cracks were generated in the tip of the upper or 
lower notch in contrast with the appearance in the ligament that happen in the SFRC samples. The crack 
grew vertically between the tips of the notches generating small cracks with a certain inclination. Figure 
4 shows PFRC6 behaviour, showing the final crack pattern. Micro cracks can be also seen in areas 
marked in red. 

 

  
Figure 3. Image of the displacements in an 
SFRC50 specimen at moment of cracking 

Figure 4. Image of the displacements in an 
PFRC6 specimen at the end of the test 

 
In the case of PFRC10, cracks were generated in the central area of the section, together the bending 

cracks previously commented for SFRC. As the test progressed the bending cracks closed until they 
were imperceptible even to DIC. In all cases a series of small cracks appeared which later coalescence 
in the final fracture of the samples which connected the tips of the notches. 

4.2.  FRC and shear-friction mechanism 
DIC has been able to determine the deformations produced on the front and rear faces of the specimens, 
near the ligament section while the push-off tests. In order to obtain any displacement a calibration 
between pixels and mm had to be performed. This was carried out using two points separated a known 
distance. As the separation of the side of the cracks was not constant it was decided to choose five points 
in the ligament where the distance was evaluated in several moments of the test. 

Using the values provided by the system of shear slide and crack opening some curves that show the 
behaviour of the HRF considering the shear-friction have been generated. In these graphs, SFRC and 
PFRC behaviour was similar and close to the one predicted by Walraven [24]. It has be considered that 
the Walraven approach dealt with precracked specimens. This study concluded that the relationship that 
exists between the cracks openings and shear displacement, depending on a “k” coefficient, according 
to the expression (4), where “D” is the shear displacement and “w” is crack opening. 
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w = k ∙ D(2/3)         (4) 
 
Figure 5 shows the theoretical curve, obtained analytically according to expression (4) for a concrete 

reinforced with traditional stirrups reinforcement, by setting the value of k = 0.5. Data from SFRC50 
and PFRC10 are also included and hardly any difference can be perceived between them. If these curves 
are compared with the ones of SFRC it can be seen that PFRC boasts a greater opening of crack than 
SFRC for the same shear slide. This behaviour is maintained throughout the tests. 

 

 
Figure 5. Crack opening vs shear slide. 

 
Furthermore, the theoretical crack opening [24] is always lower than the one shown by any of the 

FRC. This is because the specimens used in this study were not precracked, as happened with the tested 
by Walraven. Another factor that has to be taken into account when analysing this results  results is that, 
in the theoretical case, the stirrups were prepared to better support the shear stress, perpendicular to the 
cracking section. However, fibres are, randomly located in the concrete matrix, so they are not 
distributed nor oriented in the most favourable position to withstand shear stress. 

5.  Analysis of the pre and post-cracking behaviour 
With the data acquired by the test machine Figure 6 was plotted. It can be seen the four curves that 
correspond to each concrete mix studied. PFRC mixes showed a first ascending area which was 
associated with the strength of concrete without fibres. PFRC6 is a reduced-resistance concrete, so it 
presents less strength in the limit of proportionality than the one of PFRC10. On the contrary, in SFRC 
maximum loads are slightly higher than the concrete without any fibre. 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 1 2 3 4 5

PFRC 10

SFRC 50

Walraven k=0,5

w
 (m

m
)

D (mm)



 
 
 
 
 
 

 
Figure 6. Experimental curves average shear vs shear slide up to 7 mm 

 
While in SFRC the fibres are progressively loaded even before reaching the maximum load, in the 

case of PFRC the fibres, due to their lower modulus of elasticity, polyolefin fibres are only loaded after 
the maximum load has been surpassed. Consequently for small shear displacements the steel fibres are 
able to restrain the load decrease. On the contrary this phenomenon only takes place in the case of PFRC 
when a greater shear displacements have been reached. Regarding the unloading branch it should be 
stated that such unloading in the case of SFRC mixes are less abrupt than the corresponding zones of 
the PFRC10 mixes. In the case of PFRC6, the corresponding curve shows that the material boasts a low 
strength matrix but a remarkable behaviour post-cracking by the action of fibres. 

From 1mm of shear slide the behaviour of the four mixes is remarkably similar. All concretes showed 
a ductile behaviour, even in the case of the concrete with the lowest volumetric fraction of fibres. Such 
ductility increases the shear fracture energy. It should be underlined that from 2 mm of shear slide PFRC 
mixes showed a better residual strength than SFRC50. This is consistent with the behaviour observed in 
the bending tests when crack openings greater than 2.5mm were considered [25].  

6.  Conclusions 
• Push-off tests have been successfully carried out and relevant results regarding the shear 

behaviour of FRC have been obtained. 
• FRC showed a ductile fracture processes behaviour, and was capable of sustaining remarkable 

values of shear displacement without collapsing for all the mixes analysed.  
• The experimental setup permitted to assess the different behaviour that SFRC and PFRC boast 

in the first stages of the tests. For 1mm of shear displacement SFRC and PFRC show the same 
characteristics. It should be highlighted that for shear displacements greater than 2mm the PFRC 
is able to sustain higher stresses than SFRC.  

• The cracking patterns of all mixes were obtained by means of DIC. Images of the different 
cracking patterns that appear in SFRC and PFRC were obtained.  

• DIC also enable to determine the relative displacement of the sides of the crack that generates 
the final fracture. Such data allowed the comparison of the experimental data with the Walraven 
theory for pre-cracked specimens of plain concrete. It was shown that the previously commented 
theory is applicable in the case of FRC. 
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