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Annotation. A computational model is presented for determining deformations in complexly stressed beams of a
structurally non-linear reinforced concrete frame in a transcendental state caused by a special emergency action
in the form of a sudden removal of one of the structural elements. The determination of the stress-strain state
after the formation of spatial cracks in the reinforced concrete elements of the frame was carried out using the
calculated spatial section. At the same time, dynamic additional loads in the design section of the reinforced
concrete frame element from a special impact are determined on an energy basis using the “bending moment-
curvature” and “torque-angle of rotation” diagrams. The considered calculation algorithm includes the
determination of forces in compressed concrete, longitudinal and transverse reinforcement for primary and
secondary design schemes and verification of special limit state criteria. The results of a numerical analysis of
the effect of cracking, the ratio of torque and bending moment on the stress state in transverse and longitudinal
reinforcement and on the dissipative properties of a frame structural system are presented.
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Annoranus. [IpuBenena pacyetHass MOjieNb JIsl onpeAesieHus AedopMayii B CIOKHOHAIIPSKEHHBIX PUIEIIsIX
JKETIe300€TOHHON KOHCTPYKTHBHO HEIMHEWHOH paMbl B 3alpeieibHOM COCTOSHHH, BBI3BAHHOM OCOOBIM
aBapUITHBIM BO3ACHCTBHEM B BHJI€ BHE3AITHOTO YAAJCHUS OJHOTO U3 KOHCTPYKTHBHBIX 31eMeHTOB. OmnpeneieHne
HanpsHKEHHO  1eOPMHUPOBAHHOTO  COCTOSHHS — HOCie  00pa3oBaHHMsS IPOCTPAHCTBEHHBIX  TPELIMH B
KeJe300€TOHHBIX 3JIEMEHTaX paMbl BHINOJHEHO C HCIIOJIb30BAHHEM PACUETHOIO MPOCTPAHCTBEHHOIO CEUCHHMS.
IIpu 3TOM nUHAMHUYECKUE JOTPY’KEHHUS B PaCUETHOM CEUEHHM >Kele300€TOHHOIO 3JIEMEHTa paMbl OT 0CO00ro
BO3JICHCTBHS ONpE/eIeHbl HA YHEPreTHUECKOW OCHOBE C MCIOJIb30BAaHHEM AHMArpaMM «H3rHOAroINii MOMEHT-
KPUBH3HA» U «KPYTAIMHUI MOMEHT -yToJl IOBOPOTa». PaccMOTpEHHBIH aJrOPUTM pacyeTa BKIIFOYAeT OIpeeIeHIe
ycuiuit B cxkatoM OeToHe, MPOJOJILHOM M NMONEepeYHON apMaType JUlsl IepBUYHON M BTOPUYHOM pacyeTHBIX CXeM
U TIPOBEPKY KPHUTEPUEB OCOOOr0 MpPEAENbHOIO COCTOSHUS. lIpuBeneHbl pe3ynbTaThl YHCICHHOTO aHalu3a
BIMAHUS TPEHMIMHOOOPa30BaHMs, COOTHOIICHMS KPYTAIIEro M M3rHOAIONIEr0 MOMEHTa Ha HaIpsKEHHOe
COCTOSIHME B TOINEPEYHON M MPOAOJIBHON apMarype W Ha JUCCHUIIATHBHBIC CBOICTBA paMHOW KOHCTPYKTHBHOM
CHCTEMBI.
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INTRODUCTION

