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 Abstract 
The aim of the work – experimental investigation on crack propagation and de-

formation in high-strength fiber reinforced concrete beams with round cross-sections 
under combined bending and torsion for the development of practical methods of crack 
resistance, deformation and strength analysis of such structures, and also for the accu-
mulation of new experimental data on resistance under combined loading. Method is 
experimental-theoretical. Results. Deflection plots and force-deformation relationships 
for high-strength fiber reinforced concrete beams with round cross-sections under com-
bined bending and torsion are determined experimentally. Principal deformations in 
terms of elongation and compression of concrete for the experimental beam structures 
with high torsion to bending moment ratio are determined. It is established that for 
high-strength fiber reinforced concrete structures of circular cross-section, generally, 
development of one-two discrete cracks is observed, therefore the circular shape of 
the cross-section slightly reduces the concentration defined by the material structure of 
high-strength concrete. On the basis of the conducted investigation on high-strength 
fiber reinforced concrete structures with circular sections, new experimental data on 
the combined stress-strain state in the studied areas of resistance is obtained, such as: 
values of generalized cracking, and failure, load, its level relative to the ultimate load; 
distance between the cracks at different stages of crack propagation; crack widths at 
principal reinforcement axis level, at a double diameter distance from the principal 
rebar axes and also along the entire crack profile at various stages of loading; coordi-
nates of nonplanar crack formations; patterns of crack formation, development and ope-
ning in reinforced concrete structures under combined bending and torsion. 

Keywords: reinforced concrete structures, high-strength concrete, fiber rein-
forced concrete, combined bending and torsion, experimental results 
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Introduction  
In the last two-three decades the publications of 

researchers from different countries give increasingly 
greater attention to the investigation of reinforced con- 
crete under special and emergency loadings, which cause 
combined stress state in the structures [1–8]. Architec- 
tural solutions and structural element cross-section shapes 
used in design practice are becoming more complex 
as well. It should be noted that until now a relatively 
limited number of studies on the stress-strain state of 
structures under combined loading have been conduc- 
ted. In this field a number of Russian and various in-
ternational studies on reinforced concrete structures from 
regular concrete can be mentioned, for example [9–15]. 
Even less studies are devoted to testing beams and other 
structures under combined bending and torsion. Exis- 
ting experimental results, according to their methodo- 
logies [11; 13; 16–18], relate to particular individual 
stress-strain state cases, boundary condition kinds, re- 
inforcement types, concrete grades and types. At the same 
time, resistance of reinforced concrete structures to com- 
bined loading (bending and torsion) until now remains 
globally underexplored due to a number of reasons, 
primarily due to the complexity of the experiment. 
As to high-strength reinforced concrete and fiber rein-
forced concrete structures, the studies of their combi- 
ned stress state and crack propagation properties are 
practically absent. This is evidenced by the fact that in 
Russian, European, US and other countries’ building 
codes there are no recommendations on designing struc-
tures under combined bending and torsion. There are 
general guidelines of particular individual stress state 
cases only for ultimate limit state and only for rectan-
gular cross-sections of structures, which do not always 
correspond well enough to the real behavior of rein-
forced concrete in the stage of crack formation and 
development and also in the ultimate stage of their re- 
sistance.  

In [19–21] the authors begin the publications on 
the conducted experimental studies of high-strength re- 
inforced concrete structures under combined loading. 
Here are the methodologies and some particular test 
results on structures with high-strength concrete of grade 
B100 or higher for rectangular, hollow circular and 
solid circular beam cross-sections. Following on these 
studies, the present article provides the experimental 
results of high-strength fiber reinforced concrete cir-
cular beams under combined loading. It is also worth 
mentioning that the cross-sectional shape accepted for 
the experiment is fairly often used in design practice 
(cores of high-rise buildings that act as cantilever beams, 
power transmission line supports, factory building co- 
lumns, etc.). 

Investigation results and their analysis 
A series of six sample beams from high-strength 

fiber reinforced concrete has been tested (see Table). 
The following notation is used for the test structures: 
FB – fiber reinforced concrete beam, CR – circular 
cross-section, 720 – value of external force couple arm 
for creating torsional moment, (1) – number of test 
sample. Reinforcement details in the cross-sections of 
test sample structures are presented in Figure 1. Lon-
gitudinal reinforcement of the test samples is grade 
A240C and 6 mm diameter, positioned along the cross-
section perimeter. Transverse reinforcement is grade 
A240C, 6 mm diameter with 100 mm spacing. Metal-
lic plates 8 mm thick with reinforcement anchors from 
10 mm A240C grade bars were placed on the ends of 
the test samples. A series of test samples were made 
from grade B130 high-strength fiber reinforced con-
crete. More detailed information on the structure of beam 
test samples, reinforcement details and testing methods 
are given in [20]. 

