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Abstract. The results of a numerical and experimental study of the bearing capacity of a
circular concrete arch loaded with hydrostatic pressure are presented. To implement the specified
scheme of loading arches, the authors made a stand that allows you to determine the bearing
capacity of models of concrete, reinforced concrete, steel-fiber concrete and wooden arches.

For experiments, a double-hinged arch was made of concrete C16/20. At the same time,
samples-cubes with an edge size of 10 cm were prepared from the same batch, which were tested
for compression in accordance with the current regulatory documents.

During the tests, the load was applied in small steps for a detailed study of the arch
deformation process. At each stage, the readings of the measuring devices, dial indicators and strain
gauges, were recorded. For computer modeling and numerical analysis by the finite element
method, the software LIRA-SAPR was used.

It is noted that, despite the widespread use of arched structures made of reinforced concrete,
there are still no generalizing conclusions and recommendations for determining their actual bearing
capacity and strengthening methods in the domestic literature. During the tests, a breaking load of
600 kN was achieved, that is, the bearing capacity of the arch, determined experimentally, was
0.845 of the value obtained by numerical analysis, although, as a rule, in our experimental studies of
other structures, the theoretical value of the bearing capacity turned out to be lower than the actual
one. In this case, the destruction occurred in the support part, i.e. at the junction of the support
(heel) and the arch, which is explained by the lack of reinforcement of the heel. The results of
experimental and numerical studies of a concrete arch indicate that under this loading scheme,
almost equal stresses arise in all cross sections of the arch. Obviously, the bearing capacity of the
structure can be increased due to the uniform dispersed reinforcement of the arch and reinforcement
of the heel with bar reinforcement, which determines the direction of our further research.

Keywords: concrete, arch, hydrostatic pressure, bearing capacity, numerical analysis,
experiment.

Introduction. The arch is one of the most ancient structural elements. The scope of arches is
extremely wide — pavilions, covered markets, hangars, gyms, culverts, tunnels, bridges, domes,
underground arched structures, etc. In terms of material consumption, arches are much more
profitable than beam and frame systems. In addition, arches are easy to manufacture and install.

In our time, arched structures are most often made of reinforced concrete. Reinforced concrete
arches are widely used as truss structures, lintels, in bridge structures, and overlappings for
industrial buildings. A distinctive feature of these structures is that, with a properly selected outline,
the bending moments occurring in them are small, which corresponds to the specifics of concrete —
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a material that does not work well in tension. The calculation of reinforced concrete arches, as a
rule, is carried out exclusively in an elastic formulation. However, this approach does not take into
account real physical laws, structural and technological factors, nonlinearity, inelastic deformation
of concrete, the appearance and development of cracks, the joint work of concrete and
reinforcement, and many other factors.

Improving the theory of resistance of concrete and reinforced concrete structures, including
arched ones, based on the development of new approaches in carrying out theoretical, computer and
experimental studies, remains an urgent task. This paper investigates a double-hinged concrete arch,
outlined along an arc of a circle, under the action of hydrostatic pressure on it.

Recent researches analysis. The classical theory of calculating arches deals with issues that
can be conditionally divided into two areas: 1) determination of forces caused by external
influences — stationary loads of various types and directions, movable load, temperature, elastic or
inelastic displacements of supports, installation, as well as forces caused by the weight of the
superstructure and its participation in the work of the arch; 2) selection of a rational outline of the
axis, the size of the lifting boom and the law of change in cross-sections. Both of these areas are
reflected in the extensive literature [1 — 4].

Recently, however, the attention of researchers is increasingly attracted by the strengthening
of arches through the use of new materials and new approaches in design, which are based on
modern possibilities of computer and experimental modeling [5 — 8].

Despite the widespread use of arched structures made of reinforced concrete, there are still no
generalizing conclusions and recommendations for determining their actual bearing capacity and
strengthening methods in the domestic literature. The situation is no better in foreign countries, where
many works are devoted to the study of arches, in which the results of numerical and experimental
modeling are presented, but, basically, we are talking about the problem of stability [9 — 12].

The purpose of this work is a numerical and experimental study of the bearing capacity of a
circular concrete arch to obtain information on the methods of its subsequent increase by means of
rod or dispersed reinforcement.

