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Abstract. Article describes methods and results of experimental 

research for strain behavior, crack formation and fracture of 

concrete beams reinforced with fiber reinforced polymer (FRP) 

bars during bending moment action. 18 beams (3+3 series) 

reinforced with glass FRP (GFRP) and basalt (BFRP) 6, 10 and 14 

mm in diameter were tested. Deflection in the middle of the beam, 

concrete and bars strain and ultrasonic transmission time for 4 

routes were measured during tests besides visual inspection. Main 

crack formation occurred at 8-20% of the ultimate load for all 

beams. Crack formation was transition border to linear (elastic) 

straining at low bending stiffness. More than 15 times decrease in 

bending stiffness was seen for beam reinforced with two types of 

bars 6 mm in diameter compared to initial values. Existence of 

main cracks and major deflections is not allowed during design of 

bending elements. However small bending stiffness at linear elastic 

straining is a positive factor in case of «hard» loading and impact 

(pulsed) loading. It is possible to prevent structures collapse and 

people deaths at impact loading and cyclic «hard» loading by 

permitting crack formation in load bearing structures. 

1 Introduction 
Numerous Russian and foreign papers show high strength of bending concrete elements 

reinforced with FRP combined with low stiffness and cracking resistance [1-10], [13-16]. 

Regulatory documents establish requirements and conditions for beams with FRP 

testing [11],[12]. Requirements and design rules for concrete elements reinforced with FRP 

only apply to static loading. Contributions [17-18] show special aspects of dynamic loading 

of bending concrete elements and junctions with FRP. This research was set out to acquire 

data on stiffness, crack resistance, concrete and bars strain and strength of beams reinforced 

with GFRP and BFRP bars 6, 10 and 14 mm in diameter. These beams were manufactured 
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from concrete class B30. Acquired data are regarded as benchmark for dynamic tests 

planning of similar beams reinforced with FRP bars. 

2 Methods and materials 
Beams were loaded on testing equipment rigged with reconfigurable loading frame CFM 

Schiller, hydraulic cylinders MTS 201.30Т and controller FlexTest-60.

Deflections were measures using digital indicators Micron with measuring sensitivity of 

0,01 mm.  

Cracking process was recorded using ultrasonic apparatus Pulsar 1.2 with piezoelectric 

transducers functioning at frequency of 65 kHz. 

FPR bars and concrete stain was logged using multichannel measuring system NI PXIe-

1075. Strain gage with measurement base of 1 mm were mounted on FRP bars. Strain gages 

with measurement bases of 60 and 120 mm were mounted on concrete surface. 

Figure 1 shows strain gages and ultrasonic transduсers layout. 

 
 

Fig. 1. Strain gages and ultrasonic transducers layout 

Standard specimens for determination of concrete properties were tested on machine 

Instron 1000 HDX. 

Crack formation process was also inspected using Brinell microscope MPB-2. 

Beams loading was done in stages: 

- before crack formation – stages of 1 (0,5) kN with a loading speed of 1,0 kN/min and 

load hold during 5 minutes at each stage; 

- after crack formation – stages of 2,0-4,0 kN with a loading speed of 6,0 kN/min and 

load hold during 5 minutes at each stage; 

Load and displacement of hydrocylinder, beam deflection, strain of strain gages, 

ultrasonic apparatus readings were recorded during holds. Visual inspection and crack 

formation process recording was done as well. Two couples of ultrasonic transducers 

allowed to monitor crack formation and growth. 

3  Test results 
Figure 2 and 3 show web of cracks that formed on a specific loading stage. Crack formation 

kinetics was estimated based on ultrasonic control data. 

Sounding was carried out on two longitudal and symmetric oblique routes (figure 1). 

Cumulative information on crack formation in different areas of beams was acquired based 

on load-ultrasonic impulse transmitting time relation data. Typical pattern of concrete 

disruption for all beams is shown through ultrasonic control of beam reinforced with GFRP 
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bars Ø6 mm (figures 4 and 5). All sounding routes show that growth intensity of formed 

main cracks decreases with increase in load. 

 
Fig. 2. Crack formation in beam reinforced with GFPR B1.10.1 at load P = 0,2 Pult 

 

 
Fig. 3.  Crack formation in beam reinforced with BFPR B2.6.3 at load P = 0,2 Pult 
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Fig. 4. «Load-increase in USO transmitting 

time» diagram for beam B1.6.1 with  

GFRP Ø6 mm 

Fig. 5. «Load-increase in USO transmitting 

time» diagram for beam B1.6.1 with  

GFRP Ø6 mm 
Figure 6, 7 and 8 show strain diagrams for bars and compressive area of concrete for 

beam B1.6.1. 

