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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.).

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

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).

Side A

[=1200

Figure 1. Crack pattern in test sample structure
from high-strength fiber reinforced concrete FB-CR-720 (1)
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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 vs),
needs correction in regards to the reinforced concrete
in consideration.
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Figure 2. Deflections of test sample structure
from high-strength fiber reinforced concrete FB-CR-720 (1):
1 — deflection according to indicator 12;
2 — deflection according to indicator I3
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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 11-12;

2 — angle of deflection according to indicators 1314

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 (T+M)/(T+M,) 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.
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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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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 Ry ./

failure load Ry, ; 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

l.,. with increasing load.

Table

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

Structure Rowpcre, | Rsupmax, | Pmax Load step, Nonplanar crack, Actual Coordinates of
notation kN KN kN Pi/ Pmax which governed failure height of | nonplanar crack
the com- formation
agrcr,llr arcI:rcI,IZ: lcr;;gax, p;zsrf::m Xexp, Yexp,
Xfact, INIM mm mm
0.57 - - -
FB-CR-720 (1)
Side A 0.85 0.2 0.3 50 -35.3 -22.5
1 1.8 4.8 0
12.5 17.5 35.0 368
0.57 - - -
FB-CR-720 (1) 0.85 01 | 02 70 1547 | 439
Side B
1 1.2 1.6 20
0.64 - - -
FB-CR-720 (2) 0.77 01 | 02 40 448 | 180
Side A
1 0.5 1.8 0
15.0 19.5 39.0 0.64 - — 377 _
FB-CR-720 (2)
Side B 0.77 - - 95 -168.1 35.6
1 0.1 1 15
0.67 - - -
FB-CR-720 (3)
Side A 0.76 0.1 0.17 102 122.5 -93.4
17.5 260 52.0 ! 35 4 224 10
0.67 - - -
FB-CR-720 (3) 0.62 01 | o1 30 1168 | -36.4
Side B
0.82 0.1 0.16 0
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The actual height of compression zone xf: and
the height of compressed concrete above the inclined
crack xp 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.

CHHCoK JUTepaTyphl

1. Travush V.1, Kolchunov V.1, Klyueva N.V. Some
directions of development of survivability theory of structural
systems of buildings and structures. Industrial and civil en-
gineering. 2015;(3):4—-11. (In Russ.)

2. Nazarov Yu.P., Gorodetskiy A.S., Simbirkin V.N.
K probleme obespecheniya zhivuchesti stroitel'nykh kon-
struktsiy pri avariynykh vozdeystviyakh [About a problem

OKCNEPUMEHTAILHBIE UCCNEROBAHMA

of survivability support of building structures subjected to
emergency actions]. Structural Mechanics and Analysis of
Constructions. 2009;(4):5-9. (In Russ.)

3. Kodysh E.N. Designing the protection of buildings
and structures against progressive collapse in view of the emer-
gence of a special limiting state. Industrial and civil engi-
neering. 2018;(10):95-101. (In Russ.)

4. Travush V.1., Shapiro G.I., Kolchunov V.I., Leon-
tyev Ye.V., Fedorova N.V. Design of protection of large-
panel buildings against progressive collapse. Housing con-
struction. 2019;(3):40—46. (In Russ.)

5. Bondarenko V.M. Raschetnye modeli silovogo sopro-
tivleniya zhelezobetona [Analytical models reinforced con-
crete resistance]. Moscow: ASV Publ.; 2004. (In Russ.)

6. Shan S. et al. Experimental study on the progressive
collapse performance of RC frames with infill walls. Eng.
Struct. 2016;(111):80-92.

7. Jariwalaa V.H., Patel P.V., Purohit S.P. Strengthening
of RC beams subjected to combined torsion and bending with
GFRP composites. Procedia Engineering. 2013;(51):282-289.

8. Golyshev A.B. Soprotivienie zhelezobetona [ The re-
sistance of reinforced concrete]. Kiev: Osnova Publ.; 2009.
(In Russ.)

9. Bondarenko V.M., Kolchunov V.I. Kontseptsiya i
napravleniya razvitiya teorii konstruktivnoy bezopasnosti zda-
niy i sooruzheniy pri silovykh i sredovykh vozdeystviyakh
[The concept and directions of development of the theory
of structural safety of buildings and structures under the in-
fluence of force and environmental factors]. Industrial and
civil engineering. 2013;(2):28-31. (In Russ.)

10. Morozov V.1, Bakhotsky 1.V. Calculation fibre-rein-
forced structures subject to joint effect of torsion of the bend.
Modern problems of science and education. 2013;(5):109.
(In Russ.)

11. Bakhotsky 1.V. Experimental investigations of fibre-
reinforced concrete elements exposed to bending with torsion.
Modern problems of science and education. 2013;(5):99.
(In Russ.)