Materials and methods of research. The double-hinged arch is made of C16/20 concrete. At
the same time, samples-cubes with an edge size of 10 cm were made from the same batch, which
were tested for compression according to [13]. To implement real loading schemes for arches, a
stand was made that allows you to determine the bearing capacity of models of concrete, reinforced
concrete, steel fiber concrete and wooden arches. The load was applied in small steps for a detailed
study of the arch deformation process. At each stage, the readings of the measuring devices, dial
indicators and strain gauges, were recorded. For computer modeling and numerical analysis by the
finite element method, the LIRA-SAPR software program was used.

Research results. The choice of a double-hinged arch for research is explained by the fact
that such arches can easily deform due to free rotation in the hinges, and, due to this, there is no
significant increase in stresses from temperature effects and settlement of supports in them.

From literary sources it is known that when determining the bearing capacity of arched
structures, the loading system was most often used in the form of two symmetrically located
concentrated forces [14, 15]. At the same time, in real conditions, arches, as a rule, are loaded with
a distributed load throughout the span [16, 17].

The stand we made (Fig. 1) allows us to apply a hydrostatic load to the arch, which acts along
the entire span.
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Fig. 1. Test bench: 1 — top loading beam; 2 — lower loading beam suspended by a chain;
3 —concrete arch; 4 — loading chain; 5 — jack; 6 — master dynamometer; 7 — support posts; 8 — rods
that transfer the load from the chain to the arch; 9 — support heel; 10 — auxiliary metal strip

The tested arch 3 is installed on the upper load support beam 1, which is supported by four
support posts 7. On the side surfaces of the arch, strain gauges are glued, indicators and deflection
meters are fixed, with the help of which, in the process of loading, the deformations of the most loaded
(dangerous) fibers of the arch material are monitored (Fig. 2).

The arch shown in Fig. 1 is outlined along an arc of a circle (semicircular). Camber of arch —
f =100 cm, span — £ = 200 cm. The cross section is rectangular, 6 cm high, 12 cm wide. Arch material
— unreinforced concrete of grade C16/20.

A thin metal strip 10 is laid on the upper outer surface of the arch, to which transfer rods 8 are
attached every 12 cm using self-tapping screws. A flexible plate rod 4 is located on the strip 10, which
wraps around the arch along the upper belt. The strip 10, due to its low rigidity, takes the shape of the
upper belt of the arch and allows the lamellar rod to slide freely over the surface. A flexible lamellar
rod is made of metal plates with a cross section of 50 x 5 mm and a length of 270 mm. Every 24 cm,
four pairs of plates on one side and four on the other are connected alternately with high-strength bolts
@16 mm. The total length of the flexible rod is 5 meters. Tensile strength — 222 kN. The presence of
bolted joints (hinges) allows the flexible plate bar to take the shape of the upper chord of the arch. The
second (lower) loading beam 2 is attached to the plate bar 4.
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Fig. 2. Strain gauge layout

In the process of loading, the load applied to the lamellar bar, and, therefore, to the arch, as well
as the corresponding deformations that occur in the concrete, are recorded. The load is applied in steps.
Each stage ends with an exposure duration of 5-8 minutes with fixation of all the necessary parameters.
Deformations were measured using strain gauges and dial indicators with a graduation of 0.001 mm, a
base of 250 mm. Strain gauges base — 50 mm.

The first and fifth strain gauges (Fig. 2) are located at the supports. The third is in the middle of
the span at the level of the «locky», and the second and fourth are symmetrically at the half of the
camber of the arch.

In the process of loading, the lower beam 2 with the help of the jack 5 is shifted relative to the
upper beam 1, on which the arch 3 rests. The displacement of the lower beam 2 leads to the fact that
the flexible lamellar rod, wrapping around the arch, is stretched and a uniformly distributed load
(hydrostatic pressure) is transferred to the arch over its entire surface.

The force applied to the beams, and therefore to the plate bar, is controlled using an master
dynamometer 6.

Fig. 3 shows the nature of concrete deformations obtained during loading at the initial stage of
the experiment. From the results shown in Fig. 3, it follows that all measuring devices work
synchronously and show an almost linear dependence throughout the entire loading process. The latter
testifies to the fact that under this loading scheme, practically equal stresses arise in all cross sections of
the arch. The loading process ends when the arch loses its ability to resist loading or collapses. The
load value corresponding to this moment is taken as the bearing capacity of the arch.

In the investigated concrete arch, destruction occurred in the supporting part, i.e. at the junction
of the support (heel) and the arch, with a load of 600 kN.