  

Fig. 6. «Load-strain» diagram for compressive 

area of concrete for beam B1.6.1 with GFRP Ø6 
Fig. 7. «Load-strain» diagram for compressive 

area of concrete for beam B1.6.1 with GFRP Ø6 

 
Fig. 8. «Load-strain» diagram for compressive area of concrete for beam B1.6.1 with GFRP Ø6 

Relative decrease in bending stiffness and its absolute value on linear straining stage 

after formation of main cracks were determined from ratio of deflections on 1 kN of load 

(figures 9, 10, 13, 14, 17 and 18). 
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Fig. 9. «Load-deflection» diagram for beams 

with GFRP Ø6 mm 

Fig. 10. «Load-deflection» diagram for 

beams with BFRP Ø6 mm 

  

Fig. 11. «Load-deflection» diagram for 

beam B1.6.1 with GFRP Ø6 mm 

Fig.12. «Load-deflection» diagram for beam 

B2.6.1 with BFRP Ø6 mm 

  

Fig. 13. «Load-deflection» diagram for 

beams with GFRP Ø10 mm 

Fig. 14. «Load-deflection» diagram for 

beams with BFRP Ø10 mm 
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Fig. 15. «Load-deflection» diagram for 

beam B1.10.1 with GFRP Ø10 mm 

Fig. 16. «Load-deflection» diagram for 

beam B2.10.1 with BFRP Ø10 mm 

  

Fig. 17. «Load-deflection» diagram for 

beams with GFRP Ø14 mm 

Fig. 18. «Load-deflection» diagram for 

beams with BFRP Ø14 mm 

  

Fig. 19. «Load-deflection» diagram for 

beam B1.14.1 with GFRP Ø14 mm 

Fig. 20. «Load-deflection» diagram for 

beam B2.14.1 with BFRP Ø14 mm 

4 Discussions 
Pattern of load-strain relation is typical for all beams reinforced with both GFRP and 

BFRP. Three straining stages are observed: 1 – collaboration of bars and concrete in tension 

area; 2 – spasmodic separation of tensile bars from concrete which is most clearly noticed 

for beams reinforced with bars 6 mm in diameter; 3 – linear elastic straining of bars and 
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concrete on the surface and nonlinear straining in compressive area at depth of 2,5 cm from 

top edge. Beams reinforced with GFRP show earlier start of crack formation and smoother 

transition to linear straining with low bending stiffness compared to beams reinforced with 

BFRP.  

Initial bending stiffness at elastic straining before crack formation (figures 11, 12, 15, 

16, 19 and 20) was determined according to design model of pure bending using formula 

(1): 

 (��)� =
��∙�	


���∙�н 
 (1)  

where P and fн – load and deflection on linear straining stage before crack formation 

respectively. 

Relative decrease in bending stiffness and its absolute value B on linear straining stage 

after formation of main cracks were determined from ratio of deflections on 1 kN of load 

(figures 9, 10, 13, 14, 17 and 18). Table 1 shows values of absolute and relative stiffness 

before and after formation of main cracks. 

 
Table 1.  Bending stiffness for beams before and after formation of main cracks

Beam 
with 
bars 

Bar diameter, 
mm  

Modulus 
of 

elasticity 
for tension 

Ea, MPa  

Initial 
stiffness 

(EJ)i*10-4, 
kN*cm2 

Stiffness 
after crack 
formation 

B*10-4, 
kN*cm2 

Relative 
decrease in 

stiffness 

GFRP 

6 63453,43 1419,0 69,9 20,9 

10 59106,12 1273,1 174,4 7,3 

14 52619,05 1338,9 304,3 4,4 

BFRP 

6 58827,02 1167,1 71,6 16,3 

10 57541,68 1274,3 187,4 6,8 

14 59299,86 1374,7 327,3 4,2 

Disturbance of concrete cover by first cracks occurred after reaching border of elastic 

straining which was determined by first divergence from linear lo ad-deflection relation. 

Start of linear area of load-deflection relation on the second loading stage at loads of 80-

90% from beam strength showed formation of main cracks and their transition through 

reinforcing bars.

5 Conclusions 
1. Bending stiffness values after crack formation were acquired for two types of FRP of 3 

diameters. These values allow to convey calculations for dynamic loading of similar beams 

and compose test procedure. 

2. It was established that remarkable decrease in bending stiffness of beams (for more than 

15 times) after main cracks formation is typical for reinforcement with FRP 6 mm in 

diameter. Fracture of these beams occurred in reinforcement bars. 

3. Insignificant increase of up to 7,5% was registered on strain stage with cracks for beams 

reinforced with BFRP bars compared to beams reinforced with GFRP bars. 

4. Ultrasonic measurement data shows that qualitative transition from fast formation and 

growth of main cracks to arrested growth scarcely influence bending stiffness. 
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All tests were carried out using research equipment of The Head Regional Shared Research Facilities 

of the Moscow State University of Civil Engineering. 
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