12. Mostofinejad D., Talaeitaba S.B. Nonlinear mode-
ling of RC beams subjected to torsion using the smeared crack
model. Procedia Engineering. 2011;(14):1447-1454.

13. Hii A.K.Y., Al-Mahaidi R. An experimental and
numerical investigation on torsional strengthening of solid
and boxsection RC beams using CFRP laminates. Compo-
site Structures. 2006;75(1):213-221.

14. Ghobarah A., Ghorbel M.N., Chidiak S.E. Upgrading
torsional resistance of reinforced concrete beams using fiber-
reinforced polymer. Journal of Composites for Construc-
tion (ASCE). 2002;6(4):257-263.

15. Demyanov A., Kolchunov V.I. The dynamic loading
in longitudinal and transverse reinforcement at instant emergence
of the spatial crack in reinforced concrete element under the
action of a torsion with bending. Journal of Applied Engineering
Science. 2017;15(3):381-386. doi: 10.5937/jaes15-14663.

16. Lin K. et al. Experimental study of a novel multi-
hazard resistant prefabricated concrete frame structure. Soil
Dyn. Earthq. Eng. 2019;(119):390—407.

17. Ogawa Y., Kawasaki Y., Okamoto T. Fracture be-
havior of RC members subjected to bending shear and tor-
sion using acoustic emission method. Construction and Buil-

295



Travush V.I. et al. Structural Mechanics of Engineering Constructions and Buildings, 2020, 16(4), 290-297

ding Materials. 2014;67:165-169. doi: 10.1016/j.conbuildmat.
2014.05.100.

18. Awadh E.A. Torsion plus bending and shear on re-
inforced concrete beams. Journal of Engineering and Sus-
tainable Development. 2016;(4):277-288.

19. Travush V.., Karpenko N.I., Kolchunov VLI.,
Kaprielov S.S., Demyanov A.L., Konorev A.V. Main results
of experimental studies of reinforced concrete structures of
high-strength concrete B100 round and circular cross sections in
torsion with bending. Structural Mechanics of Engineering
Constructions and Buildings. 2019;15(1):51-61. http://dx.
doi.org/10.22363/1815-5235-2019-15-1-51-61 (In Russ.)

20. Travush V.I., Karpenko N.I., Kolchunov VLI,
Kaprielov S.S., Demyanov A.L., Konorev A.V. The results

DOI 10.22363/1815-5235-2020-16-1-290-297

of experimental studies of structures square and box sections
in torsion with bending. Buildings and Reconstruction. 2018;
6(80):32—43. (In Russ.)

21. Kolchunov VI1I., Demyanov A.l.,, Naumov N.V.
The program and methodology of experimental studies of
composite reinforced concrete structures under the action
torsion with bending. Buildings and Reconstruction. 2018;
1(75):22-30. (In Russ.)

22. Kolchunov VLI, Salnikov A.S. Eksperimental'nyye is-
sledovaniya treshchinoobrazovaniya zhelezobetonnyye kon-
struktsiy pri kruchenii s izgibom [Experimental studies of
crack formation reinforced concrete constructions in torsion
with bending]. Buildings and Reconstruction. 2016;3(65):
24-32. (In Russ.)

HAYYHAS CTATBA

Pe3yabTaThl 3KCNIEPUMEHTAIBHBIX HCCJIAEI0BAHUI CJIOKHOHANIPSKEHHBIX 0aJI0K
KPYTIJIOTO NONEePEeYHOro ceYeHNsi U3 BbICOKONPOYHOro ¢pudposkesie306eToHa

B.U. Tpasym', H.U. Kapnenko?, Ba.!. Koauynos’*, C.C. Kanpuesos?,
AMN. lembsinos®, C.A. Byaxun’, B.C. MockoBueBa®

\Poccutickas axademus apxumexmypol u cmpoumensivix Hayk, Poccutickas ®edepayus, 107031, Mockea, yn. Bonvwas JImumposka, 0. 24, cmp. 1
2Hayuno-uccredosamenvckuti uncmumym cmpoumenvioti pusuxu PAACH, Poccutickas ®edepayus, 127238, Mockea, Jlokomomusnwiti np-0, 21
31020-3anaduwiii 20ocyoapcmesennviii yuueepcumem, Poccuiickas @edepayus, 305040, Kypex, ya. 50 nem Oxmabps, 94
4Hayuno-uccredosamensckutl, nPOEKMHO-KOHCMPYKMOPCKULE U MEXHON02UYeCKutl uHcmumym bemona u scenezobemona umenu A.A. ['6o30esa,
Poccuiickaa @edepayus, 109428, Mockea, ya. 2-a Hncmumymckas, 0. 6, kopn. 5

3340 «I'opnpoexmy, Poccutickaa ®edepayus, 105064, Mockea, Huorcnuii Cycanvhetil nep., 0. 5, cmp. 54