When modeling the arch under study in the LIRA-SAPR software package, the physical and
mechanical characteristics were adopted, which were determined experimentally when testing cubic
concrete samples:

E=32000MIla; 4=0,2; R, =31MIla.

cube
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The calculations were carried out at load values corresponding to the loading steps in
experimental studies. Since at a load of 600 kN, corresponding to the loss of the bearing capacity of the
arch in the experiment, the G4 value determined in the LIRA-SAPR software and corresponding to the

cubic strength was less than R, =31MIIa, the load was increased and brought to 710 kN. In this

case, the value of Gy reached 31.418 MPa (Table 1), which allows us to consider the theoretical value
of the bearing capacity of the arch equal to 710 kN.

Table 1 — Calculation results in SP LIRA-SAPR with a load of 710 kN

Ne N M ;
element | (kN) | (kN*cm) (I?N) GN, MPa | G MPa | G, MPa

1 | 226209 | 0000 | 0066 | 31418 0.000 31418
2 | 226209 | 1.080 | 0085 | 31.418 0.050 31418
3 | 226209 | 2468 | 0057 | 31418 0.114 31,532
4 | 226209 | 3401 | 0065 | 31.418 0.157 31575
5 | 226209 | 4464 | 0053 | 31418 0.207 31.625
6 | 226209 | 5320 | 0055 | 31418 0.246 31.664
7 | 226209 | 6.209 | 0040 | 31.418 0.287 31.705
8 | 226209 | 685 | 0039 | 31418 0.317 31.735
o | 226209 | 7485 | 0019 | 31.418 0.347 31.764
10 | 226209 | 7.789 | 0011 | 31418 0.361 31.778
11 | 226209 | 7.975 | 0000 | 31418 0.369 31.787
12 | 226209 | 7.975 | -0011 | 31418 0.369 31.787
13 | 226209 | 7.789 | -0019 | 31418 0.361 31778
14 | 226209 | 7.485 | -0039 | 31418 0.347 31.764
15 | 226209 | 6856 | -0040 | 31418 0.317 31.735
16 | 226209 | 6209 | -0055 | 31418 0.287 31.705
17 | 226209 | 5320 | -0053 | 31418 0.246 31.664
18 | 226209 | 4.464 | -0065 | 31418 0.207 31.625
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Puc. 4. Pesynbratel pacuera npu Harpyske 710 xH:
a — longitudinal forces; b — bending moments; ¢ — displacements

Conclusions. During the tests, a breaking load of 600 kN was achieved, that is, the bearing
capacity of the arch, determined experimentally, was 0.845 of the value obtained by numerical
analysis, although, as a rule, in our experimental studies of other structures, the theoretical value of
the bearing capacity turned out to be lower than the actual one. In this case, the destruction occurred
in the support part, i.e. at the junction of the support (heel) and the arch, which is explained by the
lack of reinforcement of the heel. The results of experimental and numerical studies of a concrete
arch indicate that, with this loading scheme, practically equal stresses arise in all cross sections of
the arch. Obviously, the bearing capacity of the structure can be increased due to the uniform
dispersed reinforcement of the arch and reinforcement of the heel with bar reinforcement, which
determines the direction of our further research.
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Anotaunis. [IpencraBneHi pe3yiabTaTH YUCENBHOTO Ta EKCHEPUMEHTAIBHOTO JOCIIKEHHS
HECy4oi 3/IaTHOCTI KPYyroBoi OETOHHOI apKH, 3aBaHTAXEHOI TiAPOCTATUYHUM THCKOM. Jlist
peastizariii 3a3HaYCHOI CXEMH 3aBaHTAXXCHHS apOK aBTOPAMH BHTOTOBJICHHM CTEHJ, IO JO3BOJISIE
BHU3HAUaTH HeCcydy 3JaTHICTb Mojeiell OeTOHHUX, 3ali300eTOHHHX, cTanediOpoOeTOHHUX 1
JIepeB'THUX apOK.

Jl7ia excriepuMeHTIB BUTOTOBIIEHA ABOXIIapHipHa apka 3 6etony C16/20. OnHoYacHO 3 IbOTO
K 3aMicy MiATrOTOBJIEHI 3pa3Ku-KyOum 3 po3mipom pebpa 10 cm, siki BUmpoOyBaHI Ha CTHUCK
BIJIMTOBIHO 0 YMHHUX HOPMATHBHUX JOKYMEHTIB.