The problem of ensuring the safety of structural
systems always remains the main priority of
scientific, design and construction activities. In
recent decades, due to the constant growth in the
types and intensity of various impacts on
buildings and structures, there is a constant need
to improve ways to protect structural systems
from such impacts, including the so-called
special and emergency ones. This caused the
appearance in Russia and some other countries
of new regulations aimed at providing such
protection, in particular, Russian State Standard
GOST 27751-2014 with Amendment No. 1, SP
385.1325800.2018 with Amendments No. 1, 2,
3, SP 296.1325800.2017. These documents
contain general provisions regarding the
consideration of special effects, the scope of the
provisions given in these standards, ways to
protect different types of structural systems
during their design. However, many of the
provisions presented here look like criteria
requirements without detailing how to ensure
these requirements in the design. At the same
time, as shown in [1-3], these criterion
requirements remain within the framework of
the traditional approach of the limit states
method. At the same time, the concepts of
“special impact”, “special limit state” and
“criteria for a special limit state” introduced in
these documents for the calculated parameters
do not adequately reflect the physical essence of
the deformation of structural systems made of
various materials under various stress states at
the stages of deformation that go beyond limits
of criteria for limit states established
experimentally [4-14]. For example, in [1, 15] it
is shown that the coefficient of dynamic
additional loads and the parameter of
survivability of a structural system depend on

Volume 19, Issue 2, 2023

the material, the topology of the structure, the
stage of deformation, and other factors. But
this is not taken into account in the requirements
of the norms and most studies and publications
in the field under consideration. The change in
the dissipative properties of the material
depending on the load level at which the system
is dynamically additionally loaded by a special
emergency effect is also not taken into account.
The article under consideration presents a
computational model, algorithm and results of
numerical studies of static-dynamic deformation
of reinforced concrete elements of a multi-
storey reinforced concrete frame with
complexly stressed crossbars in a transcendental
state with an analysis of its dissipative
properties depending on the type and level of
stress state.

METHODS

The solution of the considered problem of
computational analysis of the parameters of
deformation of a reinforced concrete frame in
the limiting and translimiting states is carried
out in relation to a fragment of a reinforced
concrete frame-rod structural system of the
frame of a multi-storey building with a complex
stress state in the crossbars under the combined
action of torsional and bending moments from
the forces Pi applied to the crossbars of the first
floor with eccentricity e (Fig. 1 a, b). The
calculation scheme of the frame is adopted in
two versions: primary - at given loads before the
application of a special impact and secondary -
under the action of the same loads on the frame,
but with the application of a special impact in
the form of a sudden removal of one of the
columns of the first floor of the frame.
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Figure 1. Scheme of application of loads (a, b) and scheme of flows of tangential forces from the
action of torque along the design contour of a box section 1-2-3-4 (c)

Reinforcement of the frame structure is made as
follows (Fig. 2). The crossbar is reinforced in
the upper and lower zones with symmetrical
longitudinal reinforcement from reinforcing
bars, determined by the calculation for a given
load and a special effect. The transverse
reinforcement of the crossbar is adopted in the

[

form of closed clamps designed for the
combined action of the transverse force,
torsional and bending moments. The step of the
clamps is different in the support zone in the
areas of the joint action of the torques of the
bending moments and in the middle part of the
span of the crossbars.
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Figure 2. Scheme of formwork and reinforcement of a reinforced concrete frame
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The calculation scheme for determining the
stress-strain  state in the section after the
formation of spatial cracks in the crossbars of
the frame was adopted on the basis of the
hypotheses and main provisions of the
deformation model proposed in [16, 17]. In the
calculation, the given rectangular section of the
crossbar is modeled by a box-shaped section. At
the same time, an additional hypothesis 1is
introduced that the scheme of the calculated
spatial section in the limiting and transcendental
states (Fig. 3) does not change after the
application of a special impact. Depending on
the ratio of torque and bending moment T/M
and, accordingly, the nature of the stress state of
the element, the angles of inclination of the
spatial crack can change a.

The algorithm for calculating the frame
according to the primary and secondary design
schemes includes the following steps.

1. In the primary design scheme for given
design loads Pi applied to the frame with
eccentricity e and the initial stiffness of the
sections of the frame elements By, the forces in
the crossbars are determined and the condition
for the formation of a spatial crack from these
forces is checked.

2. If a spatial crack formed in the most stressed
section of the crossbar, the stiffness of the
crossbar section 1is calculated taking into
account cracks B; [18] and the frame 1is
recalculated under the same load.