Obtained experimental results, their processing and 
analysis allow to state the following. 

A characteristic feature of crack propagation in 
high-strength fiber reinforced concrete structures with 
circular cross-section is that they develop several dis-
crete cracks, from which one stands out with increasing 
load and which then governs the failure. This crack 
becomes predominant over the others at the load steps 
close to failure and has the maximum opening size 
(Figure 1). 

 

 
 

 
 

Figure 1. Crack pattern in test sample structure  
from high-strength fiber reinforced concrete FB-CR-720 (1) 

Side A Side B 

A
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Comparing the obtained crack pattern with the pat- 
tern in regular reinforced concrete structures in the acting 
region of bending and torsional moments [11; 18; 22] 
it can be stated that such structures form an entire net- 
work of cracks. In addition to that, with increasing load 
new cracks are being formed, and correspondingly 
the distances between them and the intensity of deve- 
lopment of the already formed cracks change. There-
fore, the deformation concentration in the reinforcement 
due to crack propagation is decreasing in the structu- 
res from regular concrete. 

The obtained experimental results on the features 
and physical process of crack propagation in high-
strength fiber reinforced concrete structures allow to 
conclude that the traditionally applied theoretical mo- 
del of reinforced concrete deformation for service limit 
state, which is based on the hypothesis of averaging 
deformations after crack formation (coefficient ψs), 
needs correction in regards to the reinforced concrete 
in consideration. 

 
 

 
 
 

Figure 2. Deflections of test sample structure 
from high-strength fiber reinforced concrete FB-CR-720 (1): 

1 – deflection according to indicator I2; 
2 – deflection according to indicator I3 

 
 

Figure 3. Angles of deflection of test sample structure 
from high-strength fiber reinforced concrete FB-CR-720 (1): 

1 – angle of deflection according to indicators I1–I2; 
2 – angle of deflection according to indicators I3–I4 

 
From the analysis of experimental deflections and 

angles of deflection of tested structures (Figures 2 and 3) 
it can be noted that the relative cracking load level in 
fiber reinforced concrete beams (Т+М)/(Тu+Мu) is sig- 
nificantly higher than in structures from regular con-
crete. For all FB-CR-720 beam test samples the men-
tioned ratio comprised 0,55–0,64. This implies that 
the presence of fiber in structures from high-strength 
reinforced concrete under the considered stress state 
substantially increases the second stage of the stress-
strain state, and this feature should be accounted for 
in the design.  

The obtained experimental graphs of concrete com- 
pressive strains in the test samples from strain gauge 
measurements are of interest as well (Figures 4 and 5). 
Strain gauge rosettes were processed after the gauge 
measurements according to the know formulas for de- 
termination of the principal tensile (compressive) de-
formations of concrete. 

 

 
 

Figure 4. Loading force to concrete deformation relationship for test sample structure 
from high-strength fiber reinforced concrete FB-CR-720 (1), side A 
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Figure 5. Loading force to concrete deformation relationship for test sample structure 
from high-strength fiber reinforced concrete FB-CR-720 (1), side B 

 
So, with regard to FB-CR-720 (1) beam side A 

(Figure 4) the following is obtained: 
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With regard to FB-CR-720 (1) beam side B (Fi- 
gure 5) the following is obtained: 
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– load step 
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Experimental investigation of the considered beam 
structures from high-strength reinforced concrete pro-
duces a number of important parameters for the evalua-
tion of resistance of reinforced concrete structures to 
combined loading – bending with torsion, given in Table. 
They include the following: coordinates of nonplanar 
crack formation, generalized cracking load sup,crcR ; 
failure load sup,uR ; width of nonplanar crack which 
governed failure on the level of longitudinal and 
transverse reinforcement axes, at a double diameter 
distance from reinforcement axes and along the entire 
crack profile; changes in the distance between cracks 
crcl  with increasing load. 

 
Table 

Experimental parameters of resistance of fiber reinforced concrete structures under combined bending and torsion 