[Tpu BUIIpOOYBaHHIX HABAHTAXXECHHS MPUKJIIAIATOCS HEBETUKUMU CTYIICHSIMH JJIS IETAIHOTO
BUBYCHHS Tmpouecy xaedopmyBanHs apku. Ha KoxkHOMY cTymeHi (iKCyBaincsi TOKa3aHHS
BHUMIPIOBAJIbHUX MPUJIAIB, B SIKOCTI IKUX BUKOPUCTOBYBAIHCS 1HIMKATOPU FOJIUHHUKOBOTO TUIY 1
TEH30JaTUuKU. J[7s KOMIT'FOTEPHOTO0 MOJIEIIOBAHHS 1 YHCENBHOTO aHali3y METOJIOM KIiHIIEBUX
enieMeHTiB Bukopuctana mporpama [1K JIIPA-CAITIP.

Bigznaueno, 1mo, HE3BaKal4W Ha IIHPOKE TMOMIMPEHHS AapKOBUX KOHCTPYKIH 13
3aI11300€TOHY, OyAb-sKi y3arajibHIOIOUl BHCHOBKHM 1 PEKOMEHMAIlli MO0 BU3HAYEHHS X JIMCHOL
HeCy4yoi 3J1aTHOCTI 1 MeToJaM TMOCWIEHHsS Yy BITYM3HSAHIA JiTeparypi jgoci BiacyTHI. [lpu
BUINIPOOYBaHHX OyJ0 AOCATHYTE pyiHiBHe HaBaHTaxeHHs 600 kH, ToOTO Hecyua 31aTHICTb apKH,
3HaiiJieHa eKCIepUMeHTanbHO, ckiana 0,845 BiJg BENWYMHHU, OTPUMAHOI IIIIXOM YHCEIHHOTO
aHaji3y, Xoda, fK IpPaBUJIO, B IMPOBEACHUX HAMM EKCHEPUMEHTAIbHUX JOCITIJDKEHHSAX IHIIUX
KOHCTPYKLIH TEOpeTHYHE 3HAUEHHS HeCydol 3AaTHOCTI BUSBISUIOCA HIKYMM 3a (aktuude. [lpu
LbOMY PYHHYBaHHS CTaJIOCs B ONIOPHIii YacTUHI, TOOTO B MicClli 3'€IHaHHS ONOpH (M'SITH) 1 apKH, 1110
MOSICHIOETBCSI BIICYTHICTIO apMyBaHHsSI M'ATU. Pe3ynpTaTH €KCHEepUMEHTAIbHUX 1 YHUCEIbHUX
JOCTIKeHb OETOHHOI apKu CBiYaTh MpO Te, L0 IpPHU Takiil cXemi HaBaHTaXKEHHS Y BCIX
MOTIEPEYHHUX Tepepi3ax apKu BUHMKAIOTh MPAKTUYHO piBHI Hampyru. O4YeBHUIHO, L0 HECydy
3/IaTHICTh KOHCTPYKII MOKHAa MiABUIIUTH 332 PaXyHOK PIBHOMIPHOTO JUCHEPCHOIO apMyBaHHS
apKy 1 MOCUJICHHS I'ATU CTPMXKHEBOIO apMaTypolo, 10 1 BU3HAYa€e HAMPSAMOK HAIIMX MOJAIBLINX
JIOCIIIKEHb.

KurouoBi ciioBa: 6eToH, apka, TIIPOCTATHYHUIA THCK, HECYYa 37aTHICTh, YHCEIbHUIN aHai3,
€KCIIEPUMEHT.
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AnHoTanus. [IpencraBneHsl pe3ynbTaTbl YUCIEHHOTO U 3KCIIEPUMEHTAIBHOTO MCCIIEOBAHNUS
HecyIel CnocCOOHOCTH KPYroBOW OSETOHHOW apKu, 3arpyKeHHOW THPOCTaTHUECKUM JaBieHueM. Jlis
pealiv3aliy  YKa3aHHOM CXEMBbI 3arpyXeHHsl apoOK aBTOpPaMH HW3TOTOBJICH CTEHJ, IO3BOJISFOIINN
OTIPEIENIATh HECYIIYIO CITIOCOOHOCTh MOJIeNel OETOHHBIX, Kelle300€TOHHBIX, cTaneuOPOOETOHHBIX U
JIEPEBSIHHBIX apoOK.