3. One of the structural elements is removed
from the primary design scheme of the frame,
for example, the rack of the first floor of the
frame, and the reaction in this rack, determined
from the calculation according to the primary
design scheme, is applied to the secondary
design scheme thus obtained in the direction of
the axis of the remote rack with the opposite
sign.
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Figure 3. Calculation scheme of the crossbar section after the formation of a spatial crack with the
Jjoint application of torsional and bending moments in the limiting and transcendental states
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4. Using the analytical dependence to determine
the increment of dynamic forces and dynamic
deformations obtained in the frame system
under the considered influences [19], dynamic
forces, dynamic curvatures and dynamic angles
of rotation in the considered spatial section of
the crossbar with a crack are calculated.

5. A diagram of the calculated spatial section is
built (see Fig. 3) and for this section, the shear
longitudinal Ny, and transverse Nj, forces in
compressed concrete, the forces in the
transverse reinforcement located on the left
Nsz(1y and right Ng, ;) sides of the element
section, the forces in the longitudinal tensile
reinforcement located on the left N sx(1) are
calculated and on the right st(Z) at the lower
edge of the crossbar section according to the
formulas obtained from the conditions of statics,
physical and deformation relations for the
considered design section.

The value of the transverse force perceived by
the concrete of the compressed zone, with some
approximation, can be determined by the
formula (1):

ProRpbhG
Q, ~ 2. g,

(1)

where, @,,—is a coefficient taken equal to 1.5;

Ry - design resistance of concrete to axial
tension; b - crossbar width; h, - working height
of the crossbar; C - the length of the horizontal
projection of the most dangerous inclined
section (cut span).

The value of the longitudinal shear force in
compressed concrete:

Nbx = Nyxbl = Ma

)
where, N, - tangential force from torque T; b,
— is the horizontal distance between the rods; Z;
- the distance from the tensile reinforcement
2F to the center of gravity of the concrete of
the compressed zone.
The value of the
compressed concrete:

longitudinal force in
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where, M — is the bending moment in the
crossbar; o, — is the slope angle of the
compressed zone line; @, — transverse force
perceived by the concrete of the compressed
zone.

The total forces in the clamps are equal to:

- B Tz (Q-Qp)

st(l) - NYZ(l)Zl - 2(b1+121) B 2’ 4

i N 7 = TZ, Q-0p) (° )
s2(2) = Myz2(2)1 T 5p,47,) 2

where, Ny,), Ny,z) — shear forces in clamps
located on the left and right sides of the cross

section; Z; — the distance from the tension
reinforcement 2F to the center of gravity of

the concrete of the compressed zone of the
concrete; T — torque; @, — transverse force
perceived by the concrete of the compressed
zone.

{Nsy(l) = 0.5Npy + ty,1ydy - tgay + 0.5N
Nsy2y = 0.5Npy + ty,1yd; - tgaz + 0.5N°

When calculating forces in longitudinal and
transverse reinforcement and compressed
concrete of a three-dimensional section, the
values of torque T, and bending moment
M@_, obtained from the calculation according to
the secondary design scheme are used, taking
into account dynamic additional loads from
special effects.

6. The criteria for a special limit state
established by the requirements are checked (SP
385.1325800.2018 "Protection of buildings and
structures against progressive collapse" with
Amendments No. 1, 2, 3) for the values of
curvatures and angles of rotation and limiting
longitudinal and transverse deformations for
compressed concrete of the section and
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stretched longitudinal and transverse

reinforcement.