*vlikS2@mail.ru

AHnnomayus

Llenv uccnedosanusn — >KCriepUMEHTANBFHOE U3yYEHUE OCOOEHHOCTEH Tpe-
IMUHOOOpa30BaHus U AeOPMUPOBAHUS CIOKHO HANPSKEHHBIX 00K KPYIIoro
MIONIEPEYHOT0 CeYEeHHs M3 BBICOKOIIPOYHOTO (HhUOpoKene300eToHa Al pa3BUTHS
HPAKTHYECKUX METOIOB pacyeTa TPEIMHOCTOHKOCTH, )KECTKOCTH M IPOYHOCTH
TaKMX KOHCTPYKIHUI MPH KPYUSHUH C U3rUOOM, a TAKKE JUTS HAKOIUICHUS] HOBBIX
OIIBITHBIX JAHHBIX O CJI0’KHOM CHJIOBOM CONPOTHBICHUH. Memood uccnedosanus —
9KCIIEPUMEHTAIBLHO-TEOpETUIECKU. Pe3ynomampl. DKCIIEPUMEHTAIBHO OIPE/EICHbI
OIBITHBIE 3HAYEHHUSI M IOCTPOEHHI Tpaduky mporuOoB 1 yIiIoB HOBOPOTA, 3aBUCHMO-
credl nedopmanuii 6ETOHA OT HATPY3KHU VIS CIOKHOHAMPSDKEHHBIX OAIOK KPyT-
JIOTO TIOTIEPEYHOT0 CEYEHUS U3 BBICOKOMPOYHOro (udpokene3oderoHa. Onpezerne-
HBI MIaBHBIC JeopMalyy yUTHHEHHS. U YKOPOUCHHUST OCTOHA ISl OIBITHBIX KOH-
CTPYKLHI 0aJoK ¢ BEICOKMM YPOBHEM COOTHOIICHMS KPYTSLIEro W H3rubarore-
IO MOMEHTOB. Y CTaHOBJICHO, YTO JUISl JKeIe300eTOHHBIX KOHCTPYKIHUH U3 BBICOKO-
pouHOro (hpudpoxene300eToHa KPYIiIoro ceueHus, Kak MpaBuiio, HaOIoaeTcs
pa3BHTHE AUCKPETHBIX OJHOM-BYX TPEIIUH, CIEA0BATEIbHO, KpyTriias GpopMa more-
PEYHOTO CEYECHUsI HECKOJIBKO CHIDKAET KOHLEHTPAIMIO, 00YCIOBICHHYIO CTPYK-
TYpOil BBICOKOMPOYHOTro OeToHa. Ha OCHOBaHWM NMPOBEACHHBIX HUCIBITAHUH Ke-
71€300€TOHHBIX KOHCTPYKIHI U3 BEICOKOIIPOYHOTO (pruOporxkene300eToHa KpyTiio-
IO CEYCHHMs MOJYYCHbI HOBBIC SKCICPUMCHTAIBHBIC JIAHHBIC O CIIOKHOM HArpsi-
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XKEHHO-Ie()OPMHUPOBAHHOM COCTOSIHUU B UCCIIEAYEMbIX 00JIACTIX CONPOTUBIICHUS,
TaKkue Kak: 3Ha4eHus: 000O0IIEeHHON Harpy3Ky TPEeUIMHOOOpa30BaHus U paspylie-
HUS, €€ YPOBEHb OTHOCUTENIBLHO NPEebHOM HAarpy3Ky; pacCTOSIHUE MEXIY Tpe-
LIMHAMU HA Pa3HBIX YPOBHAX TPEIIMHOOOPA30BaHUs; IIUPUHA PACKPBITUS Tpe-
IIMH Ha YpOBHE OCH pabouell apMaTyphl M HA yIOAJICHUH ABYX IHAaMETPOB OT Ocel
apMaTypbl, a TAKKe BJIOJIb BCEro MpoQIIs TPEIMHBI Ha PA3JIMUHbIX CTYNECHAX Ha-
IPY>KSHUSI; KOOPIWHATHI TOUEK 00pa30BaHMUs IPOCTPAHCTBEHHBIX TPEIMH; CXEMBI
00pa30BaHUs, PA3BUTUSL U PACKPBITUS TPEILHH >KEIe300€TOHHBIX KOHCTPYKIMI IpU
paccMaTpUBaeMOM CII0’KHOM HANpPsHKEHHOM COCTOSIHUHM — KPYUEHHH ¢ M3THOO0M.

Knrouesvie cnosa: xene300eTOHHBIE KOHCTPYKIIMH, BHICOKOMPOYHBIH OeTOH, Huo-
POXKeNIe300eTOH, KPYUeHHE ¢ H3THOOM, Pe3yIbTaThl SKCIIEPUMEHTA
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