J111s1 SKCIEpUMEHTOB M3TOTOBJICHA ABYXIapHUpHAas apka u3 6erona C16/20. OqHOBpeMEHHO U3
3TOrO e 3ameca MOATOTOBIEHBI 00pa3lbI-KyObl ¢ pazmepoM pedpa 10 cM, KOTOpble HCTIBITaHbl HA
C)KaTHe B COOTBETCTBUU C JICHCTBYIONUMHU HOPMATUBHBIMH JIOKyMEHTaMHU.

[Ipu wucnbITaHUAX Harpyska MPHUKIAABIBAIACH HEOONBIIUMH CTYNEHSIMU Ui JAETAIbHOTO
M3ydeHusl Tiporecca jaeopMUpOBaHUs apku. Ha kaxmod cTyneHH (UKCHPOBAIKCH ITOKA3aHWUS
M3MEPUTEIILHBIX TIPUOOPOB, B KAYECTBE KOTOPBIX HCIIOIB30BAIUCH MHIUKATOPHI YaCOBOTO THIA H
TEH304aTYUKU. {711 KOMOBIOTEPHOTO MOJEIMPOBAHUSA M UYMCICHHOTO aHaM3a METOJIOM KOHEUHBIX
3JIEMEHTOB Kcnoib3oBaHa rporpamma 1K JIMPA-CATIP.

OtmedeHo, 4YTO, HECMOTPST Ha MIMPOKOE PACHpPOCTPAHEHHE AaAPOYHBIX KOHCTPYKIUN U3
Kene300eToHa, Kakue-miOo 0000IIaone BBIBOABI U PEKOMEHIAIMU 10 ONpPENeIeHHI0 UX
JEHUCTBUTEIHLHON HECYIIEH CIOCOOHOCTH M METOAAM YCUJICHHS B OTEUECTBEHHOM JIMTEPATYPE JI0 CUX
mop OTCyTcTBYIOT. IIpu ucmbITaHusX ObLTa JOCTHTHYTa paspymiarorias Harpyska 600 kH, To ectb
Hecyllasi CIoCOOHOCTh apKH, OIpeesieHHas SKCIepUMEHTalbHO, coctaBuia 0,845 OT BeTMYMHBI,
MOJIyYUEHHOM TIyTeM YHCJICHHOTO aHaliu3a, XOTs, Kak TMpaBWIO, B TPOBEJACHHBIX HaMHU
AKCIIEPUMEHTAIBHBIX HCCIEIOBAHUIX APYTrUX KOHCTPYKUMH TEOPETUYECKOE 3HAYEHHE HEeCylei
CIOCOOHOCTH OKa3bIBAJIOCh HUkE (hakTuueckoro. Ilpu 3ToM paspyiieHre Mpou30ILIo B OMOPHOM
YacTH, T.€. B MECTE COCTMHEHUS OMOPHI (IIATHI) U apKH, YTO OOBSICHIETCS OTCYTCTBUEM apMHUPOBAHUS
maThl.  Pe3ynbTaThl  AKCHEPUMEHTANBHBIX M YHCICHHBIX  HUCCIEIOBAaHWN  OETOHHOW  apKu
CBUCTEILCTBYIOT O TOM, YTO TIPHU JAHHOW CXE€ME HArpyXeHHs BO BCEX IMOMEPEYHBIX CEUCHUSX apKU
BO3HHUKAIOT MPAKTUUYECKH PaBHbIE HAMPsDKeHHA. OUEeBUAHO, YTO HECYIIYIO CITIOCOOHOCTh KOHCTPYKITUH
MO>XXHO TOBBICHTh 3a CYET PaBHOMEPHOIO AMCIIEPCHOIO apMUPOBAHUS apKU WU YCUJICHUS TIISIThI
CTEP’KHEBOW apMaTypoOid, YTO U ONPEAEIISIET HAITPaBICHUE HAIIMX JTAJTbHEHIINX UCCIEI0BAHMIA.

KuaroueBble cioBa: 0eTOH, apka, THAPOCTATUYECKOE NaBJICHHE, HECyIas CIOCOOHOCTH,
YUCJICHHBIA aHAJIN3, SKCTICPUMEHT.

Crarts Hagidnura qo penakimii 12.08.2020
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