Numerical studies and analysis of results

To evaluate the effectiveness of the proposed
calculation model, a calculation of a reinforced
concrete frame was carried out, the test results
of which are given in publications [20, 21]. In
accordance with the above algorithm, the static
calculation of the frame according to the
primary and secondary design schemes was
performed with the following initial data: frame
span 1 = 1050 mm, storey height h = 450 mm,
crossbar section height hr =100 mm, crossbar
section width b = 100 mm. Reinforcement of the
crossbar and above the first floor A; and Aj is
taken from rods with a diameter of 6 mm. The
transverse reinforcement is adopted in the form
of closed clamps made of wire with a strength
equivalent to A240 with a diameter of 2 mm.
The pitch of the transverse reinforcement on the
supporting sections is 40 mm in a span of 60
mm. Frame construction concrete adopted B15.
In accordance with the algorithm, dynamic
curvatures and dynamic angles of rotation were
calculated using the formulas given in [19] for
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two variants of the stress state: option 1 - under
the load Pi when there are no cracks in the
frame crossbars and option 2 - under the load Pi
at which inclined spatial cracks. As a result of
the calculation for these options, the values of
bending and torque moments were calculated in
the original n-fold statically indeterminate
frame, in the frame with the left post removed
according to the secondary design scheme and
the moments calculated according to the
secondary design scheme, but taking into
account the dynamic additional loading from the
considered special impact (Fig. 4). The values
of the coefficient of dynamic additional loading
were determined as the ratio of the dynamic
moment in the n-1 system to the static moments
in the same system according to the formula:

d
— Mn—l
MyZy

0 (6)

According to formulas (4)-(5), the stress values
in the longitudinal and transverse working
reinforcement located on the left and right in the
design section were calculated (see Fig. 3).
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Figure 4. Diagrams of static-dynamic deformation of section 1-1 after an emergency impact when it
is applied to a frame without cracks from the action of loads Pi (a) and in a frame with cracks (b)
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Analyzing the results obtained (Fig. 5 a), it can
be seen that with an increase in the ratio of
torque to bending moment (&), the stress state in
the clamps of the crossbar located to the left and
right of the calculated section increases. The
stresses in the longitudinal reinforcement
located on the left and right at the lower edge of
the section, on the contrary, decrease.

From a comparison of the obtained dependences
for stresses in longitudinal and transverse
reinforcement according to the results of
calculation for the first and second options
(without cracks - dependence 1 and with cracks
- dependence 2 in Figure 5b in crossbars when

a)

Osz(1)

100

Osy(2)

design loads Pi are applied at the first stage of
loading), it can be seen that the stress state in
the transverse and longitudinal reinforcement
under loading of a frame with cracks is
significantly greater by a special effect than
when the frame is loaded when there are no
cracks in it under the design load. It follows
from this that the dissipative properties of
reinforced concrete frames with cracks under
operational load are higher than in structures
without cracks. The same applies to the stressed
state: the dissipative properties of the crossbar
loaded with torque and bending moment
increase with increasing ratio & (Fig. 5b).
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Figure 5. Dependences for stresses in the clamps «0s,—S,,» and stresses in the longitudinal
working reinforcement «0s,—S,1» (a) and the dependence of the coefficient of dynamic additional
loads 8 on the ratio of torque to bending moment & in the design cross section of the crossbar (b):
1- when applying a special effect to the frame without cracks, 2- the same, to the frame with cracks

CONCLUSIONS

The parameters of the stress-strain state in the
complexly stressed design section of the
crossbar under the considered loading mode are
determined based on the model of the spatial
section passing through the spatial crack. The
limiting state of the calculated section is
determined by the deformation criteria for
concrete and reinforcement.
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1. A deformation model and an algorithm for
calculating a multi-storey reinforced concrete
frame with complexly stressed crossbars, in a
transcendental state caused by a special
emergency impact, are built.

2. The determination of dynamic forces in
complexly stressed crossbars under the
combined action of bending and torsional
moments, loaded with an operational static load
and dynamic additional loading in the form of a
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sudden removal of one of the structures from
the frame structural system, was performed on
an energy basis using deformation diagrams of
the design section "bending moment -
curvature" and "torque - angle of rotation".

3. The parameters of the stress-strain state in the
complexly stressed design section of the
crossbar under the considered loading mode are
determined based on the model of the spatial
section passing through the spatial crack. The
limiting state of the calculated section is
determined by the deformation criteria for
concrete and reinforcement.

4. The proposed model of static-dynamic
deformation of complexly stressed reinforced
concrete elements can be used in the design of
protection of reinforced concrete frames of

multi-storey  buildings from  progressive
collapse.
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