Structure 
notation 

𝑹𝐬𝐮𝐩,𝒄𝒓𝒄, 
kN 

𝑹𝐬𝐮𝐩,𝐦𝐚𝐱, 
kN 

𝑷𝐦𝐚𝐱, 
kN 

Load step,  
Pi / Pmax 

Nonplanar crack, 
which governed failure 

Actual 
height of 
the com- 
pression 

zone, 
xfact, mm 

Coordinates of
nonplanar crack

formation 
𝑎௖௥௖,ଵ, 
mm 

𝑎௖௥௖,ଶ, 
mm 

𝑙௖௥௖,୫ୟ୶, 
mm 

xexp, 
mm 

yexp,  
mm 

FB-CR-720 (1) 
Side A 

12.5 17.5 35.0 

0.57 – – 

368 

– 
–35.3 –22.5 0.85 0.2 0.3 50 

1 1.8 4.8 0 

FB-CR-720 (1) 
Side B 

0.57 – – – 
–154.7 43.9 0.85 0.1 0.2 70 

1 1.2 1.6 20 

FB-CR-720 (2) 
Side A 

15.0 19.5 39.0 

0.64 – – 

377 

– 
–44.8 –18.0 0.77 0.1 0.2 40 

1 0.5 1.8 0 

FB-CR-720 (2) 
Side B 

0.64 – – – 

–168.1 35.6 0.77 – – 95 

1 0.1 1 15 

FB-CR-720 (3) 
Side A 

17.5 260 52.0 

0.67 – – 

224 

- 
122.5 –93.4 0.76 0.1 0.17 102 

1 3.5 4 10 

FB-CR-720 (3) 
Side B 

0.67 – – – 
–116.8 –36.4 0.62 0.1 0.11 30 

0.82 0.1 0.16 0 
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The actual height of compression zone xfact and 
the height of compressed concrete above the inclined 
crack xB in the effective section 1–1 (going through 
the end of the nonplanar crack), deflections and an-
gles of deflection, values of nonplanar cracks projec-
tions onto the horizontal were also determined. 

As a result, the obtained experimental data allow 
to verify the accuracy of the analytical model of re-
sistance of fiber reinforced concrete structures to com- 
bined bending and torsion, and will be useful for  
the accumulation of new experimental information on 
the stress-strain state of reinforced concrete structures 
under combined loading. 

Conclusion 

Experimental investigation of beams from high-
strength fiber reinforced concrete with circular cross-
section produced new data on the stress-strain state 
parameters of such structures under combined bending 
and torsion. They include the values of generalized 
cracking load and failure load, concrete deformation 
in the region of the reference section, structure deflec-
tions and angles of deflection, nonplanar crack patterns 
and the distance between cracks at different loading 
stages, crack widths on the level of principal reinfor- 
cement axis and at a double diameter distance from this 
axis, and also along the entire crack profile at different 
loading stages, coordinates of nonplanar crack forma- 
tion at the considered stress state. 

It is established that for beams from high-strength 
fiber reinforced concrete with circular cross-section 
during cracking several discrete cracks propagate, from 
which one stands out with increasing load and which 
then governs the failure. At the stages close to failure 
this crack becomes predominant over the other and 
has the maximum width. It was also established that 
the relative cracking load in fiber reinforced concrete 
structures is high and it comprised 0.55–0.64 from 
the failure load for the tested structures. 

The obtained and previously undetermined experi- 
mental parameters on the stress-strain state of fiber re- 
inforced concrete structures are relevant for the analy-
sis and verification of the developing analytical model, 
evaluation of resistance of such structures under com-
bined bending and torsional moments. 
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 Аннотация 
Цель исследования – экспериментальное изучение особенностей тре-

щинообразования и деформирования сложно напряженных балок круглого 
поперечного сечения из высокопрочного фиброжелезобетона для развития 
практических методов расчета трещиностойкости, жесткости и прочности 
таких конструкций при кручении с изгибом, а также для накопления новых 
опытных данных о сложном силовом сопротивлении. Метод исследования – 
экспериментально-теоретический. Результаты. Экспериментально определены 
опытные значения и построены графики прогибов и углов поворота, зависимо-
стей деформаций бетона от нагрузки для сложнонапряженных балок круг-
лого поперечного сечения из высокопрочного фиброжелезобетона. Определе-
ны главные деформации удлинения и укорочения бетона для опытных кон-
струкций балок с высоким уровнем соотношения крутящего и изгибающе-
го моментов. Установлено, что для железобетонных конструкций из высоко-
прочного фиброжелезобетона круглого сечения, как правило, наблюдается 
развитие дискретных одной-двух трещин, следовательно, круглая форма попе-
речного сечения несколько снижает концентрацию, обусловленную струк-
турой высокопрочного бетона. На основании проведенных испытаний же-
лезобетонных конструкций из высокопрочного фиброжелезобетона кругло-
го сечения получены новые экспериментальные данные о сложном напря-
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  женно-деформированном состоянии в исследуемых областях сопротивления, 
такие как: значения обобщенной нагрузки трещинообразования и разруше-
ния, ее уровень относительно предельной нагрузки; расстояние между тре-
щинами на разных уровнях трещинообразования; ширина раскрытия тре-
щин на уровне оси рабочей арматуры и на удалении двух диаметров от осей 
арматуры, а также вдоль всего профиля трещины на различных ступенях на-
гружения; координаты точек образования пространственных трещин; схемы 
образования, развития и раскрытия трещин железобетонных конструкций при 
рассматриваемом сложном напряженном состоянии – кручении с изгибом. 
Ключевые слова: железобетонные конструкции, высокопрочный бетон, фиб-
рожелезобетон, кручение с изгибом, результаты эксперимента 
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